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Preface

Compared to most disciplines of civil engineering, geotechnical earthquake engineering is
quite young. While the damaging effects of earthquakes have been known for centuries, the
strong contribution of soils to the magnitude and pattern of earthquake damage was not
widely appreciated until relatively recently. Following damaging earthquakes in 1964 in
Niigata, Japan and Alaska, and spurred by the growth of the nuclear power industry in the
1960s and 1970s, the field of geotechnical earthquake engineering has grown rapidly.
Although much remains to be learned, the field has matured to the point where generally
accepted theories and analytical procedures now exist for many important problems.

The purpose of this book is to introduce the reader to the concepts, theories, and pro-
cedures of geotechnical earthquake engineering. It is intended for use as a text in graduate
courses on geotechnical earthquake engineering and as a reference book for practicing engi-
neers. Recognizing that geotechnical earthquake engineering is a broad, multidisciplinary
field, the book draws from seismology, geology, structural engineering, risk analysis, and
other technical disciplines.

The book is written at a level suitable for students with knowledge equivalent to that
of a senior (fourth-year) civil engineering student. The student should have had basic
courses in soil mechanics, structural engineering, and hydraulics; introductory courses in
geology and probability/statistics would also be helpful. Many graduate students will have

xXv



xvi Preface

had courses in structural dynamics or soil dynamics by the time they begin study of geo-
technical earthquake engineering. For those readers without prior exposure, introductions
to the nomenclature and mathematics of dynamic systems, structural dynamics, and prob-
ability are presented in three appendices.

ORGANIZATION

The subject matter falls into two main categories. The appendices and the first six chapters
present fundamental principles of seismology, ground motion, dynamics, and soil behavior.
Applications of these principles to the practical problems most commonly encountered in
geotechnical earthquake engineering practice are presented in the last six chapters.

Chapter 1 introduces the reader to the types of damage that can occur during earth-
quakes and to the problems they present to geotechnical earthquake engineers. Basic con-
cepts of earthquake seismology and the terminology used to describe earthquakes and their
effects are described in Chapter 2. Chapter 3 describes ground motion measurement, the
parameters used to characterize strong ground motion, and methods for prediction of those
parameters. Deterministic and probabilistic seismic hazard analyses are presented in Chap-
ter 4. Chapter 5 introduces the reader to wave propagation, beginning with simple one-
dimensional body waves in homogeneous materials and extending to surface waves and
multidimensional, layered systems. The properties of soil that control their wave propaga-
tion behavior are described in Chapter 6. Field and laboratory techniques for measurement
of these properties are also described.

Chapter 7 presents methods for analysis of ground response during earthquakes, begin-
ning with one-dimensional ground response analysis and moving through two- and three-
dimensional dynamic response analyses. Both frequency- and time-domain approaches are
described. Chapter 7 concludes with an introduction to the basic concepts and effects of soil-
structure interaction. The effects of local soil conditions on ground motions and earthquake
damage are described in Chapter 8. Chapter 8 also introduces the concept of design ground
motions, and how they are obtained from site-specific analyses and from building codes.
Chapter 9 deals with liquefaction—it begins with a conceptual framework for understanding
various liquefaction-related phenomena and then presents practical procedures for evalua-
tion of liquefaction hazards. Seismic stability of slopes is covered in Chapter 10, and seismic
design of retaining structures in Chapter 11. Chapters 10 and 11 address their respective
topics initially from pseudo-static and then from permanent displacement standpoints.
Chapter 12 introduces commonly used soil improvement techniques for mitigation of seis-
mic hazards.

PEDAGOGY

This book is the first to deal explicitly with the topic of geotechnical earthquake engineer-
ing. During its preparation, a great deal of time and effort was devoted to decisions regard-
ing content and organization. The final form naturally reflects my own preference, but the
text has been reviewed by many engineers from both academia and professional practice.
Preparation of the text also involved a great deal of interpretation of information from a
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wide variety of sources. While the text reflects my own interpretation of this information, it
is heavily referenced to allow readers to explore background or more detailed information
on various geotechnical earthquake engineering topics.

A couple features are noteworthy. Two ground motions from the Loma Prieta earth-
quake, one from a rock outcrop and one from the surface of a nearby deep soil deposit, are
used to illustrate a number of concepts throughout the book. Differences in the amplitudes,
frequency contents, and durations of the motions are emphasized in Chapter 3. The reasons
for these differences later become apparent in Chapters 7 and 8. The book also emphasizes
the use of transfer functions, particularly in the solution of ground response problems. The
transfer function approach helps students form a more complete understanding of ground
response—in the frequency domain as well as the time domain. With the advent of com-
puter programs such as MATLAB, MathCad, and Mathematica, the Fourier analyses
required in the transfer function approach are quite simple; students use MATLAB exten-
sively in my soil dynamics and geotechnical earthquake engineering courses.

The book contains worked examples and homework problems. The example prob-
lems are intended to illustrate the basic concepts of the problems they address; to allow the
results to be checked, a number involve calculations carried out to more significant figures
than the accuracy of the procedures (and typical input data) would justify. Many of the
important problems of geotechnical earthquake engineering, however, do not lend them-
selves to the type of short, well-defined homework problem that is readily placed in a book.
My preference is to assign longer, project-oriented assignments based on actual case histo-
ries, and I recommend that the homework problems in this book be supplemented by such
assignments.

As in many other fields, the use of units in geotechnical earthquake engineering is neither uni-
form nor consistent. The current state of knowledge in geotechnical earthquake engineering
has resulted from advances in a variety of technical fields and a variety of countries, many of
which customarily use different units. Fortunately, most conform to relatively standard met-
ric or British systems. Rather than attempt to force the use of one system or the other, this
book uses dual units. In recognition of their origins, the most common units for each quantity
is listed first with the alternative following in parentheses. The approach is intended to allow
all readers to proceed through the material without stopping to convert (mentally or other-
wise) from one set of units to another. To encourage familiarity with both sets of units, some
example and homework problems are specified in metric units and some in British units.
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Introduction to Geotechnical
Earthquake Engineering

1.1 INTRODUCTION

Earthquake engineering deals with the effects of earthquakes on people and their environ-
ment and with methods of reducing those effects. It s a very young discipline, many of its
most important developments having occurred in the past 30 to 40 years. Earthquake engi-
neering is a very broad field, drawing on aspects of geology, seismology, geotechnical
engineering, structural engineering, risk analysis, and other technical fields. Its practice also
requires consideration of social, economic, and political factors. Most earthquake engineers
have entered the field from structural engineering or geotechnical engineering back-
grounds, a fact that is reflected in the practice of earthquake engineering. This book covers
geotechnical aspects of earthquake engineering. Although its primary audience is geotech-
nical engineering students and practitioners, it contains a great deal of information that
should be of interest to the structural engineer and the engineering seismologist.

1.2 BACKGROUND

The study of earthquakes dates back many centuries. Written records of earthquakes in
China date as far back as 3000 years. Japanese records and records from the eastern Med-
iterranean region go back nearly 1600 years. In the United States the historical record of



2 Introduction to Geotechnical Earthquake Engineering Chap. 1

earthquakes is much shorter, about 350 years. On the seismically active west coast of the
United States, earthquake records go back only about 200 years. Compared with the mil-
lions of years over which earthquakes have been occurring, humankind’s experience with
earthquakes is very brief.

Today, hundreds of millions of people throughout the world live with a significant
risk to their lives and property from earthquakes. Billions of dollars of public infrastructure
are continuously at risk of earthquake damage. The health of many local, regional, and even
national economies are also at risk from earthquakes. These risks are not unique to the
United States, Japan, or any other country. Earthquakes are a global phenomenon and a glo-
bal problem.

Earthquakes have occurred for millions of years and will continue in the future as they
have in the past. Some will occur in remote, undeveloped areas where damage will be neg-
ligible. Others will occur near densely populated urban areas and subject their inhabitants
and the infrastructure they depend on to strong shaking. It is impossible to prevent earth-
quakes from occurring, but it is possible to mitigate the effects of strong earthquake shak-
ing: to reduce loss of life, injuries, and damage.

1.3 SEISMIC HAZARDS

A number of naturally occurring events, such as earthquakes, hurricanes, tornados, and
floods, are capable of causing deaths, injuries, and property damage. These natural hazards
cause tremendous damage around the world each year. Hazards associated with earthquakes
are commonly referred to as seismic hazards. The practice of earthquake engineering
involves the identification and mitigation of seismic hazards. The most important seismic
hazards are described in the following sections.

1.3.1 Ground Shaking

When an earthquake occurs, seismic waves radiate away from the source and travel rapidly
through the earth’s crust. When these waves reach the ground surface, they produce shaking
that may last from seconds to minutes. The strength and duration of shaking at a particular
site depends on the size and location of the earthquake and on the characteristics of the site.
At sites near the source of a large earthquake, ground shaking can cause tremendous dam-
age. In fact, ground shaking can be considered to be the most important of all seismic haz-
ards because all the other hazards are caused by ground shaking. Where ground shaking
levels are low, these other seismic hazards may be low or nonexistent. Strong ground shak-
ing, however, can produce extensive damage from a variety of seismic hazards.

Although seismic waves travel through rock over the overwhelming majority of their
trip from the source of an earthquake to the ground surface, the final portion of that trip is
often through soil, and the characteristics of the soil can greatly influence the nature of shak-
ing at the ground surface. Soil deposits tend to act as “filters” to seismic waves by attenu-
ating motion at certain frequencies and amplifying it at others. Since soil conditions often
vary dramatically over short distances, levels of ground shaking can vary significantly
within a small area. One of the most important aspects of geotechnical earthquake engineer-
ing practice involves evaluation of the effects of local soil conditions on strong ground
motion. In this book, Chapter 3 presents methods for quantifying the most important
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characteristics of strong ground motions, and Chapters 4 through 7 provide the background
and techniques for site-specific ground motion prediction.

1.3.2 Structural Hazards

Without doubt the most dramatic and memorable images of earthquake damage are those of
structural collapse. From the predictable collapse of the unreinforced masonry and adobe
structures in which many residents of underdeveloped areas of the world live (Figure 1.1) to
the surprising destruction of more modern construction (Figures 1.2 to 1.4), structural dam-
age is the leading cause of death and economic loss in many earthquakes. However, struc-
tures need not collapse to cause death and damage. Falling objects such as brick facings and
parapets on the outside of a structure or heavy pictures and shelves within a structure have
caused casualties in many earthquakes. Interior facilities such as piping, lighting, and stor-
age systems can also be damaged during earthquakes.

Over the years, considerable advances have been made in earthquake-resistant design
of structures, and seismic design requirements in building codes have steadily improved. As
earthquake-resistant design has moved from an emphasis on structural strength to emphases
on both strength and ductility, the need for accurate predictions of ground motions has
increased. In current design practice, the geotechnical earthquake engineer is often respon-
sible for providing the structural engineer with appropriate design ground motions. In this
book, Chapter 8 describes the effects of local soil conditions on ground motions and pro-
vides guidance for the development of site-specific design ground motions.

Figure 1.1 Damage to buildings in Huaras, Peru following the 1970 Peru earthquake.
The adobe structures in the foreground were destroyed, but the reinforced concrete
structure in the background suffered little damage (photo by G. Plafker, courtesy of USGS).
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Figure 1.2 Collapsed portion of the reinforced concrete Hospital Juarez in Mexico City
following the 1985 Mexico earthquake (photo by E.V. Leyendecker, courtesy of EERI).

Figure 1.3  Effects of column failures at Olive View Hospital in the 1971 San Fernando
earthquake. Collapse of the canopy in the foreground pinned the ambulances beneath
them, rendering them useless (courtesy of EERI).
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Figure 1.4 Reinforced concrete column at
Olive View Hospital following the 1971
San Fernando earthquake. Insufficient
transverse reinforcement was unable to
provide adequate confinement (courtesy of
USGS).

1.3.3 Liquefaction

Some of the most spectacular examples of earthquake damage have occurred when soil
deposits have lost their strength and appeared to flow as fluids. In this phenomenon, termed
liquefaction, the strength of the soil is reduced, often drastically, to the point where it is
unable to support structures or remain stable. Because it only occurs in saturated soils, lig-
uefaction is most commonly observed near rivers, bays, and other bodies of water.

The term liquefaction actually encompasses several related phenomena. Flow fail-
ures, for example, can occur when the strength of the soil drops below the level needed to
maintain stability under static conditions. Flow failures are therefore driven by static grav-
itational forces and can produce very large movements. Flow failures have caused the col-
lapse of earth dams (Figure 1.5) and other slopes, and the failure of foundations (Figure 1.6).
The 1971 San Fernando earthquake caused a flow failure in the upstream slope of the Lower
San Fernando Dam (Figure 1.7) that nearly breached the dam. Thousands could have been-
killed in the residential area immediately below the dam. Lateral spreading is a related phe-
nomenon characterized by incremental displacements during earthquake shaking. Depend-
ing on the number and strength of the stress pulses that exceed the strength of the soil, lateral
spreading can produce displacements that range from negligible to quite large. Lateral
spreading is quite common near bridges,,and the displacements it produces can damage the
abutments, foundations, and superstructures of bridges (Figures 1.8 and 1.9). Finally, the



Figure 1.5 Liquefaction failure of Sheffield Dam following the 1925 Santa Barbara
earthquake (K. Steinbrugge collection; courtesy of EERC, Univ. of California).

Figure 1.6 Liquefaction-induced bearing capacity failures of the Kawagishi-cho
apartment buildings following the 1964 Niigata earthquake (courtesy of USGS).
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Figure 1.7 Lower San Fernando Dam following liquefaction failure of its upstream

slope in the 1971 San Fernando earthquake (K. Steinbrugge collection; courtesy of
EERC, Univ. of California).

o sorovo bt i TR oo oo
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Figure 1.8  Effect of lateral spreading on a small bridge in J. apan following the 1952
Tokachi-Oki earthquake. Lateral spreading of the soil at the abutment buckled the bridge
deck (K. Steinbrugge collection; courtesy of EERC, Univ. of California).
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Figure 1.9 The Showa Bridge following the 1964 Niigata earthquake. Lateral
spreading caused bridge pier foundations to move and rotate sufficiently for simply
supported bridge spans to fall (courtesy of USGS).

phenomenon of level-ground liquefaction does not involve large lateral displacements but
is easily identified by the presence of sand boils (Figure 1.10) produced by groundwater
rushing to the surface. Although not particularly damaging by themselves, sand boils indi-
cate the presence of high groundwater pressures whose eventual dissipation can produce
subsidence and damaging differential settlements.

Liquefaction is a complicated phenomenon, but research has progressed to the point
where an integrated framework of understanding can be developed. Chapter 9 of this book
presents the basic concepts with which the susceptibility, triggering conditions, and effects
of all liquefaction phenomena can be understood, together with practical procedures for
evaluation of liquefaction hazards.

1.3.4 Landslides

Strong earthquakes often cause landslides. Although the majority of such landslides are
small, earthquakes have also caused very large slides. In a number of unfortunate cases,
earthquake-induced landslides have buried entire towns and villages (Figure 1.11). More
commonly, earthquake-induced landslides cause damage by destroying buildings, or dis-
rupting bridges and other constructed facilities (Figures 1.12 and 1.13). Many earthquake-
induced landslides result from liquefaction phenomena, but many others simply represent
the failures of slopes that were marginally stable under static conditions. Various types of
seismic slope failures, their frequency of occurrence, and procedures for their analysis are
described in Chapter 10.
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Figure 1.10  Sand boil in rice field following the 1964 Niigata earthquake (K.
Steinbrugge collection; courtesy of EERC, Univ. of California).

1.3.5 Retaining Structure Failures

Anchored bulkheads, quay walls, and other retaining structures are frequently damaged in
earthquakes. Damage is usually concentrated in waterfront areas such as ports and harbors
(Figure 1.14). Because such facilities are often essential for the movement of goods upon
which local economies often rely, the business losses associated with their failure can go far
beyond the costs of repair or reconstruction. The seismic design of retaining structures is
covered in Chapter 11.

1.3.6 Lifeline Hazards

A network of facilities that provide the services required for commerce and public health can
be found in virtually any developed area. These networks, which include electrical power
and telecommunications, transportation, water and sewage, oil and gas distribution, and
waste storage systems, have collectively come to be known as lifelines. Lifeline systems
may include power plants, transmission towers, and buried electrical cables; roads, bridges,
harbors, and airports; water treatment facilities, reservoirs and elevated water tanks, and bur-
ied water distribution systems; liquid storage tanks and buried oil and gas pipelines; and
municipal solid waste and hazardous waste landfills. Lifeline systems and the facilities that
comprise them provide services that many take for granted but which are essential in modern
industrial areas. Lifeline failures not only have severe economic consequences but can also
adversely affect the environment and quality of life following an earthquake.
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Figure 1.11  Village of Yungay, Peru, (a) before and (b) after being buried by a giant
landslide in the 1970 Peruvian earthquake. The same palm trees are visible at the left
side of both photographs. The landslide involved 50 million cubic meters of material that
eventually covered an area of some 8000 square kilometers. About 25,000 people were
killed by this landslide, over 18,000 in the villages of Yungay and Ranrahirca (K.
Steinbrugge collection; courtesy of EERC, Univ. of California).



Figure 1.12 A wing of Government Hill School in Anchorage, Alaska, straddled the
head scarp of the Government Hill landslide in the 1964 Good Friday earthquake (K.
Steinbrugge collection; courtesy of EERC, Univ. of California).

ke ; : e =

Figure 1.13  Earthquake-induced landslide along railroad tracks near Olympia,
Washington (photo by G.W. Thorsen). 11
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Figure 1.14 Failure of a quay wall on Rokko Island in Kobe, Japan in the 1995 Hyogo-
Ken Nanbu earthquake (photo by S. L. Kramer).

Lifeline failure can cause disruption and economic losses that greatly exceed the cost
of repairing facilities directly damaged by earthquake shaking. The 1989 Loma Prieta and
1994 Northridge earthquakes caused economic losses estimated at $8 billion and $30 billion
in the state of California alone. These losses had severe local and regional repercussions but
had only minor effects on most U.S. citizens. The 1972 Managua earthquake, on the other
hand, caused losses of $2 billion, 40% of Nicaragua’s gross national product that year. The
high costs of reconstruction produced a national debt that triggered inflation, increased
unemployment, and eventually contributed to the destabilization of the Nicaraguan govern-
ment. More recently, the Hyogo-Ken Nanbu earthquake devastated the city of Kobe, Japan;
total damages have been estimated in excess of $100 billion.

Lifeline failures can also hamper emergency response and rescue efforts immediately
following damaging earthquakes. Most of the damage in the 1906 San Francisco earth-
quake, for example, was caused by a fire that could not be fought properly because of bro-
ken water mains. Eighty-three years later, television allowed the world to watch another fire
in San Francisco following the Loma Prieta earthquake. These fires were caused by broken
natural gas pipes, and again, firefighting was hampered by broken water mains. The Loma
Prieta earthquake also caused the collapse and near collapse of several elevated highways
and the collapse of a portion of the San Francisco—Oakland Bay Bridge. Loss of these trans-
portation lifelines caused gridlock throughout the area. Some of the elevated highways were
still out of service five years after the earthquake.
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1.3.7 Tsunami and Seiche Hazards

Rapid vertical seafloor movements caused by fault rupture during earthquakes can produce
long-period sea waves called tsunamis. In the open sea, tsunamis travel great distances at high
speeds but are difficult to detect—they usually have heights of less than 1 m and wavelengths
(the distance between crests) of several hundred kilometers. As a tsunami approaches shore,
however, the decreasing water depth causes its speed to decrease and the height of the wave
to increase. In some coastal areas, the shape of the seafloor may amplify the wave, producing
a nearly vertical wall of water that rushes far inland and causes devastating damage (Figure
1.15). The Great Hoei Tokaido-Nonhaido tsunami killed 30,000 people in Japan in 1707. The
1960 Chilean earthquake produced a tsunamyj that not only killed 300 people in Chile, but also
killed 61 people in Hawaii and, 22 hours later, 199 people in distant Japan (lida et al., 1967).

Earthquake-induced waves in enclosed bodies of water are called seiches. Typically
caused by long-period seismic waves that match the natural period of oscillation of the
water in a lake or reservoir, seiches may be observed at great distances from the source of
an earthquake. The 1964 Good Friday earthquake in Alaska, for example, produced dam-
aging waves up to 5 ft high in lakes in Louisiana and Arkansas (Spaeth and Berkman, 1967).
Another type of seiche can be formed when faulting causes permanent vertical displace-
ments within a lake or reservoir. In 1959, vertical fault movement within Hebgen Lake pro-
duced a seiching motion that alternately overtopped Hebgen Dam and exposed the lake
bottom adjacent to the dam in 1959 (Steinbrugge and Cloud, 1962).

Figure 1.15 Tsunami damage in Kodiak, Alaska, following the 1964 Good Friday
earthquake (courtesy of USGS).
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1.4 MITIGATION OF SEISMIC HAZARDS

Ultimately, the goal of the earthquake engineer is to mitigate seismic hazards. For new con-
struction, hazard mitigation is embedded in the process of earthquake-resistant design.
Details of earthquake-resistant design of structures are beyond the scope of this book, but
some aspects of earthquake loading of structures are described in Chapter 8. Earthquake-
resistant design of slopes, dams, embankments, and retaining structures is based on topics
presented in Chapters 9 to 11. Mitigation of existing seismic hazards is also very important.
The important topic of remediation of soil deposits for seismic hazard mitigation is covered
in Chapter 12.

1.5 SIGNIFICANT HISTORICAL EARTHQUAKES

Earthquakes occur almost continuously around the world. Fortunately, most are so small
that they cannot be felt. Only a very small percentage of earthquakes are large enough to
cause noticeable damage, and a small percentage of those are large enough to be considered
major earthquakes. Throughout recorded history, some of these major earthquakes can be
regarded as being particularly significant, either because of their size and the damage they
produced or because of what scientists and engineers were able to learn from them. A partial
list of significant earthquakes, admittedly biased toward U.S. earthquakes and earthquakes
with significant geotechnical earthquake engineering implications, is given in Table 1-1.

TABLE 1-1 Significant Historical Earthquakes

Date Location Magnitude Deaths Comments

780 B.C. China One of the first reliable written
accounts of a strong earthquake;
produced widespread damage west
of Xian in Shaanxi Province

AD.79 Italy Sixteen years of frequent earthquakes
culminating with the eruption of
Mt. Vesuvius, which buried the city

of Pompeii
893 India 180,000 Widespread damage; many killed in
collapse of earthen homes
1556 China 8.0 (est.) 530,000 Occurred in densely populated region

near Xian; produced thousands of
landslides, which killed inhabitants
of soft rock caves in hillsides;
death estimate of questionable

accuracy

1755 Portugal 8.6 60,000 Lisbon earthquake; first scientific
description of earthquake effects

1783 Ttaly 50,000 Calabria earthquake; first scientific

commission for earthquake
investigation formed
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TABLE 1-1  Significant Historical Earthquakes (continued)

1811-1812 Missouri 75,7.3,7.8 Several Three large earthquakes in less than
two months in New Madrid area;
felt all across central and eastern
United States

1819 India 1,500 Cutch earthquake; first well-
documented observations of
faulting

1857 California 8.3 1 Fort Tejon earthquake; one of the

largest earthquakes known to have
been produced by the San Andreas
Fault; fault ruptured for 250 miles
(400 km) with up to 30 ft (9 m)
offset

1872 California 8.5 27 Owens Valley earthquake; one of the
strongest ever to have occurred in
the United States

1886 South Carolina 7.0 110 Strongest earthquake to strike east
coast of United States; produced
significant liquefaction

1906 California 7.9 700 First great earthquake to strike
densely populated area in United
States; produced up to 21 ft (7 m)
offset in 270-mile (430-km) rupture
of San Andreas Fault; most damage
caused by fire; extent of ground
shaking damage correlated to
geologic conditions in
postearthquake investigation

1908 Italy 7.5 83,000 Messina and surrounding area
devastated; Italian government
appointed engineering commission
that recommended structures be
designed for equivalent static
lateral loads

1923 Japan 79 99,000 Kanto earthquake; caused major
damage in Tokyo-Yokohama area,
much due to fire in Tokyo and
tsunami in coastal regions; strongly
influenced subsequent design in
Japan

1925 California 6.3 13 Santa Barbara earthquake; caused
liquefaction failure of Sheffield
Dam; led to first explicit provisions
for earthquake resistance in U.S.
building codes
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TABLE 1-1 Significant Historical Earthquakes (continued)

Introduction to Geotechnical Earthquake Engineering

Chap. 1

1933

1940

1959

1960

1964

1964

1967

1971

1975

1976

California

California

Montana

Chile

Alaska

Japan

Venezuela

California

China

China

6.3

7.1

7.1

9.5

9.2

7.5

6.5

6.6

7.3

7.8

120

28

2,230

131

26

266

65

1,300

700,000

Considerable building damage;
schools particularly hard-hit, with
many children killed and injured;
led to greater seismic design
requirements in building codes,
particularly for public school
buildings

Large ground displacements along
Imperial Fault near El Centro; first
important accelerogram for
engineering purposes was recorded

Hebgen Lake earthquake; faulting
within reservoir produced large
seiche that overtopped earth dam

Probably the largest earthquake ever
recorded

The Good Friday earthquake; caused
severe damage due to liquefaction
and many earthquake-induced
landslides

Widespread liquefaction caused
extensive damage to buildings,
bridges, and port facilities in
Niigata; along with Good Friday
earthquake in Alaska, spurred
intense interest in the phenomenon
of liquefaction

Caused collapse of relatively new
structures in Caracas; illustrated
effects of local soil conditions on
ground motion and damage

San Fernando earthquake; produced
several examples of liquefaction,
including near collapse of Lower
San Fernando Dam; caused
collapse of several buildings and
highway bridges; many structural
lessons learned, particularly
regarding need for spiral
reinforcement of concrete columns;
many strong motion records
obtained

Evacuation following successful
prediction saved thousands of lives
in Haicheng, Liaoning Province

Thought to be the most deadly
earthquake in history; destroyed
city of Tangshan, Hebei Province;
not predicted; death estimate of
questionable accuracy
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TABLE 1-1 Significant Historical Earthquakes (continued)

1985

1989

1994

1995

Mexico

California

California

Japan

Significant Historical Earthquakes

8.1

7.1

6.8

6.9

9,500

63

61

5,300

Epicenter off Pacific Coast, but most
damage occurred over 220 miles
(360 km) away in Mexico City;
illustrated effect of local soil
conditions on ground motion
amplification and damage;
subsequent studies led to better
understanding of dynamic
properties of fine-grained soils

Loma Prieta earthquake; extensive
ground motion amplification and
liquefaction damage in San
Francisco Bay area

Northridge earthquake; occurred on
previously unknown fault beneath
heavily populated area; buildings,
bridges, lifelines extensively
damaged; produced extraordinarily
strong shaking at several locations

Hyogo-Ken Nanbu earthquake;
caused tremendous damage to
Kobe, Japan; widespread
liquefaction in reclaimed lands
constructed for port of Kobe;
landslides and damage to retaining
walls and underground subway
stations also observed




Seismology and Earthquakes

2.1 INTRODUCTION

The study of geotechnical earthquake engineering requires an understanding of the various
processes by which earthquakes occur and their effects on ground motion. The field of seis-
mology (from the Greek seismos for earthquake and logos for science) developed from a
need to understand the internal structure and behavior of the earth, particularly as they relate
to earthquake phenomena. Although earthquakes are complex phenomena, advances in
seismology have produced a good understanding of the mechanisms and rates of occurrence
of earthquakes in most seismically active areas of the world. This chapter provides a brief
introduction to the structure of the earth, the reasons why earthquakes occur, and the termi-
nology used to describe them. More complete descriptions of these topics may be found in
a number of seismology texts, such as Gutenberg and Richter (1954), Richter (1958),
Bullen (1975), Bath (1979), Bullen and Bolt (1985), Gubbins (1990), and Lay and Wallace
(1995). A very readable description of seismology and earthquakes is given by Bolt (1993).

2.2 INTERNAL STRUCTURE OF THE EARTH

The earth is roughly spherical, with an equatorial diameter of 12,740 km (7918 miles) and
a polar diameter of 12,700 km (7893 miles), the higher equatorial diameter being caused by

18
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higher equatorial velocities due to the earth’s rotation. The earth weighs some 5.4 x 10?!
tons (4.9 x 10**kg), which indicates an average specific gravity of about 5.5. Since the spe-
cific gravity of surficial rocks is known to be on the order of 2.7 to 3, higher specific grav-
ities are implied at greater depths.

One of the first important achievements in seismology was the determination of the
internal structure of the earth. Large earthquakes produce enough energy to cause measur-
able shaking at points all around the world. As the different types of seismic waves travel
through the earth, they are refracted and reflected at boundaries between different layers,
reaching different points on the earth’s surface by different paths. Studies of these refrac-
tions and reflections early in this century revealed the layered structure of the earth and pro-
vided insight into the characteristics of each layer.

2.2.1 Seismic Waves

When an earthquake occurs, different types of seismic waves are produced: body waves and
surface waves. Although seismic waves are discussed in detail in Chapter 5, the brief
description that follows is necessary to explain some of the concepts of Chapters 2 to 4.
Body waves, which can travel through the interior of the earth, are of two types:
p-waves and s-waves (Figure 2.1). P-waves, also known as primary, compressional, or lon-
gitudinal waves, involve successive compression and rarefaction of the materials through
which they pass. They are analogous to sound waves; the motion of an individual particle
that a p-wave travels through is parallel to the direction of travel. Like sound waves,
p-waves can travel through solids and fluids. S-waves, also known as secondary, shear, or
transverse waves, cause shearing deformations as they travel through a material. The
motion of an individual particle is perpendicular to the direction of s-wave travel. The direc-
tion of particle movement can be used to divide s-waves into two components, SV (vertical
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Figure 2.1 Deformations produced by body waves: (a) p-wave; (b) SV-wave. From
Earthquakes by Bolt. Copyright © 1993 by W.H. Freeman and Company. Used with
permission.
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plane movement) and SH (horizontal plane movement). The speed at which body waves
travel varies with the stiffness of the materials they travel through. Since geologic materials
are stiffest in compression, p-waves travel faster than other seismic waves and are therefore
the first to arrive at a particular site. Fluids, which have no shearing stiffness, cannot sustain
s-waves.

Surface waves result from the interaction between body waves and the surface and
surficial layers of the earth. They travel along the earth’s surface with amplitudes that
decrease roughly exponentially with depth (Figure 2.2). Because of the nature of the inter-
actions required to produce them, surface waves are more prominent at distances farther
from the source of the earthquake. At distances greater than about twice the thickness of the
earth’s crust, surface waves, rather than body waves, will produce peak ground motions.
The most important surface waves, for engineering purposes, are Rayleigh waves and Love
waves. Rayleigh waves, produced by interaction of p- and SV-waves with the earth’s sur-
face, involve both vertical and horizontal particle motion. They are similar, in some
respects, to the waves produced by a rock thrown into a pond. Love waves result from the
interaction of SH-waves with a soft surficial layer and have no vertical component of par-
ticle motion.

Wavelength
= — Undisturbed medium
v N
(a) r
11
] }
Wavelength )
o Undisturbed medium
T, N / ] N
(b) ]

T
INm
N
(W]
INENEEN

1/4

Figure 2.2 Deformations produced by surface waves: (a) Rayleigh wave; and (b) Love
wave. From Earthquakes by Bolt. Copyright ©1993 by W.H. Freeman and Company.
Used with permission.

2.2.2 Internal Structure

The crust, on which human beings live, is the outermost layer of the earth. The thickness of
the crust ranges from about 25 to 40 km (15 to 25 miles) beneath the continents (although
it may be as thick as 60 to 70 km (37 to 44 miles) under some young mountain ranges) to as
thin as 5 km (3 miles) or so beneath the oceans—only a very small fraction of the earth’s
diameter (Figure 2.3). The internal structure of the crust is complex but can be represented
by a basaltic layer that is overlain by a granitic layer at continental locations. Since it is
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Upper mantle

Crust
Lower mantle

Outer core
(liquid)
Inner core

Radius

Figure 2.3 Internal structure of the earth.

exposed to the oceans or the atmosphere, the crust is cooler than the materials below it
(Figure 2.4). In addition to being thinner, the oceanic crust is generally more uniform and
more dense than the continental crust.

A distinct change in wave propagation velocity marks the boundary between the crust
and the underlying manrle. This boundary is known as the Mohorovici¢ discontinuity, or
the Moho, named after the seismologist who discovered it in 1909. Although the specific
nature of the Moho itself is not well understood, its role as a reflector and refractor of seis-
mic waves is well established. The mantle is about 2850 km (1770 miles) thick and can be
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Figure 2.4  Estimated variation of temperature below the surface of the earth. (After
Verhoogan, 1960.)
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divided into the upper mantle (shallower than about 650 km (404 miles)) and the lower
mantle. No earthquakes have been recorded in the lower mantle, which exhibits a uniform
velocity structure and appears to be chemically homogeneous, except near its lower bound-
ary. The mantle is cooler near the crust than at greater depths but still has an average tem-
perature of about 4000°F. As a result, the mantle materials are in a viscous, semimolten
state. They behave as a solid when subjected to rapidly applied stresses, such as those asso-
ciated with seismic waves, but can slowly flow like a fluid in response to long-term stresses.
The mantle material has a specific gravity of about 4 to 5.

The outer core, or liquid core, is some 2260 km (1400 miles) thick. As aliquid, it can-
not transmit s-waves. As shown in Figure 2.5, the s-wave velocity drops to zero at the core—
mantle boundary, or Gutenberg discontinuity; note also the precipitous drop in p-wave
velocity. The outer core consists primarily of molten iron (which helps explain its high spe-
cific gravity of 9 to 12). The inner core, or solid core, is a very dense (specific gravity up to
about 15), solid nickel-iron material compressed under tremendous pressures. The temper-
ature of the inner core is estimated to be relatively uniform at over 5000°F.

Crust

Mantle

Quter core
T Inner core

Velocity (km/sec)

Density (g/cm3)

Figure 2.5 Variation of p- and s-wave
velocity and density within the earth. (After

0 1000 2000 3000 4000 5000 KM Eiby, 1980.)

Figure 2.6 shows the influence of the earth’s structure on the distribution of seismic
waves during earthquakes. Since wave propagation velocities generally increase with
depth, wave paths are usually refracted back toward the earth’s surface. An exception is at
the core-mantle boundary, where the outer core velocity is lower than the mantle velocity.


pinelopi
Note
precipitous = apotomi, katakorifi


Sec. 2.3 Continental Drift and Plate Tectonics 23

Inner Outer
core core

Figure 2.6 Seismic wave paths illustrating reflection and refraction of seismic waves
from the source (focus) of the earthquake by thé different layers of the earth. Note that
p- and s-waves can reach the earth’s surface between 0 and 103°, but the liquid nature of
the outer core allows only p-waves to reach the surface between 143 and 180°. In the
shadow zone between angles of 103 and 143°, only paths reflected from the inner core
can reach the earth’s surface. (From Sumner, 1969.)

2.3 CONTINENTAL DRIFT AND PLATE TECTONICS

Although observations of similarity between the coastlines and geology of eastern South
America and the western Africa and the southern part of India and northern part of Australia
had intrigued scientists since the seventeenth century (Glen 1975; Kearey and Vine, 1990),
the theory that has come to be known as continental drift was not proposed until the early
twentieth century (Taylor, 1910; Wegener, 1915). Wegener, for example, believed that the
earth had only one large continent called Pangaea 200 million years ago. He believed that
Pangaea broke into pieces that slowly drifted (Figure 2.7) into the present configuration of
the continents. A more detailed view of the current similarity of the African and South
American coasts is shown in Figure 2.8.

The theory of continental drift did not receive much attention until about 1960, when
the current worldwide network of seismographs was able to define earthquake locations
accurately, and to confirm that long-term deformations were concentrated in narrow zones
between relatively intact blocks of crust. Also, exploration of the ocean floor did not begin
in earnest until after World War I, when new techniques such as deep-water echo sounding,
seismic refraction, and piston coring became available. The geology of the ocean floor is
young, representing only about 5% of the earth’s history (Gubbins, 1990), and relatively
simple. Its detailed study provided strong supporting evidence of the historical movement
of the continents as assumed in the theory of continental drift. Within 10 years, the theory
of continental drift had become widely accepted and acknowledged as the greatest advance
in the earth sciences in a century.
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Figure 2.7 Wegener’s theory of continental drift: (a) 270 million years ago; (b) 150
million years ago; (c) 1 million years ago. (After Verney, 1979.)

2.3.1 Plate Tectonics

The original theory of continental drift suggested images of massive continents pushing
through the seas and across the ocean floor. It was well known, however, that the ocean
floor was too strong to permit such motion, and the theory was originally discredited by
most earth scientists. From this background, however, the modern theory of plate tectonics
began to evolve. The basic hypothesis of plate tectonics is that the earth’s surface consists
of a number of large, intact blocks called plates, and that these plates move with respect to
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Figure 2.8 Statistical spherical fit of several continents using the continental slopes
rather than the coastlines. (After Bullard et al., 1965, with permission of the Royal
Society.)

each other. The earth’s crust is divided into six continental-sized plates (African, American,
Antarctic, Australia-Indian, Eurasian, and Pacific) and about 14 of subcontinental size
(e.g., Caribbean, Cocos, Nazca, Philippine, etc.). The major plates are shown in Figure
2.9. Smaller platelets, or microplates, have broken off from the larger plates in the vicinity
of many of the major plate boundaries but are not shown here. The relative deformation
between plates occurs only in narrow zones near their boundaries. This deformation of
the plates can occur slowly and continuously (aseismic deformation) or can occur spasm-
odically in the form of earthquakes (seismic deformation). Since the deformation occurs
predominantly at the boundaries between the plates, it would be expected that the locations
of earthquakes would be concentrated near plate boundaries. The map of earthquake
epicenters shown in Figure 2.10 confirms this expectation, thereby providing strong support
for the theory of plate tectonics.

The theory of plate tectonics is a kinematic theory (i.e., it explains the geometry of
plate movement without addressing the cause of that movement). Something must drive
the movement, however, and the tremendous mass of the moving plates requires that the
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driving forces be very large. The most widely accepted explanation of the source of plate
movement relies on the requirement of thermomechanical equilibrium of the earth’s mate-
rials. The upper portion of the mantle is in contact with the relatively cool crust while the
lower portion is in contact with the hot outer core. Obviously, a temperature gradient must
exist within the mantle (see Figure 2.4). The variation of mantle density with temperature
produces the unstable situation of denser (cooler) material resting on top of less dense
(warmer) material. Eventually, the cooler, denser material begins to sink under the action of
gravity and the warmer, less dense material begins to rise. The sinking material gradually
warms and becomes less dense; eventually, it will move laterally and begin to rise again as
subsequently cooled material begins to sink. This process is the familiar one of convection.

Convection currents in the semimolten rock of the mantle, illustrated schematically in
Figure 2.11, impose shear stresses on the bottom of the plates, thus “dragging” them in var-
ious directions across the surface of the earth. Other phenomena, such as ridge push or slab
pull, may also contribute to the movement of plates (Hager, 1978).

Tectonic plate

y

Spreading ridge
boundary

Subduction
zone
boundary

Convection

COLD

Subducting
Plate

<« 6350 km ————

Figure 2.11 Convection currents in mantle. Near the bottom of the crust; horizontal
component of convection currents impose shear stresses on bottom of crust, causing
movement of plates on earth’s surface. The movement causes the plates to move apart in
some places and to converge in others. (After Noson et al., 1988.)
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2.3.2 Plate Boundaries

Three distinct types of plate boundaries have been identified, and understanding the move-
ment associated with each will aid in the understanding of plate tectonics. The characteristics
of the plate boundaries also influence the nature of the earthquakes that occur along them.

2.3.2.1 Spreading Ridge Boundaries
In certain areas the plates move apart from each other (Figure 2.12) at boundaries
%nown as spreading ridges or spreading rifts. Molten rock from the underlying mantle rises
to the surface where it cools and becomes part of the spreading plates. In this way, the plates
“grow” at the spreading ridge. Spreading ratés range from approximately 2 to 18 cm/yr (1 to
7 in/yr); the highest rates are found in the Pacific Ocean ridges and the lowest along the
Mid-Atlantic Ridge. It is estimated (Garfunkel, 1975) that new oceanic crust is currently
formed at a rate of about 3.1 km%yr (1.2 miles?/yr) worldwide. The crust, mainly young,
fresh basalt, is thin in the vicinity of the spreading ridges. It may be formed by relatively
slow upward movement of magma, or it may be ejected quickly during seismic activity.
Underwater photographs have shown formations of pillow lava and have even recorded
lava eruptions in progress. Volcanic activity, much of which occurs beneath the ocean sur-
face, is common in the vicinity of spreading-ridge boundaries. Spreading ridges can pro-
trude above the ocean; the island of Iceland, where volcanic activity is nearly continuous
(there are 150 active volcanos), is such an example.

The mantle material cools after it reaches the surface in the gap between the spreading
plates. As it cools, it becomes magnetized (remnant magnetism) with a polarity that depends
on the direction of the earth’s magnetic field at that time. The magnetic field of the earth is not
constant on a geological time scale; it has fluctuated and reversed at irregular historical inter-
vals, thus imposing magnetic anomalies (reversals of polarity) in the rock that forms at the

Increasing age Increasing age

Figure 2.12  Spreading ridge boundary. Magma rises to surface and cools in gap
formed by spreading plates. Magnetic anomalies are shown as stripes of normal and
reversed magnetic polarity. (After Foster, 1971.)
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spreading ridge boundaries. Measurement of the magnetic field in a direction perpendicular
to a spreading ridge plate boundary reveals a fluctuating pattern of magnetic intensity, as
illustrated for the eastern Pacific Ocean region in Figure 2.13. These magnetic anomalies
have allowed large portions of the major plates to be dated. Comparison of the ages of various
materials allows identification of the geometry and movement of various plates and has
proven invaluable in the verification and acceptance of the theory of plate tectonics.

2.3.2.2 Subduction Zone Boundaries

Since the size of the earth remains constant, the creation of new plate material at
spreading ridges must be balanced by the consumption of plate material at other locations.
This occurs at subduction zone boundaries where the relative movement of two plates is
toward each other. At the point of contact, one plate plunges, or subducts, beneath the other,

60° (TSI 7! : : Yo T T T

Propagating rift  Age (Ma) Chron --

features: >
------ Abandoned 3
spreading center 4
10 5
— = Wandering offset
— Pseudofault 5C -
20 6

- - - Failed rift

50°

40°

3l

o -

20 -

170° 160° 150° 140° 130° 120°

Figure 2.13 Magnetic anomalies in the eastern Pacific Ocean. The dark lines represent
bands of common magnetic polarity. (After Atwater and Sveringhaus, 1989.)
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Puget Active volcqnges
Sound (e.g. Mt. Rainier)
; Cascade Columbia
Deformed sediments Olympic Range / Plateau

Mountains
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< Oceanic crust
Juan de Fuca Juan de Fuca plate
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Not to scale
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Figure 2.14  Cascadia subduction zone off the coasts of Washington and Oregon. The
Juan de Fuca plate originates at the Juan de Fuca spreading ridge and subducts beneath
the North American plate. Magma rising from the deeper part of the subduction zone has
formed a series of volcanos that run roughly parallel to the subduction zone. One of
these, Mt. St. Helens, erupted explosively in 1980. (After Noson et al., 1988.)

as shown in Figure 2.14. Subduction zone plate boundaries exist off the western coasts of
Mexico and Chile, south of the Aleutian Island chain of Alaska, and off the eastern coast of
Japan. The Cascadia subduction zone off the coast of Washington and British Columbia is
shown in Figure 2.14.

Subduction zone boundaries are often found near the edges of continents. Because
the oceanic crust is generally cold and dense, it sinks under its own weight beneath the
lighter continental crust. When the rate of plate convergence is high, a trench is formed at
the boundary between plates. In fact, subduction zone boundaries are sometimes called
trench boundaries. Earthquakes are generated in the sloping Benioff zone at the interface
between the subducting and overiding plates. When the rate of convergence is slow, sedi-
ments accumulate in an accretionary wedge on top of the crustal rock, thus obscuring the
trench.

The subducting plate warms and becomes less brittle as it sinks. Eventually, it
becomes so ductile as to be incapable of producing earthquakes; the greatest recorded earth-
quake depth of approximately 700 km (435 miles) supports this hypothesis. Portions of the
subducting plate melt, producing magma that can rise to the surface to form a line of vol-
canos roughly parallel to the subduction zone on the overriding plate.

When plates carrying continents move toward each other, continental collisions can
lead to the formation of mountain ranges. The Himalayas consist of two crustal layers that
have formed as the Australia-Indian plate has collided with the Eurasian plate. Continental
collision of the plates carrying Africa and Europe are currently reducing the size of the Med-
iterranean Sea and will eventually lead to the formation of a collision-type mountain range
(McKenzie, 1970). '
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2.3.2.3 Transform Fault Boundaries

Transform faults occur where plates move past each other without creating new crust
or consuming old crust. They are usually found offsetting spreading ridges as illustrated in
Figure 2.15. These transform faults are identified by offsets in magnetic anomalies and,
where preserved, scarps on the surface of the crust. Magnetic anomaly offsets defining frac-
fure zones may be observed over thousands of kilometers; however, it is only the segment
of the fracture zone between the spreading ridges that is referred to as the transform fault.
As illustrated in Figure 2.15, the motion on the portions of the fracture zone that extend
beyond the transform fault is in the same direction on either side of the fracture zone; hence
there is generally no relative motion. These inactive portions of the fracture zone can be
viewed as fossil faults that are not producing earthquakes.

__ Spreading ridges Spreading ridges

= | N
— — -~ —» p— g
— - - —>
v Inactive Active ( Inactive
~— fracture —»|=— transform —~=<— fracture —»
zone fault zone

(a) (b)

Figure 2.15 (a) Oblique and (b) plan views of transform fault and adjacent inactive
fracture zones.

P

The San Andreas fault, for example, has been characterized as a transform fault (Wil-
son, 1965) connecting the East Pacific ridge off the coast of Mexico with the Juan de Fuca
ridge off the coast of Washington state. In reality, the geometry of transform faults is usually
quite complex with many bends and kinks, and they are often divided into a number of fault
segments. Their depth is typically limited but can extend horizontally over very long dis-
tances. Other important transform faults include the Motagua fault (which separates the
North American and Caribbean plates), the Alpine fault of New Zealand, and the Dead Sea
fault system that connects the Red Sea to the Bitlis Mountains of Turkey (Kearey and Vine,
1990).

Plate tectonics provides a very useful framework for understanding and explaining
movements on the earth’s surface and the locations of earthquakes and volcanoes. Plate tec-
tonics accounts for the formation of new and consumption of old crustal materials in terms
of the three types of plate movement illustrated in Figure 2.16. It does not, however, explain
all observed tectonic seismicity. For example, it is known that infraplate earthquakes
(earthquakes that occur within a plate, away from its edges) have occurred on most conti-
nents. Well-known North American examples are the series of midplate earthquakes that
occurred in the vicinity of New Madrid, Missouri, in 1811-1812, and the 1886 Charleston
(South Carolina) earthquake. The 1976 Tangshan (China) and 1993 Marathawada (India)
carthquakes are more recent examples of damaging intraplate earthquakes.
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Figure 2.16 Interrelationships among spreading ridge, subduction zone, and transform
fault plate boundaries.

2.4 FAULTS

While the theory of plate tectonics generally assigns the relative movement of plates to one
of the three preceding types of plate boundaries, examination on a smaller scale reveals that
the movement at a particular location can be quite complicated. In some regions, plate
boundaries are distinct and easy to identify, while in others they may be spread out with the
edges of the plates broken to form smaller platelets or microplates trapped between the
larger plates. Locally, the movement between two portions of the crust will occur on new or
preexisting offsets in the geologic structure of the crust known as faults.

Faults may range in length from several meters to hundreds of kilometers and extend
from the ground surface to depths of several tens of kilometers. Their presence may be obvi-
ous, as reflected in surficial topography, or they may be very difficult to detect. The pres-
ence of a fault does not necessarily mean that earthquakes can be expected; movement can
occur aseismically, or the fault may be inactive. The lack of observable surficial faulting, on
the other hand, does not imply that earthquakes cannot occur; in fact, fault rupture does not
reach the earth’s surface in most earthquakes. The activity of faults is discussed in more
detail in Chapter 4.

2.4.1 Fault Geometry

Standard geologic notation is used to describe the orientation of a fault in space. While the
surface of a large fault may be irregular, it can usually be approximated, at least over short
distances, as a plane. The orientation of the fault plane is described by its strike and dip. The
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strike of a fault is the horizontal line produced by the intersection of the fault plane and a
horizontal plane as shown in Figure 2.17. The azimuth of the strike (e. g., N60°E) is used to
describe the orientation of the fault with respect to due north. The downward slope of the
fault plane is described by the dip angle, which is the angle between the fault plane and the
horizontal plane measured perpendicular to the strike. A vertical fault would have a dip
angle of 90°.

Fault plane

Strike vector

Dip angle —\& Horizontal plane

Dip vector

Figure 2.17 Geometric notation for description of fault plane orientation.

2.4.2 Fault Movement

The type of movement occurring on a fault is usually reduced to components in the direc-
tions of the strike and dip. While some movement in both directions is inevitable, movement
in one direction or the other will usually predominate.

2.4.2.1 Dip Slip Movement

Fault movement that occurs primarily in the direction of the dip (or perpendicular to
the strike) is referred to as dip slip movement. There are different types of dip slip move-
ments, classified according to the direction of movement and the dip angle of the fault. Nor-
mal faults, illustrated in Figure 2.18, occur when the horizontal component of dip slip
movement is extensional and when the material above the inclined fault (sometimes
referred to as the hanging wall) moves downward relative to the material below the fault
(the foot wall). Normal faulting is generally associated with tensile stresses in the crust and
results in a horizontal lengthening of the crust. When the horizontal component of dip slip
movement is compressional and the material above the fault moves upward relative to the
material below the fault, reverse faulting is said to have occurred. Movement on reverse
faults, illustrated in Figure 2.19, results in a horizontal shortening of the crust. A special
type of reverse fault is a thrust fault, which occurs when the fault plane has a small dip
angle. Very large movements can be produced by thrust faulting; the European Alps are an
excellent example of thrust structure.

2.4.2.2 strike-Slip Movement

Fault movement occurring parallel to the strike is called strike-slip movement. Strike-
slip faults are usually nearly vertical and can produce large movements. Strike-slip faults are
further categorized by the relative direction of movement of the materials on either side of the
fault. An observer standing near a right lateral strike-slip fault would observe the ground on
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(b)

Figure 2.18 (a) Normal faulting (after Noson et al., 1988); (b) scarp of the normal fault

that produced the 1954 Dixie-Fairview earthquake in Nevada (K. Steinbrugge collection;
courtesy of EERC, Univ. of California).

35
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Figure 2.19  Reverse faulting. Because the dip angle is so small, this reverse fault
would probably be classified as a thrust fault. (After Noson et al., 1988.)

the other side of the fault moving to the right. Similarly, an observer adjacent to a left lateral
strike-slip fault would observe the material on the other side moving to the left. The strike-
slip fault shown in Figure 2.20a would be characterized as a left lateral strike-slip fault. The
San Andreas fault in California is an excellent example of right lateral strike-slip faulting; in
the 1906 San Francisco earthquake, several roads and fences north of San Francisco were
of y nearly 6 m (20 ft) (Figure 2.20b).

%blique fault movement (i.e., movement with both dip-slip and strike-slip compo-
nents) often occurs. The 1971 San Fernando earthquake ruptured the ground surface over a
length of 15 km (9 miles). The maximum vertical displacement (produced by reverse fault
movement) was 1.46 m (4.8 ft), and the maximum horizontal displacement (from left lateral
strike-slip movement) was 2.13 m (7.0 ft) (Berlin, 1980).

2.5 ELASTIC REBOUND THEORY

The plates of the earth are in constant motion, and plate tectonics indicates that the majority
of their relative movement occurs near their boundaries. The long-term effects of this move-
ment can be observed in the geologic record, which reflects deformations that have
occurred over very long periods of time. With the advent of modern electronic distance
measurement equipment, however, movements can also be observed over much shorter
time scales. Figure 2.21 shows a set of survey lines established across the San Andreas and
Calaveras faults by the California Department of Water Resources and Division of Mines
and Geology. The shortening of chords 17 and 19, and the lengthening of 20 and 23, indicate
that fault movement is occurring. Chord 21, which lies entirely east of the Calaveras fault,
shows very little change in length.
As relative movement of the plates occurs, elastic strain energy is stored in the mate-
wrials near the boundary as shear stresses increase on the fault planes that separate the plates.
When the shear stress reaches the shear strength of the rock along the fault, the rock fails and
the accumulated strain energy is released. The effects of the failure depend on the nature of
the rock along the fault. If it is weak and ductile, what little strain energy that could be stored
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Figure 2.20 (a) Left lateral strike-slip faulting (from Noson et al., 1988); (b) trees
offset by strike-slip faulting through citrus grove in 1940 Imperial Valley earthquake
(courtesy of U.S. Geological Survey).

will be released relatively slowly and the movement will occur aseismically. If, on the other
hand, the rock is strong and brittle, the failure will be rapid. Rupture of the rock will release
the stored energy explosively, partly in the form of heat and partly in the form of the stress
waves that are felt as earthquakes. The theory of elastic rebound (Reid, 191 1) describes this
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Figure 2.21 (a) Survey lines across San Andreas and Calaveras faults in California;
(b) change in chord length (extension positive). (From Earthquakes by Bolt. Copyright
© 1993 by W.H. Freeman and Company. Used with permission.)

process of the successive buildup and release of strain energy in the rock adjacent to faults.
It is often illustrated as shown in Figure 2.22.

The nature of the buildup and release of stress is of interest. Faults are not uniform,
either geometrically or in terms of material properties—both strong and weak zones can
exist over the surface of a fault. The stronger zones, referred to as asperities by some (Kan-
amori and Stewart, 1978) and barriers by others (Aki, 1979), are particularly important. The
asperity model of fault rupture assumes that the shear stresses prior to an earthquake are not
uniform across the fault because of stress release in the weaker zones by creep or foreshocks.
Release of the remaining stresses held by the asperities produces the main earthquake that
leaves the rupture surface in a state of uniform stress. In the barrier model, the pre-earth-
quake stresses on the fault are assumed to be uniform. When the main earthquake occurs,
stresses are released from all parts of the fault except for the stronger barriers; aftershocks
then occur as the rock adjusts to the new uniform stress field. Since both foreshocks and
aftershocks are commonly observed, it appears that some strong zones behave as asperities
and others as barriers (Aki, 1984). The engineering significance of asperities and barriers
lies in their influence on ground-shaking characteristics close to the fault. A site located
close to one of these strong zones may experience stronger shaking than a site equally close
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Deformation of ductile rock Deformation of a ductile stick
L (a)
Fracture of brittle rock Fracture of a brittle stick
—
(b) L

Figure 2.22  Elastic rebound theory of earthquakes. In (a) the slow deformation of rock
in the vicinity of a plate boundary results in a buildup of strain energy in the rock in the
same way that strain energy builds up in a ductile stick deformed as shown on the right.
If the strength of the rock is exceeded, it will rupture, releasing strain energy in the form
of vibrations, much as the energy in the stick would be released when the stick breaks.
After the earthquake, the rock is displaced from its original position. The total relative
displacement of the plates is the sum of the slip displacement at the fault and possible
displacements due to warping distortion of the edges of the plates near the fault. (After
Foster, R.J., General Geology, 5/e, © 1988. Adapted by permission of Prentice Hall,
Upper Sadde River, New Jersey.

to the fault but farther from a strong zone. At larger distances from the fault the effects of
fault nonuniformity decrease. Unfortunately, methods for locating these strong zones prior
to rupture have not yet been developed.

Rupture generally progresses across a fault as a series of dislocations (some multiple-
event earthquakes can be thought of as a series of small earthquakes that occur in close spa-
tial and temporal proximity). Small earthquakes can be modeled as point processes since
their rupture surfaces usually span only a few kilometers. Large earthquakes, however, can
rupture over distances of tens, or even hundreds, of kilometers, and the nature of ground
shaking can be influenced by the characteristics of the rupture process. For example, waves
emanate from the fault with different strengths in different directions; such directivity
effects can produce azimuthal differences in ground motion characteristics (Benioff, 1955;
Ben-Menachem, 1961). Constructive interference of waves produced by successive dislo-
cations can produce strong pulses of large displacement called fling (Figure 2.23) at nearby
sites toward which the rupture is progressing (Benioff, 1955; Singh, 1985).

2.5.1 Relationship to Earthquake Recurrence

The theory of elastic rebound implies that the occurrence of earthquakes will relieve
stresses along the portion of a fault on which rupture occurs, and that subsequent rupture
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Figure 2.23 Schematic illustration of directivity effect on ground motions at sites
toward and away from direction of fault rupture. Overlapping of pulses can lead to
strong fling pulse at sites toward which the fault ruptures. (After Singh, 1985; used by
permission of EERI).

will not occur on that segment until the stresses have had time to build up again. The
chances of an earthquake occurring on a particular fault segment should therefore be related
in some way to the time that has elapsed since the last earthquake and, perhaps, to the
amount of energy that was released. In a probabilistic sense, then, individual earthquakes on
a particular fault segment should not be considered as random, independent events. This
characteristic is important in seismic hazard analysis.

Because earthquakes relieve the strain energy that builds up on faults, they should be
more likely to occur in areas where little or no seismic activity has been observed for some
time. By plotting fault movement and historical earthquake activity along a fault, it is pos-
sible to identify gaps in seismic activity at certain locations along faults. According to elas-
tic rebound theory, either the movement is occurring aseismically or strain energy is
building in the vicinity of these seismic gaps. In areas where the latter is known to be the
case, seismic gaps should represent the most likely locations for future earthquakes. A num-
ber of seismic gaps have been identified around the world and large earthquakes have sub-
sequently been observed on several of them. The 1989 Loma Prieta earthquake occurred on
a segment of the San Andreas fault that had previously been identified as a gap, as shown in
Figure 2.24. The use of seismic gaps offers promise for improvement in earthquake predic-
tion capabilities and seismic risk evaluation.
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Figure 2.24  Cross section of the San Andreas fault from north of San Francisco to
south of Parkfield: (a) seismicity in the 20 years prior to the 1989 Loma Prieta
earthquake is shown with the Loma Prieta gap highlighted; (b) main shock (open circle)
and aftershocks of the Loma Prieta earthquake. Note the remaining gaps between San
Francisco and Portola Valley and south of Parkfield. (After Housner et al., 1990.)

2.5.2 Relationship to Tectonic Environment

Elastic rebound also implies that tectonic environments capable of storing different
amounts of energy will produce earthquakes of different size. Consider, for example, the
tectonic environment in the vicinity of a spreading ridge plate boundary. First, the crust is
thin; hence the volume of rock in which strain energy can build up is small. Second, the hor-
izontal component of the relative plate movement is extensional; hence the normal stress on
the fault plane, and with it the rupture strength, is low. Third, the rock is relatively warm and
ductile, so it will not release strain energy suddenly. Taken together, these factors limit the
total strain energy that can build up and be suddenly released at a spreading ridge boundary.
These factors explain the observed absence of very large earthquakes at spreading ridge
boundaries.

By the time the oceanic crust has moved from a spreading ridge to a subduction zone,
it has cooled and become much thicker and stronger. Relative movement of the plates is
toward each other, so high compressive normal stresses increase the rupture strength on the
fault plane. Because subduction zone plate boundaries are inclined, the potential rupture
area is large. All of these factors support the potential buildup of very large amounts of
strain energy that, when suddenly released, can produce great earthquakes. In fact, the larg-
est recorded earthquakes have been produced by subduction zones.

At transform faults, the rock is generally cool and brittle, but large compressive
stresses do not usually develop because the faults are often nearly vertical and movement is
typically of a strike-slip nature. Because the depth of transform faulting is limited, the total
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amount of strain energy that can be stored is controlled by the length of rupture. Very large
earthquakes involving rupture lengths of hundreds of kilometers have been observed on
transform faults, but truly “great” earthquakes may not be possible.

2.5.3 Seismic Moment

The concept of elastic rebound theory can be used to develop a useful measure of the size
of an earthquake. The seismic moment of an earthquake is given by

wMO = uAD @1

where L is the rupture strength of the material along the fault, A the rupture area, and D the
average amount of slip. The seismic moment is named for its units of force times length;
however, it is more a measure of the work done by the earthquake. As such, the seismic
moment correlates well with the energy released during an earthquake. The seismic moment
can be estimated from geologic records for historical earthquakes, or obtained from the
long-period components of a seismogram (Bullen and Bolt, 1985).

2.6 OTHER SOURCES OF SEISMIC ACTIVITY

The sudden release of strain energy by rupture of the rock at plate boundaries is the primary
cause of seismic activity around the world. There are, however, other sources of seismic
activity that produce smaller earthquakes that may be important in localized regions.

Earthquakes have been associated with volcanic activity. Shallow volcanic earth-
quakes may result from sudden shifting or movement of magma. In 1975, a magnitude 7.2
earthquake on the big island of Hawaii produced significant damage and was followed
shortly by an eruption of the Kilauea volcano. The 1980 eruption of Mt. St. Helens in south-
ern Washington was actually triggered by a small (M, = 5.1), shallow, volcanic earthquake
that triggered a massive landslide on the north slope of the volcano. The unloading of the
north slope allowed the main eruption to occur approximately 30 sec later. Volcanic erup-
tions themselves can release tremendous amounts of energy essentially at the earth’s sur-
face and may produce significant ground motion.

Seismic waves may be produced by underground detonation of chemical explosives
or nuclear devices (Bolt, 1975). Many significant developments in seismology during the
Cold War years stemmed from the need to monitor nuclear weapons testing activities of
other countries. Collapse of mine or cavern roofs, or mine bursts, can cause small local
earthquakes, as can large landslides. A 1974 landslide involving 1.6 x 10° m*(2.1 x 10° yd®)
of material along the Montaro River in Peru produced seismic waves equivalent to those of
a magnitude 4.5 earthquake (Bolt, 1989).

Reservoir-induced earthquakes have been the subject of considerable study and some
controversy. Local seismicity increased significantly after the filling of Lake Mead behind
Hoover Dam on the Nevada—Arizona border in 1935. When the Koyna Dam (India) reser-
voir was filled, local shallow earthquakes became common in an area previously thought to
have been virtually aseismic. In 1967, five years after filling of the Koyna reservoir had
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begun, a magnitude 6.5 earthquake killed 177 persons and injured more than 2000 more.
Local seismicity has been observed to increase seasonally with seasonal increases in reser-
voir level. In 1975, seven years after the filling of Oroville Dam in an area of low historical
seismicity in northern California, a swarm of earthquakes culminated in a magnitude 5.7
main shock. After construction of the High Dam, a magnitude 5.6 earthquake occurred in
Aswan, Egypt where very little significant seismic activity had been observed in the 3000-
year history of the area. In these cases, seismic activity appears to have been tri ggered by the
presence of the reservoir. While the effect of the weight of the impounded water is likely to
be negligible at the depths of the induced seismic activity, an increase in porewater pressure
that migrates as a “pulse” away from the reservoir after filling may have been sufficient to
reduce the strength of the rock to the point where rupture could occur.

2.7 GEOMETRIC NOTATION

To describe the location of an earthquake, it is necessary to use accepted descriptive termi-
nology. Earthquakes result from rupture of the rock along a fault, and even though the rup-
ture may involve thousands of square kilometers of fault plane surface, it must begin
somewhere. The point at which rupture begins and the first seismic waves originate is called
the focus, or hypocenter, of the earthquake (Figure 2.25). From the focus, the rupture
spreads across the fault at velocities of 2 to 3 km/sec (1.2t0 1.9 miles/sec) (Bolt, 1989).
Although fault rupture can extend to the ground surface, the focus is located at some focal
depth (or hypocentral depth) below the ground surface. The point on the ground surface
directly above the focus is called the epicenter. The distance on the ground surface between
an observer or site and the epicenter is known as the epicentral distance, and the distance
between the observer and the focus is called the focal distance or hypocentral distance.

Ground surface

N

Epicentral distance

Epicenter

Site or observer

Hypocentral distance

Focus or hypocenter —

7 I\

Figure 2.25 Notation for description of earthquake location.
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2.8 LOCATION OF EARTHQUAKES

The location of an earthquake is often initially specified in terms of the location of its epi-
center. Preliminary epicentral location is a simple and straightforward matter, but refinement
of the final location can be considerably more complex. Preliminary location is based on the
relative arrival times of p- and s-waves at a set of at least three seismographs.

Since p-waves travel faster than s-waves, they will arrive first at a given seismograph.
The difference in arrival times will depend on the difference between the p- and s-wave
velocities, and on the distance between the seismograph and the focus of the earthquake,
according to

At
el (2.2)

d = 1/ve=1/v,

where Az, is the difference in time between the first p- and s-wave arrivals, and v, and v,
are the p- and s-wave velocities, respectively. In bedrock, p-wave velocities are generally 3
to 8 km/sec (1.9 to 5 miles/sec) and s-wave velocities range from 2 to 5 km/sec (1.2 to 3.1
miles/sec). At any single seismograph it is possible to determine the epicentral distance but
not the direction of the epicenter. This limited knowledge is expressed graphically by plot-
ting a circle of radius equal to the epicentral distance. When the epicentral distance from a
second seismograph is plotted as a circle about its location, the possible location of the epi-
center is narrowed to the two points of intersection of the circles. Obviously, a third seis-
mograph is necessary to identify the most likely location of the epicenter as illustrated in
Figure 2.26. More refined estimates of the epicentral, or hypocentral, location are made
using multiple seismographs, a three-dimensional seismic velocity model of the earth, and
numerical optimization techniques. The accuracy of these techniques depends on the
number, quality, and geographic distribution of the seismographs and on the accuracy of the
seismic velocity model (Dewey, 1979).

p-s time shows that earthquake occurred
at this distance from station A

Epicenter

Figure 2.26 Preliminary location of epicenter from differential wave-arrival-time
measurements at seismographs A, B, and C. Most likely epicentral location is at the
intersection of the three circles. (After Foster, R.J., General Geology, Sle, © 1988.
Adapted by permission of Prentice Hall, Upper Saddle River, New Jersey.)
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2.9 SIZE OF EARTHQUAKES

The “size” of an earthquake is obviously a very important parameter, and it has been
described in different ways. Prior to the development of modern instrumentation, methods
for characterizing the size of earthquakes were based on crude and qualitative descriptions
of the effects of the earthquakes. More recently, modern seismographs have allowed the
development of a number of quantitative measures of earthquake size. Since several of
these measures are commonly used in both seismology and earthquake engineering, the dis-
tinguishing features of each should be understood.

2.9.1 Earthquake Intensity

The oldest measure of earthquake size is the earthquake intensity. The intensity is a quali-
tative description of the effects of the earthquake at a particular location, as evidenced by
observed damage and human reactions at that location. Because qualitative descriptions of
the effects of earthquakes are available throughout recorded history, the concept of intensity
can be applied to historical accounts to estimate the locations and sizes of earthquakes that
occurred prior to the development of modern seismic instruments (preinstrumental earth-
quakes). This application has been very useful in characterizing the rates of recurrence of
earthquakes of different sizes in various locations, a critical step in evaluation of the like-
lihood of seismic hazards. Intensities can also be used to estimate strong ground motion ley-
els (Section 3.3.1.1), for comparison of earthquake effects in different geographic regions,
and for earthquake loss estimation.

The Rossi—Forel (RF) scale of intensity, describing intensities with values ranging
from I to X, was developed in the 1880s and used for many years. It has largely been
replaced in English-speaking countries by the modified Mercalli intensity (MMI) scale
originally developed by the Italian seismologist Mercalli and modified in 1931 to better rep-
resent conditions in California (Richter, 1958). The MMI scale is illustrated in Table 2-1.
The qualitative nature of the MMI scale is apparent from the descriptions of each intensity
level.

The Japanese Meteorological Agency (JMA) has its own intensity scale, and the
Medvedev-Spoonheuer—Karnik (MSK) scale is used in central and eastern Europe. A com-
parison of the RF, MM], JMA, and MSK scales is shown in Figure 2.27.

Earthquake intensities are usually obtained from interviews of observers after the
event. The interviews are often done by mail, but in some seismically active areas, perma-
nent observers are organized and trained to produce rational and unemotional accounts of
ground shaking. Since human observers and structures are scattered more widely than any
seismological observatory could reasonably hope to scatter instruments, intensity observa-
tions provide information that helps characterize the distribution of ground shaking in a
region. A plot of reported intensities at different locations on a map allows contours of equal
intensity, or isoseisms, to be plotted. Such a map is called an isoseismal map (Figure 2.28).
The intensity is generally greatest in the vicinity of the epicenter of the earthquake, and
the term epicentral intensity is often used as a crude description of earthquake size.
Isoseismal maps show how the intensity decreases, or attenuates, with increasing epicentral
distance.
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Table 2-1 Modified Mercalli Intensity Scale of 1931

I Not felt except by a very few under especially favorable circumstances

Felt by only a few persons at rest, especially on upper floors of buildings; delicately

I suspended objects may swing

Felt quite noticeably indoors, especially on upper floors of buildings, but many people do not
recognize it as an earthquake; standing motor cars may rock slightly; vibration like passing
of truck; duration estimated

111

v During the day felt indoors by many, outdoors by few; at night some awakened; dishes,
windows, doors disturbed; walls make cracking sound; sensation like heavy truck striking
building; standing motor cars rocked noticeably

Vv Felt by nearly everyone, many awakened; some dishes, windows, etc., broken; a few instances
of cracked plaster; unstable objects overturned; disturbances of trees, piles, and other tall
objects sometimes noticed; pendulum clocks may stop

VI Felt by all, many frightened and run outdoors; some heavy furniture moved; a few instances of

fallen plaster or damaged chimneys; damage slight

vt Everybody runs outdoors; damage negligible in buildings of good design and construction,

slight to moderate in well-built ordinary structures, considerable in poorly built or badly

designed structures; some chimneys broken; noticed by persons driving motor cars

Vi Damage slight in specially designed structures, considerable in ordinary substantial

buildings, with partial collapse, great in poorly built structures; panel walls thrown out of frame
structures; fall of chimneys, factory stacks, columns, monuments, walls; heavy furniture over-
turned; sand and mud ejected in small amounts; changes in well water; persons driving motor

IX cars disturbed

Damage considerable in specially designed structures; well-designed frame structures thrown
out of plumb; great in substantial buildings, with partial collapse; buildings shifted off founda-
X tions; ground cracked conspicuously; underground pipes broken
Some well-built wooden structures destroyed; most masonry and frame structures destroyed
with foundations; ground badly cracked; rails bent; landslides considerable from river banks
X1 and steep slopes; shifted sand and mud; water splashed over banks
Few, if any (masonry) structures remain standing; bridges destroyed; broad fissures in ground;
underground pipelines completely out of service; earth slumps and land slips in soft ground;
XII rails bent greatly
Damage total; practically all works of contruction are damaged greatly or destroyed; waves seen
on ground surface; lines of sight and level are distorted; objects thrown into the air

2.9.2 Earthquake Magnitude

The possibility of obtaining a more objective, quantitative measure of the size of an earth-
quake came about with the development of modern instrumentation for measuring ground
motion during earthquakes. In the past 60 years, the development of seismic instruments,
and our understanding of the quantities they measure, have increased dramatically. Seismic
instruments allow an objective, quantitative measurement of earthquake size called earth-
quake magnitude to be made. Most measurements of earthquake magnitude are instrumen-
tal (i.e., based on some measured characteristic of ground shaking).
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MMI I II I v \% VI | VII | VIIT | IX X XI | X1II
RF I | mr (vf v VI vij vix IX X

JMA I I Im | v v \%! vii
MSK I |11 I v v VI | VII | vVIII| IX X XI | XII

Figure 2.27 Comparison of intensity values from modified Mercalli (MMI), Rossi—
Forel (RF), Japanese Meteorological Agency (JMA), and Medvedev-Spoonheuer—
Karnik (MSK) scales. (After Richter (1958) and Murphy and O’Brien (1977).)

Vi 6

200 400

—
Kilometers

(a) (b)

Figure 2.28 Isoseismal maps from (a) the 1968 Inangahua earthquake in New Zealand
(After Eiby, 1980) and (b) the 1989 Loma Prieta earthquake in northern California
(Modified Mercali intensities). (After Housner, 1990.)
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2.9.2.1 Richter Local Magnitude

In 1935, Charles Richter used a Wood—Anderson seismometer to define a magnitude
scale for shallow, local (epicentral distances less than about 600 km (375 miles)) earth-
quakes in southern California (Richter, 1935). Richter defined what is now known as the
local magnitude as the logarithm (base 10) of the maximum trace amplitude (in micro-
meters) recorded on a Wood—Anderson seismometer located 100 km (62 miles) from the
epicenter of the earthquake. The Richter local magnitude (M) is the best known magnitude
scale, but it is not always the most appropriate scale for description of earthquake size.

2.9.2.2 Surface Wave Magnitude

The Richter local magnitude does not distinguish between different types of waves.
Other magnitude scales that base the magnitude on the amplitude of a particular wave have
been developed. At large epicentral distances, body waves have usually been attenuated and
scattered sufficiently that the resulting motion is dominated by surface waves. The surface
wave magnitude (Gutenberg and Richter, 1936) is a worldwide magnitude scale based on
the amplitude of Rayleigh waves with a period of about 20 sec. The surface wave magnitude
is obtained from

M, = logA + 1.66 logA +2.0 (2.3)

where A is the maximum ground displacement in micrometers and A is the epicentral dis-
tance of the seismometer measured in degrees (360° corresponding to the circumference of
the earth). Note that the surface wave magnitude is based on the maximum ground displace-
ment amplitude (rather than the maximum trace amplitude of a particular seismograph);
therefore, it can be determined from any type of seismograph. The surface wave magnitude
is most commonly used to describe the size of shallow (less than about 70 km (44 miles)
focal depth), distant (farther than about 1000 km (622 miles)) moderate to large earthquakes.

2.9.2.3 Body Wave Magnitude

For deep-focus earthquakes, surface waves are often too small to permit reliable eval-
uation of the surface wave magnitude. The body wave magnitude (Gutenberg, 1945) is a
worldwide magnitude scale based on the amplitude of the first few cycles of p-waves which
are not strongly influenced by the focal depth (Bolt, 1989). The body wave magnitude can
be expressed as

m, = logA —logT +0.01A+5.9 (2.4)

where A is the p-wave amplitude in micrometers and 7 is the period of the p-wave (usually
about one sec). Body wave magnitude can also be estimated from the amplitude of one-sec-
ond-period, higher-mode Rayleigh waves (Nuttli, 1973); the resulting magnitude, My g, 18
commonly used to describe intraplate earthquakes.

2.9.2.4 Other Instrumental Magnitude Scales

Magnitude scales using different parts of the instrumental record have also been pro-
posed. The coda of an earthquake motion are the backscattered waves (Aki, 1969) that fol-
low passage of the primary (unreflected) body and surface waves. Aki (1969), showing that
certain characteristics of the coda are independent of the travel path, developed a coda
magnitude, M., that could be obtained from those characteristics. The duration magnitude,
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magnitude scale, M , for Japanese earthquakes.

2.9.2.5 Moment Magnitude
It is important to realize that the previously described magnitude scales are empirical
quantities based on various instrumenta] measurements of ground-shaking characteristics.

1
M, = &My . (2.5)
1.5
where M,, is the seismic moment (Section 2.5.3) in dyne-cm.
The relationship between the various magnitude scales can be seen in Figure 2.29.

Saturation of the instrumental scales is indicated by their flattening at higher magnitude

Magnitude

2 3 4 5 6 7 8 9 10
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values. As an example of the effects of magnitude saturation, both the 1906 San Francisco
and 1960 Chile earthquakes produced ground shaking that led to surface wave magnitudes
of 8.3, even though the sizes of their rupture surfaces, illustrated by the shaded areas in Fig-
ure 2.30, were vastly different. The great disparity in energy release was, however, reflected
in the moment magnitudes of the earthquakes: 7.9 for San Francisco and 9.5 for Chile.

San Francisco, 1906
Ms = 83
My =79

Chile, 1960
A Mg = 8.3

My =9.5

Figure 2.30 Comparison of relative areas of fault rupture (shaded) and magnitudes for
1906 San Francisco and 1960 Chile earthquakes. Although the shaking of both
earthquakes produced surface wave magnitudes of 8.3, the amounts of energy released
were very different, as reflected in their moment magnitudes. (After Boore, 1977. The
motion of the ground during earthquakes, Scientific American, Vol. 237, No. 6, used
with permission.)

Bolt (1989) suggests that M, or m, be used for shallow earthquakes of magnitude 3 to
7, M, for magnitudes 5 to 7.5, and M,, for magnitudes greater than 7.5.

2.9.3 Earthquake Energy

The total seismic energy released during an earthquake is often estimated from the relation-
ship (Gutenberg and Richter, 1956)

logE = 11.8 + 1.5M, (2.6)

where E is expressed in ergs. This relationship was later shown (Kanamori, 1983) to be
applicable to moment magnitude as well. It implies that a unit change in magnitude corre-
sponds to a 10" or 32-fold increase in seismic energy. A magnitude 5 earthquake therefore
would release only about 0.001 times the energy of a magnitude 7 earthquake, thereby illus-
trating the ineffectiveness of small earthquakes in relieving the buildup of strain energy that
causes very large earthquakes. Combining equations (2.5) and (2.6) (using M,,) shows that
the amount of energy released during an earthquake is proportional to the seismic moment.

The amount of energy released by earthquakes is often difficult to comprehend;
although a single erg is small (1 erg = 7.5 x 1078 ft-Ib), the energy released in an atomic
bomb of the size used at Hiroshima (20,000-ton TNT equivalent) would correspond to a
magnitude 6.0 earthquake. On that basis, the 1960 Chile earthquake (M,, = 9.5) released as
much energy as 178,000 such atomic bombs (Figure 2.31).
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Figure 2.31 Relative energy of various natural and human-made phenomena. (After

Johnston, 1990. Reprinted by permission of USGS.)

2.10 SUMMARY

1. The earth has a layered structure—the surficial crust is underlain in turn by the man-
tle, the outer core, and the inner core. The temperature of each layer increases with
depth. The temperature gradient in the mantle causes the semimolten rock to move

slowly by convection.

The crust is broken into a number of large plates and smaller platelets. Shear stresses
on the bottoms of the plates, caused by lateral movement of the convecting mantle,
and gravitational forces cause the plates to move with respect to each other.

Relative movement of the plates causes stresses to build up on their boundaries. As
movement occurs, strain energy accumulates in the vicinity of the boundaries. This
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energy is eventually dissipated: either smoothly and continuously or in a stick-slip
manner that produces earthquakes. The size of an earthquake depends on the amount
of energy released.

There are three different types of plate boundaries and their characteristics influence
the amount of strain energy that can build up near them. As a result, the different types
of boundaries have different earthquake capabilities: subduction zone boundaries can
produce the largest earthquakes, followed by transform fault boundaries and then
spreading ridge boundaries.

The surfaces on which relative movements occur are called faults. At a particular
location, a fault is assumed to be planar with an orientation described by its strike and
dip. Fault movement is divided into dip-slip components (normal and reverse fault-
ing) and strike-slip components (left lateral and right lateral faulting).

The energy-releasing function of earthquakes suggests that a period of time for strain
energy accumulation should be expected between large earthquakes at the same loca-
tion. It also suggests that earthquakes should be most likely to occur along portions of
afault for which little seismic activity has been observed—unless the plate movement
has occurred aseismically.

Earthquake intensity is a qualitative measure of the effects of an earthquake at a par-
ticular location. It is related to the size of the earthquake but is also influenced by
other factors. Isoseismal maps can be used to describe the spatial variation of intensity
for a given earthquake. Because no instrumental measurements are required, histori-
cal accounts can be used to estimate intensity values for preinstrumental earthquakes.

Earthquake magnitude is a quantitative measure of the size of an earthquake. Most
magnitude scales are based on measured ground motion characteristics. The local
magnitude is based on the trace amplitude of a particular seismometer, the surface
wave magnitude on the amplitude of Rayleigh waves, and the body wave magnitude
on the amplitude of p-waves. Because these amplitudes tend to reach limiting values,
these magnitude scales may not accurately reflect the size of very large earthquakes.
The moment magnitude, which is not obtained from ground motion characteristics, is
able to describe the size of any earthquake.

Earthquake magnitude scales are logarithmic, hence a unit change in magnitude cor-
responds to a 10-fold change in the magnitude parameter (ground motion character-
istic or seismic moment). The energy released by an earthquake is related to
magnitude in such a way that a unit change in magnitude corresponds to a 32-fold
change in energy.

HOMEWORK PROBLEMS

Convection caused by thermal gradients in the upper mantle is thought to be a primary cause of
continental drift. Estimate the average thermal gradient in the upper mantle.

The coefficient of thermal expansion of the upper mantle is about 2.5 x 1075/°K. Estimate the
ratio of the density at the top of the upper mantle to that at the bottom on the upper mantle.
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2.3

24

2.5

2.6

2.7

Using the data from Figure 2.21, determine whether the San Andreas and Calaveras faults are
undergoing right lateral or left lateral strike slip faulting.

Using the data from Figure 2.21, estimate the average rate of relative movement along the San
Andreas and Calaveras faults during the period from 1959 to 1970.

Assuming p- and s-waves traveled through the crust at 6 km/sec and 3 km/sec, respectively,

estimate the epicentral location (latitude and longitude) of the hypothetical earthquake whose
characteristics are given below:

Seismograph

- -
Latitude Longitude p-wave arrival time s-wave arrival time
37°22'30" 121°52'30" 06:11:18.93 06:11:26.90
37°45'00" 122°20'00" 06:11:14.84 06:11:18.71
37°52'33" 121°43'38" 06:11:17.26 06:11:23.53

Using a map of California, determine which fault the hypothetical earthquake of Problem 2.5
would most likely have occurred on?

An earthquake causes an average of 2.5 m strike-slip displacement over an 80 km long, 23 km

deep portion of a transform fault. Assuming that the rock along the fault had an average rupture
strength of 175 kPa, estimate the seismic moment and moment magnitude of the earthquake.
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The earth is far from quiet—it vibrates almost continuously at periods ranging from milliseconds
to days and amplitudes ranging from nanometers to meters. The great majority of these vibra-
tions are so weak that they cannot be felt or even detected without specialized measurement
equipment. Such microseismic activity is of greater importance to seismologists than engineers.
Earthquake engineers are interested primarily in strong ground motion (i.e., motion of sufficient
strength to affect people and their environment). Evaluation of the effects of earthquakes at a
particular site requires objective, quantitative ways of describing strong ground motion.

The ground motions produced by earthquakes can be quite complicated. At a given
point, they can be completely described by three components of translation and three com-
ponents of rotation. In practice, the rotational components are usually neglected; three
orthogonal components of translational motion are most commonly measured. Typical
ground motion records, such as the acceleration-time histories shown in Figure 3.1, contain
a tremendous amount of information. To express all of this information precisely (i.e., to
reproduce each of the three time histories exactly), every twist and turn in each plot must be
described. The motions shown in Figure 3.1, for example, were determined from 2000
acceleration values measured at time increments of 0.02 sec. This large amount of informa-
tion makes precise description of a ground motion rather cumbersome.
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igure 3.1 Acceleration time histories recorded at two sites in Gilroy, California
@uring the 1989 Loma Prieta earthquake. The Gilroy No. 1 instrument was located on
an outcrop of Franciscan sandstone, while the Gilroy No. 2 instrument was underlain by
165 m (540 ft) of stiff, alluvial soils. The Gilroy No. 1 (rock) and Gilroy No. 2 (soil)
sites were located at epicentral distances of 21.8 km (13.5 miles) and 22.8 km (14.2
miles), respectively.

Fortunately, it is not necessary to reproduce each time history exactly to describe the
ground motion adequately for engineering purposes. It is necessary, however, to be able to
describe the characteristics of the ground motion that are of engineering si gnificance and to
identify a number of ground motion parameters that reflect those characteristics. For engi-
neering purposes, three characteristics of earthquake motion are of primary significance: (1)
the amplitude. (2) frequency content. and (3) duration of the motion. A number of different
ground motion parameters have been proposed, each of which provides information about
one or more of these characteristics. In practice, it is usually necessary tG use more than one
of these parameters to characterize a particular ground motion adequately.

This chapter describes the instruments and techniques used to measure strong ground
motion, and the procedures by which measured motions are corrected. It then presents a vari-
ety of parameters that can be used to characterize the amplitude, frequency content, and dura-
tion of strong ground motions, Relationships that can be used to predict these parameters are
also presented. The chapter concludes with a brief description of the spatial variability of
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ground motions. Before proceeding further, the reader should review the topics discussed in
Appendices A and B—familiarity with the concepts presented in those appendices is
assumed in this chapter and the remainder of the book.

3.2 STRONG-MOTION MEASUREMENT

The identification and evaluation of ground motion parameters requires access to measurements
of strong ground motions in actual earthquakes. Accurate, quantitative measurement of strong
ground motion is critical for both seismological and earthquake engineering applications. As
stated by the National Research Council Committee on Earthquake Engineering Research
(Housner, 1982): “The recording of strong ground motion provides the basic data for earthquake
engineering. Without a knowledge of the ground shaking generated by earthquakes, it is not pos-
sible to assess hazards rationally or to develop appropriate methods of seismic design.”

3.2.1 Seismographs

Although written descriptions of earthquakes date back as far as 780 B.C., the first accurate
measurements of destructive ground motions were made during the 1933 Long Beach, Cal-
ifornia earthquake (Hudson, 1984). Measurement of ground motion has advanced consid-
erably since then, most rapidly in the past 20 years or so.

Various instruments are available for ground motion measurement. Seismographs are
used to measure relatively weak ground motion; the records they produce are called seis-
mograms. Strong ground motions are usually measured by accelerographs and expressed in
the form of accelerograms. The simplest type of seismograph can be illustrated by a mass—
spring—damper single-degree-of-freedom (SDOF) system, as shown in Figure 3.2. A rotat-
ing drum is connected to the seismograph housing with a stylus attached to a mass. The
mass is connected to the housing by a spring and dashpot arranged in parallel, and the hous-
ing is connected to the ground. Since the spring and dashpot are not rigid, the motion of the
mass will not be identical to the motion of the ground during an earthquake. The relative

movement of the mass and the ground will be indicated by the trace made by the stylus on @

Housing—*

Stylus
/_

——— | Ir Drum w

Figure 3.2 Simple mass—spring—dashpot type of seismograph. The housing is firmly
connected to the ground. When the ground shakes, the stylus marks a trace on the
rotating drum that shows the relative displacement between the mass and the ground.
Most modern instruments are more complicated than the one shown here.
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the rotating drum. A typical seismograph station may have three seismographs oriented to
record motion in the vertical and two perpendicular horizontal directions.

Seismographs can be designed to measure various ground motion characteristics. To
understand how this can be done it is hecessary to consider the dynamic response of a sim-
ple seismograph such as the one shown in Fj gure 3.2. This seismograph is a SDOF oscillator
whose response to shaking is given by the equation of motion (Appendix B)

mi+cu+ky = —mii

o (3.1)
where u is the seismograph trace displacement (the relative displacement between the seis-
mograph and the ground) and Ug is the ground displacement.

If the ground displacement is simple harmonic at a circular frequency , the dis-
placement response ratio (the ratio of trace displacement amplitude to ground displacement
amplitude) will be

ld B (3.2)

g2+ (2ep)y

where B (= ,/wy) is the tuning ratio, o, (= M) is the undamped natural circular fre-
quency, and & (= ¢/2./km) is the damping ratio. Figure 3.3a shows how the displacement
response ratio varies with frequency and damping. For ground motion frequencies well above
the natural frequency of the seismograph (i.e., large values of B), the trace amplitude is equal
to the ground motion amplitude. The lowest frequency for which this equality holds (within
a given range of accuracy) depends on the damping ratio. Because the frequency response is
flat and phase angles are preserved at damping ratios of 60%, SDOF displacement seismo-
graphs are usually designed with damping ratios in that range (Richart et al., 1970).

Similarly, the acceleration response ratio (the ratio of trace displacement amplitude to
ground acceleration amplitude) is given by

1L S (3.3)
4 o3[ (1-p?) 2+ (22p)?

The variation of acceleration response ratio with frequency and damping is shown in
Figure 3.3b. The trace amplitude is proportional to the ground acceleration amplitude for
frequencies well below the natural frequency of the seismograph (i.e., low values of B). A
seismograph with 60% damping will accurately measure accelerations at frequencies up to
about 55% of its natural frequency. Most seismographs of this type have natural frequencies
of about 25 Hz with damping ratios near 60%, with desirable flat response (constant accel-
eration response ratio) at frequencies up to about 13 Hz.

The preceding paragraphs show how the same physical system can act as both a dis-
placement seismograph and an accelerograph. It measures displacements at frequencies
well above and accelerations at frequencies well below its natural frequency. The Wood—
Anderson seismograph, used by Richter to develop the first earthquake magnitude scale,
used a small mass suspended eccentrically on a thin tungsten torsion wire. A mirror attached
to the wire allowed optical recording with a ground motion magnification of about 3000.
Damping was provided electromagnetically at 80% of critical; the damped natural period
was about 0.8 sec. '
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Figure 3.3  (a) Displacement response ratio and (b) acceleration response ratio (@, = 1
rad/sec) for SDOF system subjected to simple harmonic base motion.

In most modern seismographs, an electronic transducer often referred to as a seismo-
meter senses the motion and produces an analog (continuous) electrical signal that is
recorded for subsequent processing. Most accelerographs currently in use are accelerome-
ters, electronic transducers that produce an output voltage proportional to acceleration. A
number of different types of accelerometers are available. Servo (or force balance) accel-
erometers use a suspended mass to which a displacement transducer is attached. When the
housing is accelerated, the signal produced by the relative displacement between the
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housing and mass is used to generate a restoring force that pushes the mass back toward its
equilibrium position. The restoring force is proportional to the acceleration and can be mea-
sured electronically. Servo accelerometers can provide very good accuracy over the range
of frequencies of greatest interest in earthquake engineering. Piezoelectric accelerometers
use a mass attached to a piezoelectric material (usually quartz, tourmaline, or a ferroelectric
ceramic) to sense accelerations. The piezoelectric material acts as the spring in the diagram
of Figure 3.2; damping is generally negligible. When accelerated, the inertial force of the
mass strains the piezoelectric material, which develops an electrical charge on its surfaces.
The resulting voltage is (if the dielectric constant does not vary with charge) proportional to
acceleration. Because piezoelectric materials are quite stiff, their natural frequencies are
very high, so they are particularly useful for high-frequency measurements. Their response
atlow frequencies, however, can be strongly influenced by signal conditioning system char-
acteristics. Triaxial accelerometers, in which three orthogonal components of acceleration
are measured with a common time base, are commonly used. From the three components,
the acceleration in any direction can be computed. Some seismographs use velocity trans-
ducers, or geophones, in addition or as an alternative to accelerometers.

Seismographs, accelerographs, and ancillary equipment are protected by an instru-
ment shelter (Figure 3.4). An important component of a seismograph or accelerograph is an
accurate clock, particularly when more than one component of motion is measured or when
the ground motion at one location is being compared with that at another. Most modern
instruments maintain time accuracy by synchronizing on a daily basis with radio time sig-
nals transmitted by a standard time service or by recording such signals along with the
ground-motion data. Universal Coordinated Time (the scientific equivalent of Greenwich
Mean Time) is used as a common worldwide time basis.

A seismoscope (Hudson, 1958) is a relatively inexpensive ground motion instrument.
Seismoscopes are conical pendulums (Figure 3.5a) in which a metal stylus attached to a sus-
pended mass inscribes a record of ground motion on a smoked glass plate, producing a two-
dimensional record of the type shown in Figure 3.5b. Scott (1972) found that small oscil-
lations of the trace were related to the instrument rather than the earthquake and that they
could be used to provide a time scale to the seismoscope trace. The time scale allows accel-
erograms to be computed from the seismoscope trace.

3.2.2 Data Acquisition and Digitization

Early ground motion instruments transformed the motion of the ground to the motion of a
physical mechanism. The mechanism, perhaps in the form of a pen or stylus or reflective
mirror, caused the motion to be recorded in analog form on paper or photographic film
attached to a rotating drum. Later-generation instruments recorded motions electronically
in analog form on magnetic tape. Rather than record continuously, instruments of these
types lay dormant until triggered by the exceedance of a small threshold acceleration at the
beginning of the earthquake motion. As a result, any vibrations that may have preceded trig-
gering were not recorded, thereby introducing a baseline error into the acceleration record.

To use the recorded ground motions for engineering computations, the analog ground
motion records must be digitized. Originally, digitization was performed manually with paper,
pencil, and an engineering scale. Semiautomatic digitizers, with which a user moved a lens with
crosshairs across an accelerogram mounted on a digitizing table, were commonly used in the late
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(b)

Figure 3.4 (a) Modern digital strong motion instrument (solar-powered, 16-bit
resolution, 250 samples/sec, GPS timing, and cellular modem) mounted in cast-in-place
reinforced concrete vault, and (b) completed installation with insulated cover and solar
panel (courtesy of Terra Technology Corp, Redmond, Washington). )
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Figure 3.5 (a) Typical Wilmot-type seismoscope in which a fixed stylus scribes a
record of relative motion on a smoked glass plate mounted on the suspended
seismoscope; (b) typical seismoscope record. (After Newmark and Rosenblueth, 1971.)

1970s. By pressing a foot-operated switch, the coordinates of the crosshairs were recorded.
These forms of digitizing involved exacting and tiring work; operator accuracy and fatigue were
important considerations (Hudson, 1979). Fully automatic computer-based digitization, typi-
cally at sampling rates of 200 or more samples per second, is now commonplace.

In recent years, digital seismographs have become much more commonly used.
Although they use analog transducers, digital instruments convert the analog signal to digital
form in the field. They record ground motions continuously at rates of 200 to 1000 sam-
ples/sec with 12- to 16-bit resolution, saving the recorded data only if a triggering acceleration
is exceeded. Their on-board memories can typically save 4 to 6 Mb worth of data, from before
an earthquake begins until after it ends, thereby preserving the initial portion of the record that
is lost with triggered analog systems. Because digital systems are more complex, more expen-
sive, and more difficult to maintain in the field, they have not yet replaced analog systems.

3.2.3 strong-Motion Processing

The raw data obtained from a strong-motion instrument may include errors from several pos-
sible sources, each of which must be carefully evaluated and corrected to produce an accurate
record of the actual ground motion. Raw data often include background noise from different
sources. Microseisms from ocean waves can be detected by sensitive instruments. Other noise
may be caused by traffic, construction activity, wind (transmitted to the ground by vibration of
trees, buildings, etc.), and even atmospheric pressure changes. Obviously, this range of sources
can produce nonseismic noise at both low and high frequencies. To isolate the motion actually
produced by the earthquake, background noise must be removed or at least suppressed.
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All accelerographs have their own dynamic response characteristics, or instrument
response, that can influence the motions they measure. Consequently, instrument response
must be corrected for in strong-motion processing. Instrument response corrections are usu-
ally performed by modeling the instrument itself as a SDOF system and using the SDOF
model to decouple the response of the instrument from the actual ground motion. For most
modern accelerographs with flat frequency response up to about 12 to 13 Hz, the instrument
correction is only important for frequencies above the usual range of engineering interest.
However, some accelerographs are located in buildings (usually on the ground floor or in the
basement) or near the abutments of dams or bridges. The motions they record can be affected
at frequencies of interest by the response of the structure in or near which they are located.
Even the motions recorded by strong motion instruments located in the free field (away from
the influence of large structures) may be influenced by the response of their instrument shel-
ter (Bycroft, 1978; Crouse et al., 1984), although these effects are usually important only at
relatively high frequencies (Crouse and Hushmand, 1989) for typical instrument shelters.

Another correction is required to reduce the effects of errors in ground motion mea-
surement, such as those associated with the triggering of analog seismographs. If a seismo-
graph does not start until some triggering level of motion is reached, the entire accelerogram
is in error by the level of motion at the time of triggering. Integration of an uncorrected
acceleration time history, for example, will produce a linear error in velocity and a quadratic
error in displacement. An acceleration error as small as 0.001g at the beginning of a 30-sec-
long accelerogram would erroneously predict a permanent displacement of 441 cm at the
end of the motion. Correction of such errors, termed baseline correction, was originally
accomplished by subtracting a best-fit parabola from the accelerogram before integrating to
velocity and displacement but is now performed using high-pass filters and modern data
processing techniques (Joyner and Boore, 1988). The motions shown in Figure 3.1, for
example, were bandpass filtered to remove frequencies below 0.08 Hz and frequencies
above 23 Hz. Computer software for processing strong-ground-motion records (Converse,
1992) is available from the U.S. Geological Survey (USGS).

3.2.4 Strong-Motion Instrument Arrays

Large earthquakes produce ground motions with different characteristics at different points
on the ground surface. The spatial variation of ground motion, whether on worldwide,
regional, or local scales, is important in both seismology and earthquake engineering.
Arrays and networks of strong motion instruments have proven useful in determining the
spatial variation of strong ground motion.

3.2.4.1 Worldwide and Regional Arrays

Understanding of earthquake and tectonic processes improved dramatically with the
establishment of the Worldwide Standard Seismograph Network (WWSSN) in 1961. The
WWSSN was originally developed, in large part, to monitor compliance with nuclear weap-
ons testing bans. Before that time, worldwide seismicity data were obtained from a wide
variety of very different types of instruments operated by many different organizations. Dif-
ferences in instruments and operating procedures made comparison of results difficult.
WWSSN stations use standardized instruments; each station has at least two three-compo-
nent analog seismographs to monitor both short- and long-period motions. The capabilities
of the WWSSN instruments, however, are limited by modern standards (Aki and Richards,
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1980), and they are being replaced by digital instruments such as those of the Global Digital
Seismometer Network (GDSN) and the Global Seismographic Network (GSN). The Incor-
porated Research Institutions for Seismology (IRIS), a consortium of U.S. and foreign
research institutions, oversees operation of the GSN and a set of portable instruments that
can be deployed to monitor aftershocks following large earthquakes.

Regional arrays of seismographs are now operating in most seismically active coun-
tries. In the United States, for example, the USGS operates regional arrays in different parts
of the country. In the California Strong Motion Instrumentation Program (CSMIP), the Cal-
ifornia Division of Mines and Geology operates an extensive array of free-field seismo-
graphs (Figure 3.6) as well as seismographs in buildings and bridges.

PALM SPRINGS AREA 20
° : .
Q/“ :

. . :

;_EL CENTRO AREA 27
[ ] i

LOS ANGELES AREA 37

.................

Figure 3.6 Locations of strong motion instruments operated by the U.S. Geological
Survery in cooperation with other agencies as of April, 1990. Boxes in northern and
southern California indicate areas with high instrument density. (After Joyner and Boore,
Geotechnical News, March, 1991, p- 24. Used by permission of BiTech Publishers, Ltd..)

3.2.4.2 Local and Dense Arrays

While widely spaced regional and worldwide arrays are useful for studying earthquake
mechanisms and the spatial distribution of many important earthquake parameters, geotech-
nical earthquake engineering often requires spatial distribution information on a smaller areal
scale and below the ground surface. In recent years a number of local and dense arrays, some
with downhole instrumentation, have been installed at various locations around the world.

Japan has been very active in the installation of local strong-motion instrument arrays.
The three-dimensional dense accelerometer array at Chiba (Katayama and Sato, 1982), for
example, includes 44 three-component accelerometers, 15 of which are at the ground sur-
face and the remainder at depths of up to 40 m (130 ft.). In Taiwan, the SMART-1 dense
accelerometer array near Lotung (Figure 3.7) consists of a central accelerometer surrounded



o4 Strong Ground Motion Chap. 3
115°30'W
I 33°00'N
Brawley o
Array o
0 10 km No 1
S Y | f e No2
Yy
No 6 @® No3
i ® No4
okm Imperial o .\. o2
Tkm El CentroN? Se
No 10 No 9
=G .
No1ti e | 30045N
e No 121940 Epicenter
Taiwan o N
USA e
-— Surface accelerometer — MEXIC 1979 Epicenter

Figure 3.7 Original configuration of
SMART-1 array in Lotung, Taiwan.

Figure 3.8 The El Centro Array in southern California.
The El Centro Differential Array is located near Station 9.

by three rings of 12 accelerometers each at radii of 200 m (6350 ft), 1 km (0.6 mi), and 2 km
(1.2 mi). A few years after the SMART-1 array was installed, 1-and L -scale models of
nuclear containment structures were constructed in its midst (Tang, 1987). The structures
were instrumented to record their response during earthquakes, and additional surface and
downhole (to depths of 47 m (154 ft)) ground motion instruments were installed adjacent to
the ; -scale model and in the free-field.

In the United States, one of the most important local arrays has been the El Centro
Array, a 45-km-long (28 mi) array of 13 stations that crosses the Imperial and Brawley
faults in southern California (Figure 3.8). It also contains the El Centro Differential Array,
a dense array consisting of six three-component accelerometers along a 305-m (1000 ft)
line. Shortly after installation, the arrays recorded the 1979 Imperial Valley earthquake
(M, = 6.9), which occurred only 5.6 km away and produced very useful information on
near-field ground motions. Near Anza, California, an array of ten three-component stations
along a 30-km (19 mi) stretch of the San Jacinto fault was installed to study various earth-
quake characteristics (Berger et al., 1984). Data are telemetered by digital VHF radio to a
nearby mountain peak station and then on to another station in La Jolla, California.

These are but a few of the many strong-motion arrays that have been installed in seis-
mically active countries around the world. The rapid proliferation of local, regional, and
worldwide seismograph arrays in recent years has come hand in hand with technological
advances in data acquisition, storage, and communication. The ability to acquire and store
large quantities of digital seismic data at high speeds, and to retrieve the data from remote
locations by telemetry, has and will continue to make such data more plentiful.

3.2.5 Strong-Motion Records

Strong-motion records can now be easily obtained from a number of sources. The U.S. Geolog-
ical Survey, for example, published a compact disk (Seekins et al., 1992) that contained uncor-
rected strong motion records from North American earthquakes between 1933 and 1986; more
than 4000 records were included. A number of strong-motion databases can be accesséd over the
Internet, with individual records downloaded by anonymous ftp (file transfer protocol)
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procedures. The Gilroy records shown in Figure 3.1 were obtained from the database maintained
by the Lamont-Doherty Earth Observatory at Columbia University in conjunction with the
National Center for Earthquake Engineering Research at SUNY Buffalo. An example of the
information provided with such records is shown in Figure 3.9. A useful World Wide Web site
with links to many sources of ground motion and earthquake information is maintained at the
University of Washington (http://www. geophys.washington.edu/seismosurfing.html). A variety
of geotechnical earthquake engineering information can be found at a web site maintained at the
University of Southern California (http.// rceg01.usc.edu/eqdata/home.html).

NCEER ASCII STRONG-MOTION DATA FORMAT
EVENT PARAMETERS:
DATE: year=1989 month=10 day=18
TIME: hour|minute (24hr)=0004 second= 2.200 time code=UTC
LOCATION: 1latitude= 37.03700 longitude= -121.80300 depth (km)= 18.0
NAME: SANTA CRUZ MTNS (LOMA PRIETA) EARTHQUAKE
SITE PARAMETERS:
LOCATION: 1latitude= 36.97300 longitude= -121.57200 elevation (m)= 0.0
SITE ID: 47379 - GILROY #1 - GAVILAN COLLEGE, WATER TANK
CODE: 47379
RECORD/TRACE PARAMETERS :
START DATE: year=1989 month=10 day=18
START TIME: hour|minute (24hr)=0004 second=23.900 time code=UTC
EPICENTRAL DISTANCE: distance (km)= 21.8 azimuth (deg)=N289.1
SPECS: sampling rate (sec)=0.020
number of points= 2000
units=CM/SEC/SEC
type of data=ACCELERATION
data format=10F8.2 INTERPOLATED
COMPONENT OF MOTION: azimuth=NO (HORIZONTAL)
COMMENT : POLARITY OF MOTION RELATIVE TO GROUND

DATA:

-15.68 -3.95 5.46 -3.90 -6.74 9.49 -1.38 -9.81 -0.19 3.15
-3.67 -5.76 7.40 -4.94 -20.14 3.44 11.68 -15.90 2.78 5.54
-8.23 -17.18 -3.88 -4.98 -8.69 15.80 3.82 -20.33 -15.56 -5.71
-0.33 5.18 -9.95 -10.07 -10.64 -3.87 29.66 -2.16 -13.34 -3.92

-22.97 0.31 0.25 14.43 12.96 -23.51 ~16.04 15.48 -12.18 -5.45
19.23 -37.29 -15.52 41.53 -23.24 -14.09 37.65 -26.03 -43.07 12.52
26.86 -6.89 -17.72 -20.30 39.13 15.81 -25.54 15.76 -46.07 -25.70
74.64 -31.37 -89.33 24.91 -4.54 8.83 67.54 1.26 -32.89 -42.30

. . . . . . . . . .
. . . . . - . . . .

. . . . . . . . . .

Figure 3.9 Event, size, and record information preceding the digitized acceleration
data for the Gilroy No. 1 (rock) strong-motion record.

3.3 GROUND MOTION PARAMETERS

Ground motion parameters are essential for describing the important characteristics of
strong ground motion in compact, quantitative form. Many parameters have been proposed
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to characterize the amplitude, frequency content, and duration of strong ground motions;
some describe only one of these characteristics, while others may reflect two or three.
Because of the complexity of earthquake ground motions, identification of a single param-
eter that accurately describes all important ground motion characteristics is regarded as
impossible (Jennings, 1985; Joyner and Boore, 1988).

3.3.1 Amplitude Parameters

The most common way of describing a ground motion is with a time history. The motion
parameter may be acceleration, velocity. or displacement, or all three may be displayed as
shown in Figure 3.10. Typically, only one of these quantities is measured directly with the
others computed from it by integration and/or differentiation. Note the different predomi-
nant frequencies in the acceleration, velocity, and displacement time histories. The acceler-
ation time history shows a significant proportion of relatively high frequencies. Integration
produces a smoothing or filtering effect [in the frequency domain, v(®) = a(®)/® and

Gilroy No.1 East - West Gilroy No.2 East - West
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Figure 3.10  Acceleration, velocity, and displacement time histories for the E-W
components of the Gilroy No. 1 (rock) and Gilroy No. 2 (soil) strong motion records.
The velocities and displacements were obtained by integrating the acceleration records
shown in Figure 3.1 using the trapezoidal rule. Note that the Gilroy No. 1 (rock) site
experienced higher accelerations, but the Gilroy No. 2 (soil) site experienced higher
velocities and displacements.
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u(®) = v(m)/o,where @, v, and & are the transformed displacement, velocity, and accel-
eration, respectively]. Therefore, the velocity time history shows substantially less high-fre-
quency motion than the acceleration time history. The displacement time history. obtained
by another round of integration, is dominated by relatively low frequency motion.

3.3.1.1 Peak Acceleration

The most commonly used measure of the amplitude of a particular ground motion is
the peak horizontal acceleration (PHA). The PHA for a given component of motion is sim-
ply the largest (absolute) value of horizontal acceleration obtained from the accelerogram of
that component. By taking the vector sum of two orthogonal components, the maximum
resultant PHA (the direction of which will usually not coincide with either of the measured
components) can be obtained.

Horizontal accelerations have commonly been used to describe ground motions
because of their natural relationship to inertial forces: indeed, the largest dynamic forces
induced in certain types of structures (i.e., very stiff structures) are closely related to the
PHA. The PHA can also be correlated to earthquake intensity (e.g., Trifunac and Brady,
1975a; Murphy and O’Brien, 1977; Krinitzsky and Chang, 1987). Although this correlation
is far from precise, it can be very useful for estimation of PHA when only intensity infor-
mation is available, as in the cases of earthquakes that occurred before strong motion instru-
ments were available (preinstrumental earthquakes). A number of intensity—acceleration
relationships have been proposed, several of which are shown in Figure 3.11. The use of
intensity—attenuation relationships also allows estimation of the spatial variability of peak
acceleration from the isoseismal maps of historical earthquakes.

1000
]

Richter (1958) __|

100 — (1975a) - horizontal ——»,

Trifunac and Brady -
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Medvedev and
Sponheuer (1969)
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Figure 3.11 Proposed relationships between PHA and MML (After Trifunac and
Brady, 1975a. Used by permission of the Seismological Society of America.)
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Vertical accelerations have received less attention in earthquake engineering than hor-
izontal accelerations, primarily because the margins of safety against gravity-induced static
vertical forces in constructed works usually provide adequate resistance to dynamic forces
induced by vertical accelerations during earthquakes. For engineering purposes, the peak
vertical acceleration (PVA) is often assumed to be two-thirds of the PHA (Newmark and
Hall, 1982). The ratio of PVA to PHA, however, has more recently been observed to be quite
variable but generally to be greater than two-thirds near the source of moderate to large
earthquakes and less than two-thirds at large distances (Campbell, 1985; Abrahamson and
Litehiser, 1989). Peak vertical accelerations can be quite large; a PVA of 1.74g was mea-
sured between the Imperial and Brawley faults in the 1979 Imperial Valley earthquake.

Ground motions with high peak accelerations are usually, but not always, more destruc-
tive than motions with lower peak accelerations. Very high peak accelerations that last for only
a very short period of time may cause little damage to many types of structures. A number of
earthquakes have produced peak accelerations in excess of 0.5g but caused no significant dam-
age to structures because the peak accelerations occurred at very high frequencies and the dura-
tion of the earthquake was not long. Although peak acceleration is a very useful parameter, it
provides no information on the frequency content or duration of the motion; consequently, it
must be supplemented by additional information to characterize a ground motion accurately .

3.3.1.2 Peak Velocity

The peak horizontal velocity (PHV) is another useful parameter for characterization
of ground motion amplitude. Since the velocity is less sensitive to the higher-frequency
components of the ground motion, as illustrated in Figure 3.10, the PHV is more likely than
the PHA to characterize ground motion amplitude accurately at intermediate frequencies.
For structures or facilities that are sensitive to loading in this intermediate-frequency range
(e.g., tall or flexible buildings, bridges, etc.), the PHV may provide a much more accurate
indication of the potential for damage than the PHA. PHV has also been correlated to earth-
quake intensity (e.g., Trifunac and Brady, 1975a; Krinitzsky and Chang, 1987).

3.3.1.3 Peak Displacement

Peak displacements are generally associated with the lower-frequency components
of an earthquake motion. They are, however, often difficult to determine accurately
(Campbell, 1985; Joyner and Boore, 1988), due to signal processing errors in the filtering and
integration of accelerograms and due to long-period noise. As a result, peak displacement is
less commonly used as a measure of ground motion than is peak acceleration or peak velocity.
Example 3.1

Determine the peak accelerations, velocities, and displacements for the E-W components of the

Gilroy No. 1 (rock) and Gilroy No. 2 (soil) ground motions.

Solution  The peak amplitude values can be estimated graphically from Figure 3.9. The actual

peak values, based on the data from which Figure 3.9 was plotted, are:

Parameter Gilroy No. 1 (Rock) Gilroy No. 2 (Soil)
Peak acceleration 0.442¢ 0.332g
Peak velocity (cm/sec) 337 39.2

Peak displacement (cm) 8.5 13.3
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3.3.1.4 Other Amplitude Parameters

Although the parameters discussed previously are easily determined, they describe
only the peak amplitudes of single cycles within the ground motion time history. In some
cases, damage may be closely related to the peak amplitude, but in others it may require sev-
eral repeated cycles of high amplitude to develop. Newmark and Hall (1982) described the
concept of an effective acceleration as “that acceleration which is most closely related to
structural response and to damage potential of an earthquake. It differs from and is less than
the peak free-field ground acceleration. It is a function of the size of the loaded area, the fre-
quency content of the excitation, which in turn depends on the closeness to the source of the
earthquake, and to the weight, embedment, damping characteristic, and stiffness of the
structure and its foundation.” :

Some time histories are characterized by single-cycle peak amplitudes that are much
greater than the amplitudes of other cycles. An example of such a case is the Stone Canyon
record shown in Figure 3.12a. These single cycles often occur at high frequencies and conse-
quently have little effect on structures with lower natural frequencies. In other time histories,
such as the Koyna record of Figure 3.12b, a number of peaks of similar amplitude are observed.

(a) (b)

Figure 3.12  Accelerograms from (a) the N29W Melendy Ranch record of the 1972
Stone Canyon (M = 4.6) earthquake and (b) the longitudinal record from the 1967 Koyna
(M = 6.5) earthquake. The time and acceleration scales are identical for both records. Peak
accelerations are very close, illustrating the limitations of using peak amplitude as a sole
measure of strong ground motion. (After Hudson, 1979; used by permission of EERI.)

Sustained Maximum Acceleration and Velocity. Nuttli (1979) used
lower peaks of the accelerogram to characterize strong motion by defining the sustained
maximum acceleration for three (or five) cycles as the third (or fifth) highest (absolute)
value of acceleration in the time history. The sustained maximum velocity was defined sim-
ilarly. Although the PHA values for the 1972 Stone Canyon earthquake and 1967 Koyna
earthquake records (Figure 3.12) were nearly the same, a quick visual inspection indicates
that their sustained maximum accelerations (three- or five-cycle) were very different. For a
structure that required several repeated cycles of strong motion to develop damage, the
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Koyna motion would be much more damaging than the Stone Canyon motion, even though
they had nearly the same PHA. For these motions, the sustained maximum acceleration
would be a better indicator of damage potential than the PHA.
Example 3.2
Determine the three- and five-cycle sustained maximum accelerations and velocities for the
E-W components of the Gilroy No. 1 (rock) and Gilroy No. 2 (soil) ground motions.
Solution The sustained maximum acceleration and velocity values can be obtained graphically
from Figure 3.10. The actual values, based on the data from which Figure 3.10 was plotted, are:

Parameter Gilroy No. 1 (Rock) Gilroy No. 2 (Soil)
Sustained maximum acceleration
Three-cycle 0.434¢ 0.312g
Five-cycle 0.418¢g 0.289¢g
Sustained maximum velocity (cm/sec)
Three-cycle 31.6 38.4
Five-cycle 29.9 38.2

Effective Design Acceleration. The notion of an effective design accelera-
tion, with different definitions, has been proposed by at least two researchers. Since pulses
of high acceleration at high frequencies induce little response in most structures, Benjamin
and Associates (1988) proposed that an effective design acceleration be taken as the peak
acceleration that remains after filtering out accelerations above 8 to 9 Hz. Kennedy (1980)
proposed that the effective design acceleration be 25% greater than the third highest (abso-
lute) peak acceleration obtained from a filtered time history.

3.3.2 Frequency Content Parameters

Only the simplest of analyses (see Section B.5.3 of Appendix B) are required to show that
the dynamic response of compliant objects, be they buildings, bridges, slopes, or soil depos-
its, is very sensitive to the frequency at which they are loaded. Earthquakes produce com-
plicated loading with components of motion that span a broad range of frequencies. The
frequency content describes how the amplitude of a ground motion is distributed among dif-
ferent frequencies. Since the frequency content of an earthquake motion will strongly influ-
ence the effects of that motion, characterization of the motion cannot be complete without
consideration of its frequency content.

3.3.2.1 Ground Motion Spectra

Any periodic function (i.e., any function that repeats itself exactly at a constant inter-
val) can be expressed using Fourier analysis as the sum of a series of simple harmonic terms
of different frequency, amplitude, and phase. Using the Fourier series (see Section A.3 of
Appendix A), a periodic function, x(f), can be written as

x(f) = co+ 2 ¢, sin (@, + ¢,) (3.4)

n=1
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In this form, ¢, and ¢, are the amplitude and phase angle, respectively, of the nth harmonic
of the Fourier series [see equations (A.10) and (A.11) for their definitions]. The Fourier
series provides a complete description of the ground motion since the motion can be com-
pletely recovered by the inverse Fourier transform.

Fourier Spectra. A plot of Fourier amplitude versus frequency [c, versus w,
from equation (3.4)] is known as a Fourier amplitude spectrum; a plot of Fourier phase
angle (¢, versus ,) gives the Fourier phase spectrum. The Fourier amplitude spectrum of
a strong ground motion shows how the amplitude of the motion is distributed with respect
to frequency (or period). It expresses the frequency content of a motion very clearly.

The Fourier amplitude spectrum may be narrow or broad. A narrow spectrum implies
that the motion has a dominant frequency (or period), which can produce a smooth, almost
sinusoidal time history. A broad Spectrum corresponds to a motion that contains a variety of
frequencies that produce a more jagged, irregular time history. The Fourier amplitude spec-
tra for the E-W components of the Gilroy No. 1 (rock) and Gilroy No. 2 (soil) motions
shown in Figure 3.13. The jagged shapes of the spectra are typical of those observed for
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Figure 3.13  Fourier amplitude spectra for the E-W components of the Gilroy No. 1
(rock) and Gilroy No. 2 (soil) strong motion records. Fourier spectra were obtained by
discrete Fourier transform (Section A.3.3 of Appendix A) and consequently have units of
velocity. Fourier amplitude spectra can also be plotted as functions of frequency (see
Figure E3.3).
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individual ground motions. The shapes of the spectra are quite different: the Gilroy No. 1
(rock) spectrum is strongest at low periods (or high frequencies) while the reverse is
observed for the Gilroy No. 2 (soil) record. A difference in frequency content can be
detected by closely examining the motions in the time domain (Figure 3.1), but the differ-
ence is explicitly illustrated by the Fourier amplitude spectra.

When the Fourier amplitude spectra of actual earthquake motions are smoothed and
plotted on logarithmic scales, their characteristic shapes can be seen more easily. As illus-
trated in Figure 3.14, Fourier acceleration amplitudes tend to be largest over an intermediate
range of frequencies bounded by the corner frequency f, on the low side and the cutoff fre-
quency fmay on the high side. The corner frequency can be shown theoretically (Brune, 1970,
1971) to be inversely proportional to the cube root of the seismic moment. This result indi-
cates that large earthquakes produce greater low-frequency motions than do smaller earth-
quakes. The cutoff frequency is not well understood; it has been characterized both as a
near-site effect (Hanks, 1982) and as a source effect (Papageorgiou and Aki, 1983) and is
usually assumed to be constant for a given geographic region.

bremmeme e mm . ———

Figure 3.14 Idealized shape of smoothed
‘ Fourier amplitude spectrum illustrating the
f max corner frequency, f,, and cutoff frequency,

Frequency (log scale) Snax-

Since phase angles control the times at which the peaks of harmonic motions occur
(Appendix A), the Fourier phase spectrum influences the variation of ground motion with
time. In contrast to Fourier amplitude spectra, Fourier phase spectra from actual earthquake
records do not display characteristic shapes.

Power Spectra. The frequency content of a ground motion can also be described
by a power spectrum or power spectral density function. The power spectral density function
can also be used to estimate the statistical properties of a ground motion and to compute sto-
chastic response using random vibration techniques (Clough and Penzien, 1975; Vanmarcke,
1976; Yang, 1986).

The total intensity of a ground motion of duration 7 is given in the time domain by
the area under the time history of squared acceleration:

Ty

Iy = J.[a(t)]zdt (3.5)

0
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Using Parseval’s theorem, the total intensity can also be expressed in the frequency domain, as

Oy

I = lJ.c,% do (3.6)
o
0

where @y = 1 /At is the Nyquist Jfrequency (the highest frequency in the Fourier series). The
average intensity, A, can be obtained by dividing equations (3.5) and (3.6) by the duration.

Ty Wy
-1 2 = L |2 7
Ao de[a(z)] dt = anJ.Cnd(O 3.7
0 0

Notice that the average intensity is equal to the mean-squared acceleration. The power spec-
tral density, G(w), is defined such that

(Y
Ay = fG(m) dw (3.8
0
from which we can easily see, by comparing equations (3.7) and (3.8), that
G(w) = L2 (3.9)
'7TTd

The close relationship between the power spectral density function and the Fourier ampli-
tude spectrum is apparent from equation (3.9). The power spectral density is often normal-
ized by dividing its values by the area beneath it

G'(@) = ALOG(“’) (3.10)

where A, as before, is the mean-squared acceleration.

The power spectral density function is useful in characterizing the earthquake as a
random process. The power spectral density function by itself can describe a stationary ran-
dom process (i.e., one whose statistical parameters do not vary with time). Actual strong
motion accelerograms, however, frequently show that the intensity builds up to a maximum
value in the early part of the motion, then remains approximately constant for a period of
time, and finally decreases near the end of the motion. Such nonstationary random process
behavior is often modeled by multiplying a stationary time history by a deterministic inten-
sity function (e.g., Hou, 1968: Shinozuka, 1973; Saragoni and Hart, 1983). Changes in fre-
quency content during the motion have been described using an evolutionary power
spectrum approach (Priestley, 1965, 1967; Liu, 1970).

Response Spectra. A third type of spectrum is used extensively in earthquake
engineering practice. The response Spectrum describes the maximum response of a single-
degree-of-freedom (SDOF) system to a particular input motion as a function of the natural
frequency (or natural period) and damping ratio of the SDOF system (Section B.7 of
Appendix B). Computed response spectra for the Gilroy No. 1 (rock) and Gilroy No. 2 (soil)
records are illustrated in Figure 3.15.
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Figure 3.15 Response spectra (5% damping) for Gilroy No. 1 (rock) and Gilroy No. 2
(soil) strong motion records. The frequency contents of the two motions are reflected in
the response spectra. The Gilroy 1 (rock) motion, for example, produced higher spectral
accelerations at low periods than did the Gilroy 2 (soil) motion, and lower spectral
accelerations at higher periods. The higher long-period content of the Gilroy 2 (soil)
motion produced spectral velocities and displacements much higher than those of the
Gilroy 1 (rock) motion.

Response spectra may be plotted individually to arithmetic scales, or may be com-
bined, by virtue of the relationships of equation (3.11), in tripartite plots (Section A.2.2).
The tripartite plot displays spectral velocity on the vertical axis, natural frequency (or
period) on the horizontal axis, and acceleration and displacement on inclined axes. The
acceleration and displacement axes are reversed when the spectral values are plotted against
natural period rather than natural frequency. The shapes of typical response spectra indicate
that peak spectral acceleration, velocity, and displacement values are associated with dif-
ferent frequencies (or periods). At low frequencies the average spectral displacement is
nearly constant; at high frequencies the average spectral acceleration is fairly constant. In
between lies a range of nearly constant spectral velocity. Because of this behavior, response
spectra are often divided into acceleration-controlled (high-frequency), velocity-controlled
(intermediate-frequency), and displacement-controlled (low-frequency) portions.

Elastic response spectra assume linear structural force—displacement behavior. For
many real structures, however, inelastic behavior may be induced by earthquake ground
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motions. An inelastic response spectrum (i.e., one that corresponds to a nonlinear force—
displacement relationship, can be used to account for the effects of inelastic behavior. Fig-
ure 3.16 shows inelastic response spectra for acceleration and yield displacement for vari-
ous values of the ductility factor W = upa/u,, where u,,, is the maximum allowable
displacement and uy is the yield displacement. A separate inelastic spectrum must be plotted
to show total (elastic plus plastic) displacement. Spectral accelerations decrease with
increasing ductility, but total displacements increase.

Force

0.1

0.05

y Umax 0.03

Displacement 0.030.05 0.1 0.2 05 1 2 5 10 2030
Undamped natural frequency (Hz)

|

Figure 3.16 Inelastic response spectra for the El Centro N-S component of the 1940
Imperial Valley earthquake. Only the elastic component of the displacement is plotted.
Spectral accelerations are correct, but spectral velocities are not. (After Newmark and

Hall, 1982; used by permission of EERI.)

Response spectra reflect strong ground motion characteristics indirectly, since they
are “filtered” by the response of a SDOF structure. The amplitude, frequency content, and
to a lesser extent, duration of the input motion all influence spectral values. The different
frequency contents of the Gilroy No. 1 (rock) and Gilroy No. 2 (soil) ground motions are
clearly illustrated by the different shapes of their respective response spectra (Figure 3.15).

It is important to remember that response spectra represent only the maximum
responses of a number of different structures. However, the response of structures is of great
importance in earthquake engineering, and the response spectrum has proven to be an
important and useful tool for characterization of strong ground motion.

3.3.2.2 Spectral Parameters

Section 3.3.2.1 described three types of spectra that can be used to characterize strong
ground motion. The Fourier amplitude spectrum and the closely related power spectral den-
sity, combined with the phase spectrum, can describe a ground motion completely. The
response spectrum does not describe the actual ground motion, but it does provide valuable
additional information on its potential effects on structures. Each of these spectra is a com-
plicated function and, as with time histories, a great many data are required to describe them
completely. A number of spectral parameters have been proposed to extract important
pieces of information from each spectrum.
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Predominant Period. A single parameter that provides a useful, although
somewhat crude representation of the frequency content of a ground motion is the predom-
inant period, T,. The predominant period is defined as the period _;Vl -ation spondmg
to the maximum value of the Fourier amplitude spectrum. To%vdid tridue 1n£ﬁence of indi-
vidual spikes of the Fourier amplitude spectrum, the predominant period is often obtained
from a sAOBHEd spectrum. While the predominant period provides some information
regarding the frequency content, it is easy to see (Figure 3.17) that motions with radically
different frequency contents can have the same predominant period.

A !

Fourier amplitude

Y

Period

Figure 3.17 Two hypothetical Fourier amplitude spectra with the same predominant
period but very different frequency contents. The upper curve describes a wideband
motion and the lower a narrowband motion.

Example 3.3

Determine the predominant periods for the E-W components of the Gilroy No. 1 (rock) and Gil-
roy No. 2 (soil) ground motions.

Solution The Fourier amplitude spectra of most ground motions are quite jagged in the vicin-
ity of their peaks, so some smoothing is required to identify the predominant period. The
smoothing and predominant period identification is most easily accomplished by plotting the
Fourier amplitude spectrum as a function of frequency. By numerically smoothing their Fourier
amplitude spectra (Figure E3.3), the predominant periods are

Gilroy No. 1 (rock): T, = 0.39 sec
Gilroy No. 2 (soil): T, = 0.53 sec
Note that the predominant period of the Gilroy No. 2 (soil) motion is greater than that of the Gil-

roy No. 1 (rock) motion, thereby illustrating the relative strength of the longer period (lower-
frequency) components of the Gilroy No. 1 (soil) motion.

Bandwidth. The predominant period can be used to locate the peak of the Fou-
rier amplitude spectrum; however, it provides no information on the dispersion of spectral
amplitudes about the predominant period. The bandwidth of the Fourier amplitude spec-
trum is the range of frequency over which some level of Fourier amplitude is exceeded.
Bandwidth is usually measured at the level where the power of the spectrum is half its max-
imum value; this corresponds to a level of 1/ f2 times the maximum Fourier amplitude.
The irregular shape of individual Fourier amplitude spectra often renders bandwidth diffi-
cult to evaluate. It is determined more easily for smoothed spectra.

Central Frequency. The power spectral density function can be used to esti-
mate statistical properties of the ground motion. Defining the nth spectral moment of a
ground motion by N
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Figure E3.3 Raw and smoothed FAS for Gilroy No.1 (rock) and Gilroy No.2 (soil)
motions.

A, = J.co”G(m) do (3.11)

0
the central frequency Q (Vanmarcke, 1976) is given by

_ (M
Q_J;O (.12)

The central frequency is a measure of the frequency where the power spectral density is con-
centrated. It can also be used, along with the average intensity and duration, to calculate the
theoretical median peak acceleration

QT,
Umax = [2Ag In| 2.8—2 (3.13)
2

Shape Factor. The shape factor (Vanmarcke, 1976) indicates the dispersion of
the power spectral density function about the central frequency:

A
§ = - (3.14)

The shape factor always lies between 0 and 1, with higher values corresponding to
larger bandwidths.
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Kanai-Tajimi Parameters. Although individual power spectral density func-
tions may have highly irregular shapes, averaging a number of normalized power spectral
density functions for similar strong ground motions reveals a smooth characteristic shape.
Kanai (1957) and Tajimi (1960) used a limited number of strong motion records to propose
the following three-parameter model for power spectral density:

1+ [28,(0/0,)]?
[1-(0/0,)** +[28,(0/0,)]

where the parameters G,), ig , and @, determine the shape of the function (Figure 3.18).

G(w) = G, (3.15)

A
G (0)

L - O Figure 3.18 Shape of the Kanai-Tajimi
Wg power spectral density function.

The displacement response of a SDOF system with natural frequency ®, and damping
ratio ﬁg to white noise base motion would be described by a Kanai-Tajimi power spectral
density function. As such, high-frequency components of the input motion will be attenu-
ated, and frequency components in the vicinity of ®, will be amplified. Typical values of
Kanai-Tajimi parameters for various site conditions are shown in Table 3-1.

Clough and Penzien (1975) proposed a correction to the Kanai—Tajimi power spectral
density function to prevent excessive velocities and displacements at very low frequencies.
The corrected Kanai-Tajimi power spectral density function requires two additional param-
eters to describe the power spectral density.

3.3.2.3 v,,..,/3.x

Because peak velocities and peak accelerations are usually associated with motions of
different frequency, the ratio vy, /@m.y should be related to the frequency content of the
motion (Newmark, 1973; Seed et al., 1976; McGuire, 1978). For a simple harmonic motion

Table 3-1 Ground Intensity, Ground Frequency, and Ground Damping for Various Site
Conditions

Ground Ground Ground
Ground Site Number of Intensity, Frequency, Damping,
Motion Conditions Records G, o, &,
Horizontal Alluvium 161 0.102 18.4 0.34
Alluvium on rock 60 0.078 229 0.30
Rock 26 0.070 27.0 0.34
Vertical Alluvium 78 0.080 26.2 0.46
Alluvium on rock 29 0.072 29.1 0.46
Rock 13 0.053 38.8 0.46

Source: Elghadamsi et al. (1988).
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of period T, for example, Vmax/@max = T/27. For earthquake motions that include many
frequencies, the quantity 2T(Vinax/Gpmax) can be interpreted as the period of vibration of an
equivalent harmonic wave, thus providing an indication of which periods of the ground
motion are most significant. Seed and Idriss (1982) suggested the following representative
average values for different site conditions less than 50 km from the source:

Site Condition Vmax/@max
Rock 55 cm/sec/g = 0.056 sec
Stiff soils (<200 ft) 110 cm/sec/g = 0.112 sec

Deep stiff soils (>200 ft) 135 cm/sec/g

1]

0.138 sec

The corresponding periods of equivalent harmonic waves for the rock, stiff soil, and deep
stiff soil site conditions are 0.35 sec, 0.70 sec, and 0.87 sec, respectively, which indicates a
shift toward longer-period (lower-frequency) motion on softer soil deposits.
Example 3.4
Determine the ratio vy,,/a,,, for the N-S components of the Gilroy No. 1 (rock) and Gilroy
No. 2 (soil) ground motions. Compare the quantities 27(Vmax/Grmay) With the predominant peri-
ods of the motions.

Solution Based on the Vmax and @, values from Example 3.1,

Gilroy No.1 (rock): Ima o 337cmisec g0
Gmac 0.442 (981 cm/sec?)
Gilroy No.2 (soil): Ymas o 392emfsec 4oy o

Amax 0322 (981 cm/sec?)

The quantity 27(vy,,/dmay) is equal to the predominant period of a simple harmonic motion. To
see how well it corresponds to the predominant period of the Gilroy No. 1 (rock) and Gilroy
No. 2 (soil) ground motions,

Gilroy No.1 (rock): 2 plmax _ 0.49 sec T, = 0.39sec
amax

Gilroy No.2 (soil): 2p¥mx _ 78 sec T, = 0.53sec
amax

Though the ratio v,,,,/a,,, certainly indicates that the Gilroy No. 1 (rock) motion has a higher
frequency content than the Gilroy No. 2 (soil) motion, it overestimates the predominant period
of both the Gilroy No. 1 (rock) motion and Gilroy No.2 (soil) motions. Due to the approximate
nature of the predominant period and the stochastic nature of both v,,,, and @max, close agree-
ment between v,y,,,/a,., and predominant period should not be expected.

3.3.3 Duration

The duration of strong ground motion can have a strong influence on earthquake damage.
Many physical processes, such as the degradation of stiffness and strength of certain types of
structures and the buildup of porewater pressures in loose, saturated sands, are sensitive to
the number of load or stress reversals that occur during an earthquake. A motion of short
duration may not produce enough load reversals for damaging response to build up in a struc-
ture, even if the amplitude of the motion is high. On the other hand, a motion with moderate
amplitude but long duration can produce enough load reversals to cause substantial damage.
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The duration of a strong ground motion is related to the time required for release of
accumulated strain energy by rupture along the fault. As the length, or area, of fault rupture
increases, the time required for rupture increases. As a result, the duration of strong motion
increases with increasing earthquake magnitude. While this relationship has been supported
by empirical evidence for many years, advances in source mechanism modeling (Hanks and
McGuire, 1981) have provided theoretical support, indicating that the duration should be
proportional to the cube root of the seismic moment. When bilateral rupture [i.c., rupture
that propagates in opposite directions from the focus (as in the case of the 1989 Loma Prieta
earthquake)] occurs, the strong motion duration may be considerably lower.

An earthquake accelerogram generally contains all accelerations from the time the
earthquake begins until the time the motion has returned to the level of background noise.
For engineering purposes, only the strong-motion portion of the accelerogram is of interest.
Different approaches have been taken to the problem of evaluating the duration of strong
motion in an accelerogram. The bracketed duration (Bolt, 1969) is defined as the time
between the first and last exceedances of a threshold acceleration (usually 0.05¢). Another
definition of duration (Trifunac and Brady, 1975b) is based on the time interval between the
points at which 5% and 95% of the total energy has been recorded. Boore (1983) has taken
the duration to be equal to the corner period (i.e., the inverse of the corner frequency). The
rate of change of cumulative root-mean-square (rms) acceleration has also been used as the
basis for evaluation of strong-motion duration (McCann and Shah, 1979). Power spectral
density concepts can also be used to define a strong-motion duration (Vanmarcke and Lai,
1977). Other definitions of strong-motion duration have been proposed (Perez, 1974; Tri-
funac and Westermo, 1977). Because it implicitly reflects the strength of shaking, the
bracketed duration is most commonly used for earthquake engineering purposes.

The duration of strong motion has been investigated by interpretation of accelero-
grams from earthquakes of different magnitudes. Using a 0.05g threshold acceleration,
Chang and Krinitszky (1977) estimated the bracketed durations for soil and rock sites at
short (less than 10 km) epicentral distances shown in Table 3-2.

Duration has also been expressed in terms of equivalent cycles of ground motion. One
such approach was developed in conjunction with an early procedure for evaluation of lig-
uefaction potential (Seed et al., 1975). To represent an irregular time history of shear stress

Table 3-2 Typical Earthquake Durations at
Epicentral Distances Less Than 10 km

Duration (sec)

Magnitude Rock Sites Soil Sites
5.0 4 8
5.5 6 12
6.0 8 16
6.5 11 23
7.0 16 32
7.5 22 45
8.0 31 62
8.5 43 86

Source: Chang and Krinitzsky (1977).


pinelopi
Line

pinelopi
Line

pinelopi
Line

pinelopi
Line

pinelopi
Line


Sec. 3.3 Ground Motion Parameters 81

by a uniform series of harmonic stress cycles, the concept of an equivalent number of sig-
nificant stress cycles was developed. The equivalent number of uniform stress cycles,
shown in Table 3-3, was selected to cause pore pressure buildup equivalent to that of an

actual shear stress-time history at a harmonic stress amplitude of 65% of the maximum
actual shear stress.

Table 3-3 Equivalent Number of
Uniform Stress Cycles

Earthquake Number of Significant
Magnitude Stress Cycles

2-3
5
10
15
26

oI e W e NNV )
Bl—

(ST ST

Example 3.5

Determine the bracketed durations of the E-W components of the Gilroy No. 1 (rock) and Gil-
roy No. 2 (soil) ground motions.

Solution Based on a threshold acceleration of 0.05g, the bracketed durations can be obtained
graphically from the accelerograms shown in Figure E3.5.
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Figure E3.5
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Gilroy No.1 (rock): T; = 9.8 sec
Gilroy No.2 (soil): Ty = 14.7 sec

3.3.4 Other Ground Motion Parameters

The preceding parameters related primarily to the amplitude, frequency content, or duration
of a ground motion. Since all of these characteristics are important, ground motion param-
eters that reflect more than one are very useful. The following paragraphs present a number
of parameters that reflect two or three important ground motion characteristics.

Assingle parameter that includes the effects of the amplitude and frequency content of
a strong motion record is the rms acceleration, defined as

Ta

Tidj[a(z)]%it = VA (3.16)
0

where T, is the duration of the strong motion and A, is the average intensity (or mean-
squared acceleration). Because the integral in equation (3.16) is not strongly influenced by
large, high-frequency accelerations (which occur only over a very short period of time) and
because it is influenced by the duration of the motion, the rms acceleration can be Very use-
ful for engineering purposes. Its value, however, can be sensitive to the method used to
define strong motion duration.

A parameter closely related to the rms acceleration is the Arias intensity (Arias,
1970), defined as

- 2
1, = ZgJ.[a(t)] dt 3.17)
0

The Arias intensity has units of velocity and is usually expressed in meters per second.
Since it is obtained by integration over the entire duration rather than over the duration of

strong motion, its value is independent of the method used to define the duration of strong
motion.

Example 3.6
Determine the rms accelerations and Arias intensities of the E-W components of the Gilroy
No. 1 (rock) and Gilroy No. 2 (soil) ground motions.

Solution By integrating the accelerograms of the Gilroy No. 1 (rock) and Gilroy No. 2 (soil)
ground motions numerically, the rms accelerations and Arias intensities are

Gilroy No.1 (rock): ams = 0.112¢ I, = 1.667 m/sec
Gilroy No.2 (soil): ams = 0.072¢ I, = 1.228 m/sec
The characteristic intensity, defined as
I. = a,lﬁfsT?[S (3.18)

is related linearly to an index of structural damage due to maximum deformations and
absorbed hysteretic energy (Ang, 1990).
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The cumulative absolute velocity is simply the area under the absolute accelerogram:

T,

CAV = j la (1) ] dr ” (3.19)
0

The cumulative absolute velocity has been found to correlate well with structural damage
potential. For example, a CAV of 0.30g-sec (obtained after filtering out frequencies above
10 Hz) corresponds to the lower limit for MMI VII shaking (Benjamin and Associates,
1988).

Since many structures have fundamental periods between 0.1 and 2.5 sec, the
response spectrum ordinates in this period range should provide an indication of the poten-
tial response of these structures. The response spectrum intensity (Housner, 1959) was
therefore defined as

2.5
SIE) = J. PSV (&, T) dT (3.20)

0.1
(i.e., the area under the pseudovelocity response spectrum between periods of 0.1 sec and
2.5 sec. The response Spectrum intensity, as indicated in equation (3.20), can be computed
for any structural damping ratio. It Captures important aspects of the amplitude and fre-
quency content (in the range of primary importance for structures) in a single parameter.
Von Thun et al. (1988) referred to the response spectrum intensity for 5% damping as
the velocity spectrum intensity. The velocity spectrum intensity was suggested as being use-
ful for evaluation of the response of earth and rockfill dams, which typically have funda-
mental periods between 0.6 and 2.0 sec (Makdisi and Seed, 1978). To characterize strong
ground motion for analysis of concrete dams, which generally have fundamental periods of
less than 0.5 sec, Von Thun et al. (1988) introduced the acceleration spectrum intensity,
defined as

0.5
ASI = J. Sq (£=0.05,T) dT (3.21)

0.1
(i.e., the area under the acceleration Tesponse spectrum between periods of 0.1 sec and
0.5 sec).

The Applied Technology Council (1978) defined two factors by which standard
response spectra could be normalized. The effective peak acceleration (EPA) was defined
as the average spectral acceleration over the period range 0.1 to 0.5 sec divided by 2.5 (the
standard amplification factor for a 5% damping spectrum). The effective peak velocity
(EPV) was defined as the average spectral velocity at a period of 1 sec divided by 2.5.
Determination of EPA and EPV is shown schematically in Figure 3.19. The process of aver-
aging the spectral accelerations and velocities over a range of periods minimizes the infly-

(Chapter 8).
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Figure 3.19 Determination of effective peak acceleration and effective peak velocity
from response spectra. (After Applied Technology Council, 1978.)

3.3.5 Discussion

A wide variety of strong motion parameters have been presented. Some describe only the
amplitude of the motion, others only the frequency content or duration. Some of these
parameters are influenced by two or three of these important ground motion characteristics.
Table 3-4 indicates which ground motion characteristics strongly influence the various
ground motion parameters.

Seismic hazard analyses (Chapter 4) and the development of design ground motions
(Chapter 8) rely heavily on the characterization of strong ground motion by ground motion
parameters. Characterization by a single parameter is only rarely appropriate; the use of
several parameters is usually required to describe adequately the important characteristics
of a particular ground motion. Since different engineering problems are influenced by dif-
ferent ground motion characteristics, the significance of different parameters depends on
the types of problems for which they are used.

3.4 ESTIMATION OF GROUND MOTION PARAMETERS

Proper design of earthquake-resistant structures and facilities requires estimation of the
level of ground shaking to which they will be subjected. Since the level of shaking is most
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Table 3-4 Ground Motion Characteristics That Are Strongly Reflected in Various Ground
Motion Parameters

Ground Motion Characteristic

Ground Motion Parameter Amplitude Frequency Content Duration

Peak acceleration, PHA and PHV

Peak velocity, PHV

Sustained maximum acceleration, SMA
Effective design acceleration, EDA

X X X X

Predominant period, Tp X
Bandwidth X
Central frequency, Q X
Shape factor, & X
Power spectrum intensity, Gy X X X
Ground frequency, ®, X
Ground damping, £, X
Vmax/amax X
Duration, T, X
rms acceleration, a, X X
Characteristic intensity, /. X X X
Arias intensity, I, X X X
Cumulative absolute velocity, CAV X X X
Response spectrum intensity, SI(&) X X
Velocity spectrum intensity, VSI X X
Acceleration spectrum intensity, ASI X x
Effective peak accleration, EPA X x
X X

Effective peak velocity, EPV

conveniently described in terms of ground motion parameters, methods for estimating
ground motion parameters are required. Predictive relationships, which express a particular
ground motion parameter in terms of the quantities that affect it most strongly, are used to
estimate ground motion parameters. Predictive relationships play an important role in seis-
mic hazard analyses (Chapter 4) used for seismic design.

3.4.1 Magnitude and Distance Effects

Much of the energy released by rupture along a fault takes the form of stress waves. Since
the amount of energy released in an earthquake is strongly related to its magnitude, the
characteristics of the stress waves will also be strongly related to magnitude. Figure 3.20
illustrates the influence of earthquake magnitude on actual ground motion characteristics in
the time domain. Each earthquake came from essentially the same source, and each accel-
erogram was measured at about the same distance from the source. The variations in ampli-
tude, frequency content, and duration with magnitude are apparent.

As stress waves travel away from the source of an earthquake, they spread out and are
partially absorbed by the materials they travel through. As a result, the specific energy
(energy per unit volume) decreases with increasing distance from the source. Since the
characteristics of stress waves are strongly related to specific energy, they will also be
strongly related to distance. The distance between the source of an earthquake and a
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—— M=3.1 Acceleration

Figure 3.20 Accelerograms from six
earthquakes off the Pacific coast of Mexico.
Each accelerogram was measured at nearly
the same epicentral distance. The record
from the M = 8.1 (1985 Michoacan)
earthquake continues for another 25 sec.

: : : i (After Anderson, 1991, Geotechnical News,
0 10 20 30 40 50  Vol.9, No. I, p. 35. Used by permission of
Time (sec) BiTech Publishers, Ltd.)

Acceleration (cm/sec/sec)

particular site can be interpreted in different ways. Figure 3.21 illustrates some of the most j
commonly used measures of distance. R1 and R2 are the hypocentral and epicentral dis- :
tances, which are the easiest distances to determine after an earthquake. If the length of fault
rupture is a significant fraction of the distance between the fault and the site, however, i
energy may be released closer to the site, and R1 and R2 may not accurately represent the

“effective distance.” R3 is the distance to the zone of highest energy release. Since rupture

of this zone is likely to produce the peak ground motion amplitudes, it represents the best

distance measure for peak amplitude predictive relationships. Unfortunately, its location is

difficult to determine after an earthquake and nearly impossible to predict before an earth-

quake. R4 is the closest distance to the zone of rupture (not including sediments overlying

basement rock) and R5 is the closest distance to the surface projection of the fault rupture.

R4 and R5 have both been used extensively in predictive relationships.

Surface projection

Site

Epicenter

High-stress
zone
Figure 3.21 Various measures of distance
used in strong-motion predictive relationships.
(After Shakal and Bernreuter, 1981.)

Fault rupture
surface

Hypocenter/
3.4.2 Development of Predictive Relationships

Predictive relationships usually express ground motion parameters as functions of magni-
tude, distance, and in some cases, other variables, for example,

Y = f(M,R,P,) (3.22)
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where Y is the ground motion parameter of interest, M the magnitude of the earthquake, R
a measure of the distance from the source to the site being considered, and the P; are other
parameters (which may be used to characterize the earthquake source, wave propagation
path, and/or local site conditions). Predi