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Preface

This book forms one part of a complete system for university teaching and learning the
fundamentals of earthquake engineering at the graduate level. The other components are
the slides sets, the solved examples, including the comprehensive project, and a free copy of
the computer program Zeus-NL, which are available on the book web site. The book is cast
in a framework with three key components, namely (i) earthquake causes and effects are
traced from source to society, (ii) structural response under earthquake motion is character-
ised primarily by the varying and interrelated values of stiffness, strength and ductility and
(iii) all structural response characteristics are presented on the material, section, member,
sub-assemblage and structural system levels. The first four chapters of the book cover an
overview of earthquake causes and effects, structural response characteristics, features and
representations of strong ground motion and modelling and analysis of structural systems,
including design and assessment response quantities. The fifth and sixth chapters are a fea-
ture of the second edition whereby two important and advanced topics that have reached a
degree of maturity are addressed. Chapter 5 presents probabilistic fragility analysis required
in assessing earthquake impact on populations of structures. Chapter 6 deals with the impor-
tant topic of soil-structure interaction which affects all measures of response analysis
and vulnerability to earthquakes. The slides sets cover Chapters 1-6, and follow closely the
contents of the book, while being a succinct summary of the main issues addressed in
the text necessary for a graduate course. The slides set are intended for use by professors in
the lecture room, and should be made available to the students only at the end of each
chapter. They are designed to be also a capping revision tool for students. The solved
examples are comprehensive and address all the important and intricate sub-topics treated
in this book. The comprehensive project is used to provide an integration framework for the
various components of the earthquake source, path, site and structural features that affect the
actions and deformations required for seismic design. The three teaching and learning com-
ponents of (i) the book, (ii) the slides sets and (iii) the solved examples are inseparable. Their
use in unison has been tested and proven in a US top tier university teaching environment
for a number of years.



Foreword

Congratulations to both authors! A new approach for instruction in Earthquake Engineering has
been developed. This package provides a new and powerful technique for teaching — it incor-
porates a book, worked problems and comprehensive instructional slides available on the web
site. It has undergone numerous prior trials at the graduate level as the text was being refined.

The book, in impeccable English, along with the virtual material, is something to behold.
‘Intense’ is my short description of this book and accompanying material, crafted for careful
study by the student, so much so that the instructor is going to have to be reasonably up - to -
date in the field in order to use it comfortably. The writer would have loved to have had a book
like this when he was teaching Earthquake Engineering.

In this second edition, the text has six main chapters and two appendices. The six main chapters
centre on (a) Earthquake Characteristics, (b) Response of Structures, (c) Earthquake Input Motion,
(d) Response Evaluation, (e) Fragility Relationships for Structures and (f) Seismic Soil-Structure
Interaction, with two valuable appendices dealing with Structural Configurations and Systems for
Effective Earthquake Resistance, and Damage to Structures. The presentation, based on stiffness,
strength and ductility concepts, comprises a new and powerful way of visualizing many aspects
of the inelastic behaviour that occurs in structures subjected to earthquake excitation.

The book is written so as to be appropriate for international use and sale. The text is supple-
mented by numerous references, enabling the instructor to pick and choose sections of interest,
and to point thereafter to sources of additional information. It is not burdened by massive ref-
erence to current codes and standards in the world. Unlike most other texts in the field, after
studying this book, the students should be in a position to enter practice and adapt their newly
acquired education to the use of regional seismic codes and guidelines with ease, as well as
topics not covered in codes. Equally importantly, students who study this book will under-
stand the bases for the design provisions.

Finally, this work has application not only in instruction, but also in research. Again, the
authors are to be congratulated on developing a valuable work of broad usefulness in the field
of earthquake engineering.

William J. Hall
Professor Emeritus of Civil Engineering
University of [llinois at Urbana - Champaign
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Introduction

I.1 Context, Framework and Scope

Earthquakes are one of the most devastating natural hazards that cause great loss of life and
livelihood. On average, 10 000 people die each year due to earthquakes, while annual economic
losses are in the billions of dollars and often constitute a large percentage of the gross national
product (GNP) of the country affected.

Over the past few decades earthquake engineering has developed as a branch of engineering
concerned with the estimation of earthquake consequences and the mitigation of these conse-
quences. It has become an interdisciplinary subject involving seismologists, structural and
geotechnical engineers, architects, urban planners, information technologists and social scien-
tists. This interdisciplinary feature renders the subject both exciting and complex, requiring its
practitioners to keep abreast of a wide range of rapidly evolving disciplines. In the past
few years, the earthquake engineering community has been reassessing its procedures, in the
wake of devastating earthquakes which caused extensive damage, loss of life and property
(e.g. Northridge, California, 17 January 1994; $30 billion and 60 dead; Hyogo-ken Nanbu,
Japan, 17 January 1995; $150 billion and 6000 dead).

The aim of this book is to serve as an introduction to and an overview of the latest structural
earthquake engineering. The book deals with aspects of geology, engineering seismology and
geotechnical engineering that are of service to the earthquake structural engineering educator,
practitioner and researcher. It frames earthquake structural engineering within a framework of
balance between ‘Demand’ and ‘Supply’ (requirements imposed on the system versus its
available capacity for action and deformation resistance).

In a system-integrated framework, referred to as ‘From Source-to-Society’, where ‘Source’
describes the focal mechanisms of earthquakes, and ‘Society’ describes the compendium of
effects on complex societal systems, this book presents information pertinent to the evaluation
of actions and deformations imposed by earthquakes on structural systems. It is therefore
a ‘Source-to-Structure’ text. Source parameters, path and site characteristics are presented at
a level of detail sufficient for the structural earthquake engineer to understand the effect of
geophysical and seismological features on strong ground-motion characteristics pertinent to
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the evaluation of the response of structures. Structural response characteristics are reviewed
and presented in a new framework of three quantities: stiffness, strength and ductility, which
map onto the three most important limit states of serviceability, structural damage control and
collapse prevention. This three-parameter approach also matches well with the consequential
objectives of reducing downtime, controlling repair costs and protecting life. By virtue of the
fact that the text places strong emphasis on the varying values of stiffness, strength and ductility
as a function of the available deformation capacity, it blends seamlessly with deformation-
based design concepts and multi-limit state design, recently referred to as performance-based
design. The book stops where design codes start, at the stage of full and detailed evaluation of
elastic and inelastic actions and deformations to which structures are likely to be subjected.
Empbhasis is placed on buildings and bridges, and material treatment is constrained to steel and
concrete. The scope of the book is depicted in Figure I.1.

Chapter 1 belongs to the Demand sub-topic and is a standard exposé of the geological,
seismological and earth sciences aspects pertinent to structural earthquake engineering. It con-
cludes with two sections; one on earthquake damage, bolstered by a detailed Appendix of
pictures of damaged buildings and bridges categorised according to the cause of failure.
The last section is on earthquake losses and includes global statistics as well as description of
the various aspects of impact of earthquakes on communities in a regional context.

EARTHQUAKE CHARACTERISTICS
] Causes, measurements and effects

RESPONSE OF STRUCTURES
Hierarchical system characteristics affecting response

Demand

EARTHQUAKE INPUT MOTION
— Methods of representing the imposed demand

Supply

RESPONSE EVALUATION
Modelling of structures and measures of response —

FRAGILITY RELATIONSHIPS FOR STRUCTURES
Evaluation of response with uncertainty and variability

SOIL-STRUCTURE-INTERACTION
Effects, modelling and response analysis

Figure 1.1  Scope of the book.
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Chapter 2, which belongs to the Supply or Capacity sub-topic, establishes a new frame-
work of understanding structural response and relating milestones of such a response to
(1) probability of occurrence of earthquakes and (ii) structural and societal limit states.
Viewing the response of structures in the light of three fundamental parameters, namely
stiffness, strength and ductility, and their implications on system performance opens the
door to a new relationship between measured quantities, limit states and consequences, as
described in Table 2.1. The two most important ‘implications’ of stiffness, strength and duc-
tility are overstrength and damping. The latter two parameters have a significant effect on
earthquake response and are therefore addressed in detail. All five response quantities of
(1) stiffness, (ii) strength, (iii) ductility, (iv) overstrength and (v) damping are related to one
another and presented in a strictly hierarchical framework of the five levels of the hierarchy,
namely (i) material, (ii) section, (iii) member, (iv) connection and (v) system. Finally, prin-
ciples of capacity design are demonstrated numerically and their use to improve structural
response is emphasised.

Chapter 3 brings the readers back to description of the Demand sub-topic and delves into
a detailed description of the input motion in an ascending order of complexity. It starts with
point estimates of peak ground parameters, followed by simplified, detailed and inelastic
spectra. Evaluation of the required response modification factors, or the demand response
modification factors, is given prominence in this chapter, to contrast the capacity response
modification factors addressed in Chapter 2. The chapter concludes with selection and scaling
of acceleration time histories as well as a discussion of the significance of duration on response
of inelastic structures.

Chapter 4 concludes the Supply sub-topic by discussing important aspects of analyti-
cally representing the structure and the significance or otherwise of some modelling
details. The chapter is presented in a manner consistent with Chapter 2 in terms of dealing
with modelling of materials, sections, members, connections, sub-assemblages and
systems. The final section of Chapter 4 presents expected and important outcomes from
analytical modelling for use in assessment of the adequacy of the structure under
consideration as well as conventional design forces and displacements. The chapter also
includes a brief review of methods of quasi-dynamic and dynamic analysis pertinent to
earthquake response evaluation.

Chapter 5, which is a feature of the second edition, addresses the important issue of
probabilistic fragility analysis, a necessary component of regional as well as structure-specific
failure probability assessment. The chapter addresses required limit states, input motion
characterisation and definition of the statistical model. Applications are given to support the
understanding of the concepts used in the chapter to assess the probability of reaching or
exceeding limit states of performance.

Chapter 6, which is also a new section of the second edition, provides an overview of the
soil-structure interaction (SSI) problem and modelling methods as well as offer the perspec-
tive of a structural earthquake engineer. Due to the broad scope of the topic, this chapter does
not provide a step-by-step guide on how to develop a model and run an analysis, which would
require an entire book. Conversely, it includes coherent and concise descriptions of typical
effects of SSI, different methods for modelling and analysing a soil-foundation and structural
system. A few representative examples of SSI analyses are introduced and the findings from
each case study are summarised.
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1.2 Use Scenarios
1.2.1 Postgraduate Educators and Students

As discussed in the preceding section, the book was written with the university professor in
mind as one of the main users alongside students attending a graduate course. It therefore
includes a large number of work assignments and additional worked examples, provided on
the book web site. Most importantly, summary slides are also provided on the book web site.
The slides are intended to be used in the classroom, and in final revision by students. The book
and the slides have been used in teaching the postgraduate level course in earthquake
engineering at the University of Illinois at Urbana-Champaign for a number of years, and are
therefore successfully tested in a leading university environment. Parts of the book were also
used in teaching short courses on a number of occasions in different countries. For the
earthquake engineering professor, the whole book is recommended for postgraduate courses,
with the exception of methods of analysis (Section 4.7) which are typically taught in structural
dynamics courses that should be a prerequisite to this course. Fragility curves and soil—
structure interaction (illustrated in Chapters 5 and 6, respectively) can be conveniently taught
in a specialised course for earthquake risk analysis.

1.2.2 Researchers

The book is also useful to researchers who have studied earthquake engineering in a more
traditional context, where strength and direct assessment for design were employed, as
opposed to the integrated strength-deformation and capacity assessment for design approach
presented in this book. Moreover structural earthquake engineering researchers will find
Chapter 3 of particular interest because it bridges the conventional barriers between engi-
neering seismology and earthquake engineering and brings the concepts from the former in a
palatable form to the latter. From the long experience of working with structural earthquake
engineers, Chapter 3 is recommended as an essential read prior to undertaking research, even
for individuals who have attended traditional earthquake engineering courses. Researchers
from related fields, such as geotechnical earthquake engineering or structural control, may
find Chapter 2 of value, since it heightens their awareness of the fundamental requirements of
earthquake response of structures and the intricate relationship between stiffness, strength,
ductility, overstrength and damping.

The newly added Chapters 5 and 6 include relevant discussions that are of interest for
researchers dealing with earthquake loss estimation. These chapters provide the state-of-the-
art of deriving fragility relationships and illustrate the modelling and analysis procedures for
accounting for the SSI phenomena.

1.2.3  Practitioners

Practising engineers with long and relatively modern experience in earthquake resistant design
in high seismicity regions will find the book on the whole easy to read and rather basic. They
may, however, appreciate the presentation of fundamental response parameters and may find
their connection to the structural and societal limit states refreshing and insightful. They may
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also benefit from the modelling notes of Chapter 4, since use is made of concepts of finite
element representation in a specifically earthquake engineering context. Many experienced
structural earthquake engineering practitioners will find Chapter 3 on input motion useful and
practical. The chapter will aid them in selection of appropriate characterisation of ground
shaking. The book as a whole, especially Chapters 3 and 4 is highly recommended for
practising engineers with limited or no experience in earthquake engineering. The newly
added Chapter 6 provides practical guidelines for the modelling and analysis procedures
accounting for the SSI in the earthquake response of systems.
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Earthquake Characteristics

1.1 Causes of Earthquakes
1.1.1 Plate Tectonics Theory

An earthquake is manifested as ground shaking caused by the sudden release of energy in
the Earth’s crust. This energy may originate from different sources, such as dislocations of
the crust, volcanic eruptions or even by man-made explosions or the collapse of underground
cavities, such as mines or karsts. Thus, while earthquakes are defined as natural disturbances,
different types of earthquake exist: fault rupture-induced, volcanic, mining-induced and large
reservoir-induced. Richter (1958) has provided a list of major earth disturbances recorded by
seismographs as shown in Figure 1.1. Tectonic earthquakes are of particular interest to the
structural engineers, and further discussion will therefore focus on the latter type of ground
disturbance.

Earthquake occurrence may be explained by the theory of large-scale tectonic processes,
referred to as ‘plate tectonics’. The theory of plate tectonics derives from the theory of
continental drift and sea-floor spreading. Understanding the relationship between geophysics,
the geology of a particular region and seismic activity began only at the end of the nineteenth
century (Udias, 1999). Earthquakes are now recognised to be the symptoms of active tectonic
movements (Scholz, 1990). This is confirmed by the observation that intense seismic activity
occurs predominantly on known plate boundaries as shown in Figure 1.2.

Plates are large and stable rigid rock slabs with a thickness of about 100 km forming the
crust or lithosphere and part of the upper mantle of the Earth. The crust is the outer rock layer
with an internal complex geological structure and a non-uniform thickness of 25-60 km
under continents and 4-6 km under oceans. The mantle is the portion of the Earth’s interior
below the crust, extending from a depth of about 30 km to about 2900 km; it consists of dense
silicate rocks. The lithosphere moves differentially on the underlying asthenosphere, which

Fundamentals of Earthquake Engineering: From Source to Fragility, Second Edition. Amr S. Elnashai
and Luigi Di Sarno.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 1.2 Tectonic plates (a) and worldwide earthquake distribution (b). (Adapted from Saint Louis
University, Earthquake Center, USA.)

is a softer warmer layer around 400 km thick at a depth of about 50 km in the upper mantle.
It is characterised by plastic or viscous flow. The horizontal movement of the lithosphere is
caused by convection currents in the mantle; the velocity of the movement is about 1-10 cm/
year. Current plate movement can be tracked directly by means of reliable space-based
geodetic measurements, such as very long baseline interferometry, satellite laser ranging and
global positioning systems.

Large tectonic forces take place at the plate edges due to the relative movement of the
lithosphere—asthenosphere complex. These forces instigate physical and chemical changes
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and affect the geology of the adjoining plates. However, only the lithosphere has the
strength and the brittle behaviour to fracture, thus causing an earthquake.

According to the theory of continental drift, the lithosphere is divided into 15 rigid plates,
including continental and oceanic crusts. The plate boundaries, where earthquakes frequently
occur, are also called ‘seismic belts’ (Kanai, 1983). The Circum-Pacific and Eurasian
(or Alpine) belts are the most seismically active. The former connects New Zealand, New
Guinea, the Philippines, Japan, the Aleutians, the west coast of North America and the west
coast of South America. The 1994 Northridge (California) and the 1995 Kobe (Japan) earth-
quakes occurred along the Circum-Pacific belt. The Eurasian belt links the northern part of
the Mediterranean Sea, Central Asia, the southern part of the Himalayas and Indonesia. The
Indian Ocean earthquake of 26 December 2004 and the Kashmir earthquake of 8 October
2005 were generated by the active Eurasian belt.

The principal types of plate boundaries can be grouped as follows (Figure 1.3):

(1) Divergent or rift zones: plates separate themselves from one another and either an
effusion of magma occurs or the lithosphere diverges from the interior of the Earth.
Rifts are distinct from mid-ocean ridges, where new oceanic crust and lithosphere is
created by sea-floor spreading. Conversely, in rifts no crust or lithosphere is pro-
duced. If rifting continues, eventually a mid-ocean ridge may form, marking a diver-
gent boundary between two tectonic plates. The Mid-Atlantic ridge is an example of
a divergent plate boundary. An example of rift can be found in the middle of the Gulf
of Corinth, in Greece. However, the Earth’s surface area does not change with time
and hence the creation of new lithosphere is balanced by the destruction at another
location of an equivalent amount of rock crust, as described below.

(i) Convergent or subduction zones: adjacent plates converge and collide. A subduction
process carries the slab-like plate, known as the ‘under-thrusting plate’, into a dipping
zone, also referred to as the ‘“Wadati—Benioff zone’, as far downward as 650-700 km
into the Earth’s interior. Two types of convergent zones exist: oceanic and continental

Convergent

Convergent Transform Divergent
plate boundary

plate boundary plate boundary plate boundary

Continental rift zone
(Young plate boundary)

Is/lﬁa‘a:c ALY,

/_Strato-volcano

Figure 1.3 Cross-section of the Earth with the main type plate boundaries. (Adapted from USGS.)
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lithosphere convergent boundaries. The first type occurs when two plates consisting of
oceanic lithosphere collide. Oceanic rock is mafic, and heavy compared to continental
rock, therefore it sinks easily and is destroyed in a subduction zone. The second type
of convergent boundary occurs when both grinding plates consist of continental litho-
sphere. Continents are composed of lightweight rock and hence do not subduct.
However, in this case the seismicity is extended over a wider area. The Circum-Pacific
and Eurasian belts are examples of oceanic and continental lithosphere convergent
boundaries, respectively.

(iii) Transform zones or transcurrent horizontal slip: two plates glide past one another but
without creating new lithosphere or subducting old lithosphere. Transform faults can be
found either in continental or oceanic lithosphere. They can offset mid-ocean ridges, sub-
duction zones or both. Boundaries of transcurrent horizontal slip can connect either
divergent and convergent zones or two convergent zones. The San Andreas Fault in
California is an example of a transform boundary connecting two spreading ridges,
namely the North America and Pacific plates in the Gulf of California to the south and the
Gorda Ridge in the north.

High straining and fracturing of the crustal rocks is caused by the process of subduction.
Surface brittle ruptures are produced along with frictional slip within the cracks. Strain is
relieved and seismic energy in the form of an earthquake is released.

Earthquakes normally occur at a depth of several tens of kilometres, with some occasion-
ally occurring at a depth of several hundred kilometres. Divergent plate boundaries form
narrow bands of shallow earthquakes at mid-oceanic ridges and can be moderate in magni-
tude. Shallow and intermediate earthquakes occur at convergent zones in bands of hundreds
of kilometres wide. Continental convergence earthquakes can be very large. For example, the
1897 Assam (India) earthquake caused extensive damage and surface disruption, necessi-
tating the upgrade of the intensity model scale used for measuring earthquakes (Richter,
1958). Deep earthquakes, for example between 300 and 700 km in depth, are generally
located in subduction zones over regions which can extend for more than 1,000 km. These
earthquakes become deeper as the distance from the oceanic trench increases as shown in
Figure 1.4. However, the seismic Wadati—Benioff zones are limited to the upper part of the
subduction zones, that is about 700 km deep. Beyond this depth, either the plates are absorbed
into the mantle or their properties are altered and the release of seismic energy is inhibited.
Shallow earthquakes with large magnitude can occur along transform faults. For example,
Guatemala City was almost destroyed during the devastating 1976 earthquake which occurred
on the Motagua fault. The latter constitutes the transform boundary between two subduction
zones, located respectively off the Pacific Coast of Central America and the Leeward and
Windward Islands in the Atlantic Ocean.

Plate tectonic theory provides a simple and general geological explanation for plate
boundary or inter-plate earthquakes, which contribute 95% of worldwide seismic energy
release. It is, however, to be noted that earthquakes are not confined to plate boundaries.
Local small magnitude intra-plate earthquakes, which may occur virtually anywhere, can
cause considerable damage. Several examples of such events exist and the devastating
effects are well documented (e.g. Scholz, 1990; Bolt, 1999, among others). The Newcastle
(Australia) earthquake of 28 December 1989 caused about 30 deaths and $750 million in
economic loss. The Dahshour (Egypt) earthquake of 12 October 1992 caused damage
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Figure 1.4 Tectonic mechanisms at plate boundaries. (After Dewey, 1972.)

Table 1.1 Classification of tectonic earthquakes.

Earthquake (type) Slip rate (v) (mm/year) Recurrence time (year)
Inter-plate v>10 ~100
Intra-plate (plate boundary related) 0.1<v<10 10%-10*
Intra-plate (mmid-plate) v<0.1 >10*

After Scholz (1990).

estimated at $150 million and more than 600 fatalities. In the USA, three of the largest
intra-plate earthquakes in modern record occurred in the mid-continent in 1811 and 1812.
They caused significant ground effects in the New Madrid area of Missouri and were felt
as far away as New England and Canada. From a tectonic standpoint, the occurrence of
intra-plate earthquakes shows that the lithosphere is not rigid and internal fractures can
take place; the latter are, however, difficult to predict. The genesis of this seismic activity
is attributed either to the geological complexity of the lithosphere or anomalies in its
temperature and strength. Stress build-ups at the edges may be transmitted across
the plates and are released locally in weak zones of the crust. It has been shown that
intra-plate events exhibit much higher stress drops than their inter-plate counterparts, the
difference being a factor five (Scholz et al., 1986). Intra-plate and inter-plate earthquakes
can be distinguished quantitatively on the basis of the slip rate of their faults and
the recurrence time (Scholz, 1990) as outlined in Table 1.1. For example, the Kashmir
earthquake of 8 October 2005 is associated with the known subduction zone of an
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active fault where the Eurasian and the Indian plates are colliding and moving northward
at a rate of 40 mm/year (Durrani et al., 2005). The data collected for the Kashmir earth-
quake correspond to the figures given in Table 1.1 for slip rate and recurrence time of a
typical inter-plate seismic event.

Intra-plate earthquakes generally fall into two groups: plate boundary-related and mid-
plate. The former take place either in broad bands near plate edges and are tectonically
linked to them or in diffuse plate boundaries. Examples of such earthquakes have occurred
inland in Japan, and are linked tectonically to the Pacific—Eurasian plate. In contrast,
mid-plate earthquakes are not related to plate edges. Inter- and intra-plate crustal
movements are continuously occurring and information concerning worldwide earth-
quake activity can be found at several Internet sites, for example http://www.usgs.gov,
among others.

1.1.2  Faulting

When two ground masses move with respect to one another, elastic strain energy due to
tectonic processes is stored and then released through the rupture of the interface zone.
The distorted blocks snap back towards equilibrium and an earthquake ground motion is
produced. This process is referred to as ‘elastic rebound’. The resulting fracture in the
Earth’s crust is termed a ‘fault’. During the sudden rupture of the brittle crustal rock
seismic waves are generated. These waves travel away from the source of the earthquake
along the Earth’s outer layers. Their velocity depends on the characteristics of the
material through which they travel. Further details on types of seismic waves are given
in Section 1.1.3.

The characteristics of earthquake ground motions are affected by the slip mechanism of
active faults. Figure 1.5 provides two examples of significant active faults: the San Andreas
fault in California and the Corinth Canal fault in Greece, with about 70 m exposure height.

BN i TR

37 ST e g

Figure 1.5 Active faults: San Andreas in California (a) and the Corinth Canal in Greece (b).
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Figure 1.6 Parameters used to describe fault motion.

Active faults may be classified on the basis of their geometry and the direction of relative
slip. The parameters used to describe fault motion and its dimensions are as follows:

(1) Azimuth (¢): the angle between the trace of the fault, that is the intersection of the
fault plane with the horizontal, and the northerly direction (0° < ¢ < 360°). The angle is
measured so that the fault plane dips to the right-hand side.

(ii) Dip (6): the angle between the fault and the horizontal plane (0° < 6 < 90°).

(iii) Slip or rake (1): the angle between the direction of relative displacement and the horizontal
direction (-180° < 4 < 180°). It is measured on the fault plane.

(iv) Relative displacement (Au): the distance travelled by a point on either side of the fault
plane. If Au varies along the fault plane, its mean value is generally used.

(v) Area (S): surface area of the highly stressed region within the fault plane.

The orientation of fault motion is defined by the three angles ¢, 6 and A, and its dimensions
are given by its area S as displayed in Figure 1.6; the fault slip is measured by the relative
displacement Au.

Several fault mechanisms exist depending on how the plates move with respect to one
another (Housner, 1973). The most common mechanisms of earthquake sources are described
below (Figure 1.7):

(1) Dip-slip faults: one block moves vertically with respect to the other. If the block
underlying the fault plane or ‘foot wall’ moves up the dip and away from the block over-
hanging the fault plane or ‘hanging wall’, normal faults are obtained. Tensile forces cause
the shearing failure of normal faults. In turn, when the hanging wall moves upward in
relation to the foot wall the faults are reversed; compressive forces cause the failure.
Thrust faults are reverse faults characterised by a very small dip. Mid-oceanic ridge
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Figure 1.7 Fundamental fault mechanisms.



10 Fundamentals of Earthquake Engineering

earthquakes are due chiefly to normal faults. The 1971 San Fernando earthquake in
California was caused by rupture of a reverse fault. Earthquakes along the Circum-Pacific
seismic belt are caused by thrust faults.

(i) Strike-slip faults: the adjacent blocks move horizontally past one another. Strike-slip can
be right-lateral or left-lateral, depending on the sense of the relative motion of the blocks
for an observer located on one side of the fault line. The slip takes place along an essen-
tially vertical fault plane and can be caused by either compression or tension stresses.
They are typical of transform zones. An example of strike-slip occurred in the 1906 San
Francisco earthquake on the San Andreas fault. The latter is characterised by large strike-
slip deformations when earthquakes occur (see also Figure 1.5): part of coastal California
is sliding to the northwest relative to the rest of North America — Los Angeles is slowly
moving towards San Francisco.

Several faults exhibit combinations of strike-slip and dip-slip movements; the latter are
termed ‘oblique slip’. Oblique slips can be either normal or reverse and right- or left-lateral.
The above fault mechanisms can be defined in mathematical terms through the values of the
dip 6 and the slip or rake A. For example, strike-slip faults show 6 = 90° and A = 0°. The slip
angle A is negative for normal faults and positive for reverse faults; for 6 > 0° the fault plane is
inclined and can exhibit either horizontal (1 = + 180° and 0°) or vertical (4 =+ 90°) motion.
For other A-values the relative displacement has both vertical and horizontal components; the
latter can be of normal or reverse type according to the algebraic sign of the angle A.

The “focus’ or ‘hypocentre’ of an earthquake is the point under the surface where the rup-
ture is said to have originated. The projection of the focus on the surface is termed ‘epicentre’.
The reduction of the focus to a point is the point-source approximation (Mallet, 1862). This
approximation is used to define the hypocentral parameters. However, the parameters that
define the focus are similar to those that describe the fault fracture and motion. Foci are
located by geographical coordinates, namely latitude and longitude, the focal depth and the
origin or occurrence time. Figure 1.8 provides a pictorial depiction of the source parameters,
namely epicentral distance, hypocentral or focal distance and focal depth. Earthquakes are

| Epicentral distance |
|

Epicentre

Focal depth

Figure 1.8 Definition of source parameters.
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generated by sudden fault slips of brittle rocky blocks, starting at the focus depth and observed
at a site located at the epicentral distance.

Most earthquakes have focal depths in the range of 5-15 km, while intermediate events
have foci at about 20-50 km and deep earthquakes occur at 300-700 km underground. The
three types are also referred to as shallow, intermediate and deep focus, respectively. Crustal
earthquakes normally have depths of about 30 km or less. For example, in central California
the majority of earthquakes have focal depths in the upper 5-10 km. Some intermediate- and
deep-focus earthquakes are located in Romania, the Aegean Sea and under Spain.

The above discussion highlights one of the difficulties encountered in characterising earth-
quake parameters, namely the definition of the source. From Figure 1.8, it is clear that the
source is not a single point, hence the ‘distance from the source’ required for engineering
seismology applications, especially in attenuation relationships as discussed in Section 3.3, is
ill-defined. This has led researchers to propose treatments for point, line and area sources
(Kasahara, 1981). It is therefore important to exercise caution in using relationships based on
source-site measurements, especially for near-field (with respect to site) and large magnitude
events. A demonstration of this is the values of ground acceleration measured in the Adana—
Ceyhan (Turkey) earthquake of 26 June 1998. Two seismological recording stations, at Ceyhan
and Karatas, were located at distances of 32 and 36 km from the epicentre, respectively.
Whereas the peak acceleration in Ceyhan was 0.27 g, that at Karatas was 0.03 g. The observed
anomaly may be explained by considering the point of initiation and propagation of the fault
rupture or ‘directivity’, which is presented in Section 1.3.1, possibly travelling towards Ceyhan
and away from Karatas.

Problem 1.1

Determine the source mechanism of faults with a dip 6 = 60° and rake 4 = 45°. Comment
on the results.

1.1.3  Seismic Waves

Fault ruptures cause brittle fractures of the Earth’s crust and dissipate up to 10% of the total
plate-tectonic energy in the form of seismic waves. Earthquake shaking is generated by two
types of elastic seismic waves: body and surface waves. The shaking felt is generally a
combination of these waves, especially at small distances from the source or ‘near-field’.
Body waves travel through the Earth’s interior layers. They include longitudinal or primary
waves (also known as ‘P-waves’) and transverse or secondary waves (also called ‘S-waves’).
P- and S-waves are also termed ‘preliminary tremors’ because in most earthquakes they are
felt first (Kanai, 1983). P-waves cause alternate push (or compression) and pull (or tension) in
the rock as shown in Figure 1.9. Thus, as the waves propagate, the medium expands and con-
tracts, while keeping the same form. They exhibit similar properties to sound waves, show
small amplitudes and short periods and can be transmitted in the atmosphere. P-waves are
seismic waves with relatively little damage potential. S-wave propagation, by contrast, causes
vertical and horizontal side-to-side motion. Such waves introduce shear stresses in the rock
along their paths as displayed in Figure 1.9 and are thus also defined as ‘shear waves’. Their
motion can be separated into horizontal (SH) and vertical (SV) components, both of which can



12 Fundamentals of Earthquake Engineering

(@)

—  Compressions . .
| . Undisturbed medium

L rrgrr g g f f F f Frrrrr f f F F Ayl

T— Dilatations —T

(b)

| Undisturbed medium

Double amplitude

Wavelength

Figure 1.9 Travel path mechanisms of body waves: P- (a) and S-waves (b). (Adapted from Bolt, 1999).

cause significant damage, as illustrated in Sections 1.4.1 and 1.4.2 as well as in Appendix B.
Shear waves are analogous to electromagnetic waves, show large amplitudes and long periods
and cannot propagate in fluids.

Body waves (P and S) were named after their arrival time as measured by seismographs at
observation sites. P-waves travel faster, at speeds between 1.5 and 8 km/s while S-waves are
slower, usually travelling at 50-60% of the speed of P-waves. The actual speed of body waves
depends upon the density and elastic properties of the rock and soil through which they pass.

Body waves may be described by Navier’s equation for an infinite, homogeneous, isotropic,
elastic medium in the absence of body forces (e.g. Udias, 1999). The propagation velocities
of P- and S-waves within an isotropic elastic medium with density p, denoted as v, and v,
respectively, are as follows:

E(l—v)
Vp = m (1.1.1)
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Table 1.2 Velocity of P- and S-waves in the Earth’s layers.

Layer (type) Depth (km) P-waves (km/s) S-waves (km/s)
Crust 10-30 6.57 3.82
40 8.12 4.42
Upper mantle 220 8.06 4.35
400 9.13 5.22
670 10.75 5.95
Lower mantle 1200 11.78 6.52
2885 13.72 7.26
2890 8.06 0.00
Outer core 3800 9.31 0.00
5150 10.36 0.00
Inner core 5155 11.03 3.50
6371 11.26 3.67

E
Vg 2p(1+v) (1.1.2)

in which v is Poisson’s ratio and E is Young’s modulus of the elastic medium.
The ratio of P- and S-wave velocities is as follows:

Yo _ 1-2v
v —2(1—v) (1.2.1)

and for v-values characterising ordinary soil types, that is with v ranging between 0.30
and 0.50:

0<v, <053, (1.2.2)

Equations (1.2.1) and (1.2.2) can be employed along with wave traces of seismogram records
to locate earthquakes in time and space. For shallow earthquakes the effects of the Earth’s
curvature can be ignored and hence a planar model is used for the propagation of body waves.
Assuming homogeneous soil profiles between earthquake foci and observation sites, the focal
distance Ax is linearly dependent on the time-lag Az between the P- and S-waves as follows:

Ve Vs A (1.3.1)
Vp = Vg

Ax =

thus, if the wave velocities v, and v, are known, the distance Ax is readily evaluated. Velocities
of P- and S-waves in the Earth’s interior layers are given in Table 1.2. For a quick evaluation,
Omori’s formula may also be used (Kanai, 1983):

Ax~T7.42 At (1.3.2)
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Figure 1.10 Comparison between ratios of body wave velocities in Egs. (1.3.1) and (1.3.2).

with Ax and At expressed in kilometres and seconds, respectively. Equation (1.3.2) assumes
that body wave velocities are almost constant within a limited area. A comparison between the
coefficient “7.42° used by Omori in Eq. (1.3.2), the coefficients that are computed by using
the first term on the right-hand side in Eq. (1.3.1) and the values of v, and v given in Table 1.2
is provided in Figure 1.10. It is proposed to make use of a step-function to take into consideration
the variability of the body wave velocities in the Earth’s interior. The suggested coefficients for
Eq. (1.3.2) are 9.43 and 13.88, for depths below and above 300 km, respectively.

The procedure to locate an earthquake epicentre and origin time, that is time of initiating of
fault rupture, is as follows:

(a) Obtain seismogram records for a given observation site.

(b) Select the arrival time of the body waves on the record traces.

(c) Compute the time delay At in the arrival of P- and S-waves.

(d) Subtract the travel time A¢ from the arrival time at the observation site to obtain the origin
time.

(e) Use Egs. (1.3.1) or (1.3.2) to evaluate the distance Ax between the seismic station and
the epicentre. The use of either Egs. (1.3.1) or (1.3.2) depends on the data available for the
soil profile and approximation accepted.

(f) Draw a circle on a map around the station location (or centre) with a radius equal to Ax.
The curve plotted shows a series of possible locations for the earthquake epicentre.

(g) Repeat steps (a) to (f) for a second seismic station. A new circle is drawn; the latter inter-
sects the circle of the first station at two points.

(h) Repeat steps (a) to () for a third seismic station. It identifies which of the two previous
possible points is acceptable and corresponds to the earthquake source.

Errors are common in the above graphical method; hence the procedure becomes more
accurate with the increase in the number of measuring stations. In which case, the intersection
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Figure 1.11 Travel path mechanisms of surface waves: Love (a) and Rayleigh waves (b). (Adapted
from Bolt, 1999.)

will correspond to a small area containing the epicentre. In recent times, computer-based
techniques have been employed to enhance the accuracy in evaluating earthquake epicentral
locations (e.g. Lee et al., 2003).

Equations (1.3.1) and (1.3.2) may be employed to derive travel-time curves, that is plots of
the time seismic waves take to propagate from the earthquake source to each seismograph
station or ‘observation site’, as a function of the horizontal distance. The use of these curves
is twofold: estimating the Earth’s internal structure and seismic prospecting (extensively used
for underground structures). In particular, travel-time curves for earthquakes observed world-
wide have shown that S-waves cannot travel deeper than 2900 km (reference is also made to
Table 1.2). At this depth the medium has no rigidity and hence only P-waves can propagate
through it.

Surface waves propagate across the outer layers of the Earth’s crust. They are generated by
constructive interference of body waves travelling parallel to the ground surface and various
underlying boundaries. Surface waves include Love (indicated as ‘L- or LQ-waves’) and
Rayleigh (indicated as ‘R- or LR-waves’) waves. These waves induce generally large dis-
placements and hence are also called ‘principal motion’ (Kanai, 1983). They are most distinct
at distances further away from the earthquake source. Surface waves are most prominent in
shallow earthquakes while body waves are equally well represented in earthquakes at all
depths. Because of their long duration, surface waves are likely to cause severe damage to
structural systems during earthquakes.

LQ-waves are generated by constructive interference of SH body waves and hence cannot
travel across fluids. Their motion is horizontal and perpendicular to the direction of their
propagation, which is parallel to the Earth’s surface as illustrated pictorially in Figure 1.11.
LQ-waves have large amplitudes and long periods. LQ-waves of long period (60-300 seconds)
are also called ‘G-waves’, after Gutenberg (Richter, 1958). For these periods the waves travel
with a velocity of about 4.0 km/s and are pulse-like.

LR-waves are caused by constructive interference of body waves, such as P and SV. As they
pass by, particles of soil move in the form of a retrograde ellipse whose long axis is perpen-
dicular to the Earth’s surface (Figure 1.11). R-waves exhibit very large amplitude and regular
waveforms.

LR-waves are slower than S-waves. As an approximation, it may be assumed that the
velocity of LR-waves v, is given by the equation (Bolt, 1999):

Vig ®0.92vy (1.4)
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For a layered solid, LQ-wave velocity v, , generally obeys the following relationship:
Vg <Vig < Vg, (1.5)

with v, and v, the velocities of S-waves in the surface and deeper layers, respectively.

Surface waves are slower than body waves and LQ-waves are generally faster than
LR-waves. Moreover, the amplitudes of P- and S-waves show amplitudes linearly
decreasing with the increase in distance x, while the amplitude of surface waves attenuate
in inverse proportion to the square root of distance x. P-waves damp more rapidly than
S-waves; attenuations increase with the wave frequencies. Amplitude attenuation is
caused by the viscosity of the Earth’s crust; seismic waves also change in form during
their travel paths for the same reason (Kanai, 1983). Amplitudes and periods are of great
importance because they influence the energy content of seismic waves as discussed in
Section 1.2.

Body waves are reflected and refracted at interfaces between different layers of rock according
to Snell’s law of refraction. When reflection and refraction occur part of the energy of one type
is transformed in the other. Regardless of whether the incident wave is P or S, the reflected and
refracted waves, also termed ‘multiple phase waves’, each consist of P- and S-waves, such as PP,
SS, PS and SP. Their name indicates the travel path and mode of propagation (Reiter, 1990). For
example, SP starts as S and then continues as P. The phenomenon known as the ‘Moho bounce’
is due to the simultaneous arrival at the surface of direct S-waves and S-waves reflected by the
so-called ‘Mohorovicic discontinuity’ — or ‘Moho’ in short — at the boundary between the crust
and the underlying mantle in the internal structure of the Earth. The latter discontinuity may be
responsible for significant strong motions leading to damage far from the source as illustrated in
Section 1.2.1.

Multiple phase waves do not possess significant damage potential. However, when P- and
S-waves reach the ground surface they are reflected back. As a result, waves move upwards
and downwards. Such reflections may lead to significant local amplification of the shaking at
the surface. It has been shown that seismic waves are influenced by soil conditions and local
topography (e.g. Kramer, 1996), as further discussed in Section 1.3.2.

A final point worth noting about the various types of seismic waves is the likelihood of rota-
tory vibrations, also referred to as ‘progressive waves’, at ground surface. These waves occur
in addition to translational oscillations and are generated either when a plane wave is incident
obliquely to the ground surface or when surface waves are present. Progressive waves may
excite rocking and torsional vibrations especially in high-rise structures (Okamoto, 1984).
Rotatory earthquake motions are complex and not yet fully understood. They are subject to
active research.

Problem 1.2

Locate and mark on the map provided in Figure 1.12 the epicentre of an earthquake that
was recorded in Italy by three observation sites with a time delay between P- and S-waves
of 5.0, 7.5 and 6.0 seconds, respectively. The body wave velocities are 8.5 and 4.30 km/s;
it is up to the reader to determine which of these values refer to P- and S-waves. Compare
the results obtained by Eq. (1.3.1) with those estimated from Eq. (1.3.2).
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Figure 1.12 Map with the location of the seismological stations.

1.2 Measuring Earthquakes

Earthquake size is expressed in several ways. Qualitative or non-instrumental and quantitative
or instrumental measurements exist; the latter can be either based on regional calibrations
or applicable worldwide. Non-instrumental measurements are of great importance for pre-
instrumental events and are hence essential in the compilation of historical earthquake catalogues
for purposes of hazard analysis. For earthquakes that have been instrumentally recorded,
qualitative scales are complementary to the instrumental data. The assessment and use of histor-
ical records is not straightforward and may lead to incorrect results due to inevitable biases
(Ambraseys and Finkel, 1986). Moreover, the observation period during which data are
employed to determine future projections is an issue of great importance. For example, recent
studies (Ambraseys, 2006) indicate that for three active regions around the world, limiting the
catalogues used in hazard analysis to a short period of time may grossly overestimate or
underestimate the ensuing hazard. The over- and underestimation is a function of whether the
observation period was an exceptionally quiescent or energetic epoch. Seismograms recorded at
different epicentral distances are employed to determine origin time, epicentre, focal depth and
type of faulting — as discussed in Sections 1.1.2 and 1.1.3 — as well as to estimate the energy
released during an earthquake. Descriptive methods can also be used to establish earthquake-
induced damage and its spatial distribution. In so doing, intensity, magnitude and relevant scales
are utilised; these are outlined below.

1.2.1 Intensity

Intensity is a non-instrumental perceptibility measure of damage to structures, ground surface
effects, for example fractures, cracks and landslides illustrated in Section 1.4.2, and human
reactions to earthquake shaking. It is a descriptive method which has been traditionally used
to establish earthquake size, especially for pre-instrumental events. It is a subjective damage
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evaluation metric because of its qualitative nature, related to population density, familiarity
with earthquake and type of constructions.

Discrete scales are used to quantify seismic intensity; the levels are represented by Roman
numerals and each degree of intensity provides a qualitative description of earthquake
effects. Several intensity scales have been proposed worldwide. Early attempts at classi-
fying earthquake damage by intensity were carried out in Italy and Switzerland around the
late 1700s and early 1900s (Kanai, 1983). Some of these scales are still used in Europe
(alongside modern scales), the USA and Japan. Some of the most common intensity scales
are listed below:

(1) Mercalli-Cancani—Seiberg (MCS): 12-level scale used in Southern Europe.

(i1) Modified Mercalli (MM): 12-level scale proposed in 1931 by Wood and Neumann, who
adapted the MCS scale to the California data set. It is used in North America and several
other countries.

(iii) Medvedev—Sponheuer—Karnik (MSK): 12-level scale developed in Central and Eastern
Europe and used in several other countries.

(iv) European Macroseismic Scale (EMS): 12-level scale adopted since 1998 in Europe. It is
a development of the MM scale.

(v) Japanese Meteorological Agency (JMA): 7-level scale used in Japan. It has been revised
over the years and has recently been correlated to maximum horizontal acceleration of
the ground.

Descriptions of the above intensity scales can be found in several textbooks (Reiter, 1990;
Kramer, 1996; Lee et al., 2003, among many others). A comparison between MCS, MM,
MSK, EMS and JMA scales is provided in Figure 1.13. Intensity scales may include descrip-
tion of construction quality for structures in the exposed region. For example, the MM scale
specifies different damage levels depending on whether the structural system was poorly built
or badly designed (VII), ordinary substantial buildings (VIII) or structures built especially to
withstand earthquakes (IX). However, intensity scales do not account for local soil conditions
which may significantly affect the earthquake-induced damage and its distribution. Correlations
between earthquake source and path, on the one hand, and intensity measures on the other are
therefore highly inaccurate.

Intensity scales are used to plot contour lines of equal intensity or ‘isoseismals’.
Intensity maps provide approximate distributions of damage and the extent of ground
shaking. Maps of local site intensity include reports of all observation sites and whether
or not the strong motion was felt. For example, the isoseismal map of the 17 October 1989
Loma Prieta earthquake in California shown in Figure 1.14 locates the epicentre (marked
as a star) and provides MM intensities between isoseismals (Roman numerals), and MM
intensities at specific cities (Arabic numerals). The MM intensity of VIII was assigned to
an area of about 50 km long and 25 km wide. Significant ground motions were generated
at distances of several tens of kilometres from the earthquake source because of the
Moho bounce and the soft soil amplifications, described in Sections 1.1.3 and 1.3.2,
respectively.

Anomalous damage distributions may derive from the lack of populated areas in the neigh-
bourhood of the epicentral regions, the depth of soil, local site conditions and directivity
effects. Intensity value I at the epicentre, or ‘epicentral intensity’, is equal to the maximum
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Figure 1.13 Comparison between seismic intensity scales.

intensity /__felt during ground motion. However, for offshore earthquakes /I is recorded on
the coast and hence does not correspond to [ .

In some scales, for example JMA, the intensity of earthquakes can also be expressed by
the radius R of the felt area (Kanai, 1983). The relationship between R and the earthquake
classification is provided in Table 1.3. Epicentral regions in perceptible earthquakes experience
ground motions ranked not less than intensity V in the JMA scale.

It has been observed repeatedly that structures in the immediate vicinity of earthquake
sources experience very high ground accelerations but sustain little or no damage
(e.g. Elnashai et al., 1998). On the other hand, intensity is a measure of the perceptibility of
the earthquake and its actual consequential damage. Therefore, relating intensity to peak
ground acceleration is, in principle, illogical. However, the necessity of bridging the distance
between historical earthquake observations (based mainly on intensity) and code-defined
forces (based entirely on peak ground acceleration or displacement) warrants the efforts
expended in correlating the two measures. Attenuation relationships correlating intensity and
peak ground accelerations, which are presented in Section 3.3, do not reflect parameters
influencing earthquake damage potential other than intensity, for example site amplification
effects and directivity discussed in Sections 1.3.1 and 1.3.2. In addition, source characteris-
tics and mechanisms do not affect intensity scales. The measurement of earthquake size
should be based on the amount of energy released at the focus. Therefore, magnitude scales
have been defined as presented hereafter.
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Figure 1.14 Isoseismal map for 1989 Loma Prieta earthquake in California. (After Platker and
Galloway, 1989.)

Table 1.3 Earthquake intensity based on the radius

(R) of felt area.

Radius (km) Earthquake intensity
R <100 Local

100 < R <200 Small region

200 < R <300 Rather conspicuous

R >300 Conspicuous
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1.2.2  Magnitude

Magnitude is a quantitative measure of earthquake size and fault dimensions. It is based
on the maximum amplitudes of body or surface seismic waves. It is therefore an instru-
mental, quantitative and objective scale. The first attempts to define magnitude scales
were made in Japan by Wadati and in California by Richter in the 1930s. Several scales
exist. Many of these scales are frequency-dependent because they measure amplitudes of
seismic waves with different properties. Scales related directly to source parameters have
also been proposed. These do not depend on specific waves and hence are frequency-
independent. The most common magnitude scales are described herein:

(i) Local (or Richter) magnitude (M,): measures the maximum seismic wave amplitude
A (in microns) recorded on standard Wood—Anderson seismographs located at a distance
of 100 km from the earthquake epicentre. The standard Wood—Anderson seismograph
has anatural period of 0.8 seconds, a critical damping ratio of 0.8 and an amplification factor
of 2800. It amplifies waves with periods between approximately 0.5 and 1.5 seconds, that
is wavelengths of 500 m to 2 km. These waves are of particular interest for earthquake
engineers due to their potential to cause damage. Magnitude M, is related to A by the
following relationship:

M, zlog(A)—log(AO) (1.6)

where A is a calibration factor that depends on distance (Richter, 1958). The Richter
scale was calibrated assuming that magnitude M| = 3 corresponds to an earthquake
at a distance of 100 km with maximum amplitude of A = 1.0 mm. Indeed, log A = -3
for a distance D = 100 km. Earthquakes with M| greater than 5.5 cause significant
damage, while an earthquake of M, = 2 is the smallest event normally felt by
people.

(i) Body wave magnitude (m,): measures the amplitude of P-waves with a period of about
1.0 second, that is less than 10 km wavelengths. This scale is suitable for deep earth-
quakes which have few surface waves. Moreover, m, can measure distant events, for
example epicentral distances not less than 600 km. Furthermore, P-waves are not affected
by the depth of energy source. Magnitude m, is related to the amplitude A and period T of
P-waves as follows:

m, :log(%j+G(A) (1.7)

in which ¢(A) is a function of the epicentre distance A (in degrees). For example, if
A =45° then o = 6.80; other values can be found in the literature (e.g. Udias, 1999).

(iii) Surface wave magnitude (My): is a measure of the amplitudes of LR-waves with a
period of 20 seconds, that is wavelength of about 60 km, which are common for very
distant earthquakes, for example where the epicentre is located at more than 2000 km.
M, is used for large earthquakes. However, it cannot be used to characterise deep or
relatively small, regional earthquakes. This limitation is due to the characteristics of
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LR-waves as described in Section 1.1.3. The relationship between amplitude A, period
T, distance A and Mg is given by:

M = log[?j+l.66 log(A)+3.30 (1.8)

where A is measured in degrees, the ground motion amplitude in microns and the period
in seconds. Equation (1.8) is applicable for A > 15°.

Moment magnitude (M ): accounts for the mechanism of shear that takes place at earth-
quake sources. It is not related to any wavelength. As a result, M can be used to measure
the whole spectrum of ground motions. Moment magnitude is defined as a function of
the seismic moment M. This measures the extent of deformation at the earthquake source
and can be evaluated as follows:

M,=GAAu (1.9.1)

in which G is the shear modulus of the material surrounding the fault, A is the fault rup-
ture area and Au is the average slip between opposite sides of the fault. The modulus G
can be assumed to be 32 000 MPa in the crust and 75 000 MPa in the mantle. M_ is thus
given by:

M, =0.67log(M,)~10.70 (1.9.2)

where M is expressed in ergons.
chter magnitude M| exhibits several limitations. It is applicable only to small and shal-

low earthquakes in California and for epicentral distances less than 600 km. It is, therefore,
a regional (or local) scale, while m,, M and M, are worldwide scales. The main properties
of the above magnitude scales are summarised in Table 1.4. The mathematical definition of
magnitude implies that all the above scales have virtually no upper and lower bounds.

Table 1.4 Properties of major magnitude scales.

Scale Author Earthquake Earthquake Epicentre Reference  Applicability Saturation

type size depth distance parameter

M, Richter Small Shallow <600 km  Wave Regional v
(1936) amplitude (California)

m, Gutenberg  Small-to- Deep >1000 km Wave Worldwide v
and Richter medium amplitude
(1956a) (P-waves)

M, Gutenberg  Large Shallow >2000 km Wave Worldwide v
and Richter amplitude
(1936) (LR-waves)

M, Kanamori  All All All Seismic Worldwide n.a.
(1977) moment

n.a. = not applicable and v = saturation occurs.
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Notwithstanding, the upper bound is provided by strength of materials in the Earth’s crust
and the characteristics of the waves measured, while minimum values of magnitude that
may be recorded by sensitive seismographs are around —2. As a general guideline, earth-
quakes with magnitude between 4.5 and 5.5 can be defined as local, while large seismic
events generally have a magnitude 6.0-7.0. Great earthquakes are those with magnitude
larger than 7.0.

Other magnitude scales exist; they are usually based on maximum amplitudes A of certain
waves recorded by seismographs. The general correlation between magnitude M and A is as
follows (Reiter, 1990):

M =log(A)+ f(d.h)+Cs+Cy (1.10)

in which the function f(d,h) accounts for epicentral distance d and focal depth 4. The coeffi-
cients C¢ and C, are station and regional corrections, respectively. They are introduced to
account for local and regional effects.

Conversions between different magnitude scales can be performed using simple empirical
or semi-empirical relations. For example, the M,,, which is a long-period measurement
adopted by the JMA, is related to Richter magnitude M, (Kanai, 1983) by the relationship:

M, =2.0M, —9.7 (1.11)

where magnitude M, is expressed in ergons.

Earthquakes of different size and energy release may have the same magnitude. Typical
examples are the 1906 San Francisco (California) and the 1960 Chile earthquakes. Both events
showed M= 8.3. However, the fault rupture area in Chile was about 35 times greater than that
observed in California. Different fault rupture lengths correspond to different amounts of
energy released; moment magnitude accounts for the extent of fault rupture (Scholz, 1990).
The moment magnitude M is about 8 for the San Francisco fault while the Chile earthquake
has a moment magnitude M of 9.5. Magnitude scales do not increase monotonically with
earthquake size. This observation is known as ‘saturation’ and affects all scales which are
related to seismic waves of a particular period and wavelength, that is frequency-dependent
scales. Figure 1.15 shows a comparison between different magnitude scales. Saturation is
evident as M increases (M > 6.5). Another magnitude scale, m,, is included in the plot; m,
is a body wave scale measuring different types of body waves with periods between 1.0 and
10 seconds and is distinct from m,.

For values of magnitude of about 5.5, scales m, and M, coincide; for smaller earthquakes, for
example M| <5.5, m > M, while for large magnitude M > m,. Thus, surface wave magnitudes
underestimate the size of small earthquakes while they overestimate the size of large events.
Magnitudes m, and M, saturate at about 6.5 and 8.5, respectively. The Richter scale stops
increasing at M = 7.0. M does not suffer from saturation problems in the practical range of
magnitude, of 2 < M < 10. Therefore, it can be employed for all magnitudes. For shallow
earthquakes, Bolt (1999) suggests using M also referred to as ‘coda-length magnitude’, for
magnitudes less than 3, either M| or m, for magnitudes between 3 and 7 and M, for magnitudes
between 5 and 7.5. The 1994 Northridge earthquake has been ranked, for example as 6.4 in the
local magnitude scale M|, 6.6 in M and 6.7 in M (Broderick ef al., 1994). At these magnitudes,
the different scales provide similar values, as displayed, for example in Figure 1.15.
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Figure 1.15 Saturation of magnitude scales.

Earthquake magnitude can be used to quantify the amount of energy released during fault
ruptures. Energy propagating by seismic waves is proportional to the square root of amplitude—
period ratios. Magnitude is proportional to the logarithm of seismic energy E. A semi-empirical
relationship between surface wave magnitude Mg and E was formulated by Richter and
Gutenberg (Richter, 1958), and is given by:

log(E)=1.5Mg+11.8 (1.12)

where E is in ergons. As the magnitude increases by one unit, the energy increases by a factor
of 31.6 and the difference between two units of magnitude is a factor of 1000 on energy release.
Similarly, m and M, are related to seismic energy E by the following empirical relations:

log(E)=2.4m, —1.3 (1.13.1)
log(E)=1.5M +4.2 (1.13.2)

where E is expressed in joules (1 J = 107 ergs). Figure 1.16 indicates the correlation between
surface wave magnitude M and energy released during earthquakes and other events. The
number of earthquakes per year is also provided.

Seismic moment M, measures the energy E released by fault rupture during earthquakes
(Scholz, 1990). The following relationship is applicable to all source mechanisms:

AT

E=—
2G

M, (1.14)

where Az is the stress drop Az =7, — 7, and 7, and 7, and are the shear stresses on the fault before
and after brittle fracture occurs, respectively; G is the shear modulus of the material surrounding
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Energy release
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Figure 1.16 Correlation between magnitude and energy release. (After Bolt, 1999).

the fault as also shown in Eq. (1.9.1). For moderate-to-large earthquakes the mean values of Az
are equal to about 6.0 MPa. In the definition of M the stress drop is assumed constant.

Magnitude-moment relationships have been defined empirically for periods less than
20 seconds (Purcaru and Berckhemer, 1978), as below:

log(M,)=15Mg+16.1 (1.15)

and body wave magnitude m, can be related over a wide range to M, by the following
semi-empirical formula proposed by Gutenberg and Richter (see Richter, 1958):

m, =0.63M, +2.5 (1.16)

therefore, combining Egs. (1.15) and (1.16), seismic moment M can be related to body waves
m, and vice versa. Moreover, Figure 1.15 may be used when relationships between M and
magnitude scales other than m, and M, are sought.

Expressions correlating magnitude scales and fault rupture parameters can be found in the
literature (e.g. Tocher, 1958; Housner, 1965; Seed et al., 1969; Krinitzsky, 1974; Mark and
Bonilla, 1977). For example, Bonilla e al. (1984) computed M, as a function of the fault
rupture length L:

Mg (L)=6.04+0.71 log(L) (1.17.1)

where the length is in kilometres. Equation (1.17.1), which is applicable for M > 6.7, is based
on mean values, while the 95th percentile is given as follows:

M* = M (L)+0.52 (1.17.2)
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Table 1.5 Values of coefficients in Eq. (1.18).

Fault mechanism a b

Normal 6.67 0.75
Reverse 6.79 1.31
Strike-slip 6.97 0.80

Surface wave magnitude M has also been related to the maximum observed displacement of
fault D. Empirical relationships are provided as a function of the fault rupture mechanism
(Slemmons, 1977), as shown below:

Mg =a+blog(D) (1.18)

where the displacement D is in metres, while coefficients a and b are given in Table 1.5.
Similarly, Wyss (1979) proposed a relationship between the fault surface rupture S and
surface magnitude M, given by:

My =4.15+1og(S) (1.19)

in which the area S should be expressed in square kilometres. Equation (1.19) is applicable for
M, >5.6.

In some regions, correlations as given above are of little value since many of the important
geological features can be deeply buried by weathered materials. Results of studies by Wells
and Coppersmith (1994) are outlined in Table 1.6 for different types of fault mechanisms, that
is strike slip, reverse and normal. It was observed that large scatter may characterise the
relationship between moment magnitude M and surface rupture length L (in kilometres),
the subsurface rupture length L’ (in kilometres), the rupture area A (in square kilometres), the
downdip rupture width W (in kilometres, the maximum D and the average D surface displace-
ment (in metres), especially for reverse-slip earthquakes.

Equations (1.17.1) and (1.17.2) and those in Table 1.6 are valid for earthquakes on or closer
to tectonic place boundaries (inter-plate earthquakes). For earthquakes distant from plate
boundaries (intra-plates events), such as the New Madrid seismic zone, a study by Nuttli
(1983) showed that the latter equations may overestimate fault rupture lengths. Average source
parameters and relevant magnitude scales are summarised in Table 1.7.

Differences between the values predicted by Eq. (1.17.1) and those provided in Table 1.7
drop as the rupture length increases. For short rupture lengths, for example 2—5 km, the vari-
ations exceed 50%, while for longer fault ruptures the differences are between 10% and 20%.

1.2.3  Intensity—Magnitude Relationships

Intensity—magnitude relationships are essential for the use of historical earthquakes for which
no instrumental records exist. Several simple methods to convert intensity into magnitude
have been proposed (e.g. Lee et al., 2003); most of which exhibit large scatter because of the
inevitable bias present in the definition of intensity (Ambraseys and Melville, 1982). Gutenberg
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Table 1.6 Empirical relationships between moment magnitude M_, surface rupture length L (km),
subsurface rupture length L’ (km), rupture area A (km?), maximum D and average D surface
displacement, in metres.

Fault Relationship o, Relationship Ol LAD Magnitude Length/width/
mechanism " range displacement
range (km)

Strike slip M, =5.16+1.121ogL. 028 logL=0.74M, -3.55 023  5.6-8.1 1.3-432
Reverse M, =5.00+122logL (.28 logL=0.63M -2.86 020 54-7.4 3.3-85
Normal M, =486+132logL (.34 logL=050M_-201 021 52-73 2.5-41
All M, =508+1.16logL 028 logL=0.69M,-3.22 022 52-8.1 1.3-432
Strike-slip M, =4.33+1.491logL’ 0.24 logL'=0.62M,-257 0.15 4.8-8.1 1.5-350
Reverse ~ M, =449+1491ogL’ 0.26 logL=0.58M,-242 0.16 48-76  1.1-80
Normal ~ M, =4.34+1.54logl’ 031 logLl'=050M, -188 0.17 52-7.3 3.8-63
All M, =438+149logL’ 026 logL'=0.59M_ -244 0.16 4.8-8.1 1.1=350
Strike-slip M, =3.98+1.02logA 023 logA=090M,-342 022 48-79  3-5184
Reverse ~ M, =433+090logA 025 logA=098M -399 026 4.8-7.6 2.2-2400
Normal M, =393+1.021ogA 0.25 logA=082M,-287 022 52-73 19-900
All M, =407+098logA 024 logA=091M_-349 024 48-79 2.2-5184
Strike-slip M, =3.80+2.591ogW 045 logW=027M_ -0.76 045  4.8-8.1 1.5-350
Reverse M, =437+1.95logW 032 logW=041M,-1.61 032 48-7.6 1.1-80
Normal M, =4.04+2.11logW 031 logW=035M,-1.14 031  52-7.3 3.8-63
All Mw :4.06+2.2510gW 041 1OgW:0.32Mw -1.01 041 4.8-8.1 1.5-350
Strike-slip M, =6.81+0.78logD 0.29 logD=1.03M_ -7.03 034 5.6-8.1 0.01-14.6
Reverse* M, =6.52+0.44logD (.52 logD=029M_-184 042 54-74 0.11-6.5
Normal M, =6.61+0.7llogD 0.34 logD=0.389M -590 038 52-7.3 0.06-6.1
All M, =6.69+0.74logD 040 logD=0.82M -546 042 52-8.1 0.01-14.6
Strike-slip M, =7.04+0.89logD 028 logD=090M,6—-632 028  5.6-8.1 0.05-8.0
Reverse® M, =6.64+0.13logD (.50 logD=0.08M,—-0.74 038 5.8-7.4 0.06-1.5
Normal M, =6.78+0.65logD (33 logD=0.63M-445 033  6.0-7.3 0.08-2.1
All M, =6.93+0.82logD 039 logD=0.69M,-480 036 5.6-8.1 0.05-8.0

*Regression relationships are not statistically significant at a 95% probability level.
After Wells and Coppersmith (1994).

and Richter (1956) proposed a linear relationship between local magnitude M, and epicentral
intensity /, for southern California, given by:

M, =0.671,+1.00 (1.20)

in which the intensity /; is expressed in the MM scale. The above equation shows, for example,
that the epicentral intensity /, of VI corresponds to M, = 5.02 indicating that the earthquake is
likely to cause significant damage.
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Table 1.7 Average source parameters for mid-plate earthquakes.

Rupture length (km) Slip (m) m M log M, (dyne-cm)

b S
2.1 0.01 4.5 3.35 222
3.8 0.03 5.0 4.35 232
7.0 0.11 5.5 5.35 242
13.0 0.34 6.0 6.35 252
24.0 1.10 6.5 7.35 26.2
45.0 3.70 7.0 8.32 272
58.0 5.80 72 8.53 27.6
75.0 9.20 7.4 8.87 28.0
85.0 11.50 7.5 9.00 28.2

After Nuttli (1983).

Street and Turcotte (1977) related m, magnitude to the intensity /, (in the MM scale)
as follows:

m, =0.491, +1.66 (1.21)

which is useful in converting earthquake data in the central and eastern USA. Equation
(1.21) relates an intensity of VI in the MM scale to a magnitude m, of 4.60, which contra-
dicts the observation that M, should be systematically lower than m, for short-period waves,
as discussed in Section 1.2.2. This contradiction may be due to different rates of earthquake
occurrence in various regions of the USA (Reiter, 1990). It also demonstrates that values
obtained from intensity—magnitude relationships should be subject to engineering
judgement. Regression analyses carried out on magnitudes predicted by Eqs. (1.20) and
(1.21) and values measured for the same events have in many instances indicated poor
statistical correlations. For example, correlation coefficients as low as ~0.5 are obtained
when comparing earthquakes which occurred between the 1930s and 1970s in Quebec
(Canada) and some regions of the USA, such as Illinois and New York (Reiter, 1990). As a
result, several other methods have been proposed in an attempt to correlate intensity and
magnitude scales. These formulations have been based on different intensity-related param-
eters, such as the felt area, the area inscribed by intensity IV isoseismals and the fall-off of
intensity with distance.

Intensity—magnitude relationships were proposed by Ambraseys (1985, 1989) for European
regions as follows:

Mg =-1.10+0.621,+1.30-10" r, +1.62log(r,) (1.22.1)

which is applicable for northwest Europe, and

Mg =-0.90+0.581, +1.10-107 . +2.111og( . (1.22.2)

for the Alpine zone, where [, is the MM intensity of the ith isoseismal and r, is the radius of
equivalent area enclosed by the ith isoseismal, in kilometres.
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Local geological conditions and focal depths can significantly affect the intensity of earthquake
ground motion. Semi-empirical formulations accounting for focal depths are available (e.g. Kanai,
1983). Sponheuer (1960) proposed to calculate M from the epicentral intensity /, as follows:

M, =0.661, +1.701og(h)~1.40 (1.23)

where the focal depth £ is in kilometres and the intensity / is in the MM scale.

Attenuation relationships (relationships between a ground-shaking parameter, magnitude,
distance and soil condition) for different ground-motion parameters can be derived from
intensity and magnitude; they may account for distance, travel path and site effects. The most
common attenuation relationships formulated for active seismic regions worldwide are
presented in Section 3.3.

Problem 1.3

Calculate the surface wave magnitude M, for an earthquake with 7, - of VII, in an area that
can be approximated by a circle with radius 20 km for a site at the borders of the given
isoseismal. This site is located in the western United States but you may use Eq. (1.22.1).
Compare the ensuing value with the estimations from relationships with other magnitude
scales. Calculate the fault surface displacements. Assume that the earthquake mechanism
is normal faulting.

1.3 Source-to-Site Effects

The characteristics of seismic waves are altered as they travel from the source to the site of civil
engineering works, due to wave dispersion at geological interfaces, damping and changes in the
wavefront shape. The latter are referred to as ‘distance and travel path effects’. Moreover, local
site conditions may affect significantly the amplitude of earthquake ground motions; these
are known as ‘site effects’. Non-linearity of soil response and topographical effects may also
influence ground-motion parameters (Silva, 1988) as shown in Table 1.8. For example, during
the 26 September 1997 Umbria-Marche (Italy) earthquake, significant site amplification was
observed even at large distances from the epicentre (Sano and Pugliese, 1999). Due to the geo-
morphological conditions in the epicentral area, located in the Apennines, local soil amplifications
related both to topographical and basin effects were present. During the long aftershock sequence,
a temporary strong-motion array was installed in the area where major damage took place. Some
instruments were deployed on different geological and morphological soil conditions in two
towns, Cesi and Sellano, to investigate the considerable localisation in the observed damage.
Field investigations were also carried out to assess the geological profiles across strong-motion
sites. The recordings confirmed the importance of site characteristics in the distribution of
damage at sites very close to one another. Large amplification at the basin border of the Cesi site
and an important three-dimensional effect at the site in Sellano were observed.

It has been demonstrated that the most important topographical parameter influencing local
amplification of ground motion is the steepness of the ridge (Finn, 1991). Displacement
amplifications at the crest of a triangular-shaped hill are equal to 2/v, where v is estimated
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Table 1.8 Effects of topographic and subsurface irregularities.

Structure Influencing Effect Quantitative Predictability
factors
Surface Sensitive to Amplification Ranges up to a Poor: generally
topography shape ratio, at top of factor of 30 but under-predict size;
largest for ratio structure, rapid generally about may be due to
between 0.2 and changes in 2-20 ridge-ridge
0.6 amplitude interaction and
phase along three-dimensional
slopes effects
Shallow and Effects most Broadband One-dimensional Good: away from
wide (depth/ pronounced near  amplification models may edges one
width < 0.25) edges; largely near edges due under-predict at dimension works

sediment-filled
valleys

Deep and
narrow (depth/
width > 0.25)
sediment-filled
valleys

vertically
propagating
shear waves
away from edges
Effects
throughout
valley width

to generation of
surface waves

Broadband

amplification
across valley
due to whole
valley modes

higher frequencies
by about 2 near
edges

One-dimensional
models may
under-predict for a
wide bandwidth by
about 2—4; resonant
frequencies shifted
from one-
dimensional
analysis

well, near edges
extend one
dimension to
higher frequencies
Fair: given
detailed
description of
vertical and lateral
changes in
material properties

Adapted from Silva (1988).

from the angle formed by the ridges, that is z. Consequently, as the ridge becomes steeper the
displacement amplification increases. Measured amplification at hill crests with respect to the
base ranges between 2 and 20. The latter values are higher than those predicted analytically
(generally between 2 and 4) because of the significant influence of both ridge-to-ridge inter-
action and three-dimensional effects, as, for example those observed in the town of Sellano
during the 1997 Umbria-Marche (Italy) earthquake.

An exhaustive discussion of distance, travel path and site effects from seismological and
geotechnical standpoints can be found in Reiter (1990) and Kramer (1996), respectively.
Hereafter, directional effects, site amplification, dispersion and incoherence and their effects
on structural response are outlined.

1.3.1 Directional Effects

Earthquakes of small magnitude are frequently generated by sources that may be represented
by a point, since the fault rupture extends only a few kilometres. Conversely, for large earth-
quakes, fault rupture traces can be a few hundred kilometres long. In the latter case, seismic
wave radiation is influenced by the source dimensions. Earthquake stress waves propagate in
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Figure 1.17 Directivity effects on sites towards and away from direction of fault rupture. (Adapted
from Singh, 1985.)

the direction of faulting more intensely than in other directions. This affects the distribution
of shaking intensity and hence the distribution of ground-motion parameters and consequently
damage distribution. For example, waves propagate away from the fault rupture with different
intensity along different directions; this observation is referred to as ‘directivity’. Benioff
(1955) and Ben-Menachem (1961) demonstrated that such directivity can lead to azimuthal
differences in ground motions. Directivity occurs because fault ruptures are moving wave
sources which travel at a finite velocity along the fault. The engineering implication of such
directivity effects is that sites which are equidistant from the source will be subjected to
varying degrees of shaking from the same earthquake, thus casting doubt over the concept of
distance-based attenuation relationships discussed in Section 3.3. In Figure 1.17 a pictorial
representation of directivity effects on ground motions at sites in the direction of, and away
from, fault rupture is given. As the fault rupture (or earthquake source) moves away from the
epicentre it generates ground motion from each segment of the breaking fault. The ground
motion radiates outward in all directions and the seismic energy propagates through expand-
ing wavefronts.

The overriding of stress waves or ‘constructive interference’ results in larger ground-
motion magnification with shorter total duration in the direction of rupture propagation.
Lower amplitude motions and longer total duration are exhibited in the opposite direction.
This effect increases as the velocity of the fault rupture reaches the speed of seismic waves
and as the angle between the point of observation (e.g. the recording station and
construction site) and the direction of rupture propagation is reduced. Constructive inter-
ference, which is in essence a Doppler effect, generates strong pulses of large displace-
ment or ‘fling’ at nearby sites towards which the fault rupture is progressing (Singh, 1985;
Somerville et al., 1997), for example towards the left in Figure 1.17. Rupture directivity
also causes the polarisation of ground motion, that is differences between the fault-normal
and fault-parallel components of horizontal ground-motion amplitudes (Stewart et al.,
2001). This polarisation causes more intense shaking in the fault-normal direction than in
the fault-parallel direction. Where sufficient information exists, directivity effects should
be taken into account in estimating earthquake design parameters. Directivity or focusing
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of seismic energy caused severe damage to residential buildings and transportation
systems in urban areas during the 1994 Northridge and 1995 Kobe earthquakes (Broderick
et al., 1994; AlJ, 1995). Damage to structures during past earthquakes is illustrated in
detail in Appendix B.

1.3.2  Site Effects

The characteristics of the site affect the frequency and duration of earthquake ground motions.
Structures founded on rock will, in general, be subjected to short-period (high-frequency)
motion, while soft sites result in longer period (low-frequency) excitation. The ratio between
the period of the site and that of the building is important in estimating the amplification
effects; this is known as the ‘site resonance effect’. Resonance is a frequency-dependent
phenomenon. The site period T for uniform single soil layer on bedrock can be estimated
from the relationship:

T, ="~ (1.24.1)

where T is in seconds, H and v are the depth of soil layer (in metres) and soil shear wave
velocity (in m/s), respectively. The shear wave velocity v, of the soil layer is a function of
the soil type and the depth of the deposit. The average values given in Table 1.9 may be
used with Eq. (1.24.1); the latter equation provides the natural period of vibration of a
single homogeneous soil layer. Periods associated with higher modes can be determined
as follows:

14
S 2n—1 v

(1.24.2)

in which n represents the nth mode of vibration (n > 1).

Table 1.9 Shear wave velocities for foundation materials (in m/s).

Material (type) Depth, H (in metres)
1<H<6 T<H<15 H=>15

Loose saturated sand 60 — —
Sandy clay 100 250 —
Fine saturated sand 110 — —
Clay/sand mix 140 — —
Dense sand 160 — —
Gravel with stone 180 — —
Medium gravel 200 — —
Clayey sand with gravel — 330 —
Medium gravel — — 780

Hard sandstone — — 1200
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In alluvial surface layers vibrations are amplified due to multi-reflection effects. The ratio
of the amplitude a,at the ground surface to the amplitude at the lower boundary layer (bedrock)
a, is given by (Okamoto, 1984):

ao

a,

2
= [cos2 ﬂﬂxz sin’ ﬂj (1.24.3)
v v

S S

in which @ is the natural circular frequency of the soil layer and «a is the wave-propagation
impedance given by:

_ psvs

= (1.24.4)
Py Vp

where p and v are the density and velocity of the surface layer (subscript s) and lower layer
(subscript b), respectively.

The response of elastic layers of soil of finite depth H and varying shear rigidity G to earth-
quake ground motions was first investigated analytically by Ambraseys (1959). Auto-frequencies
of the overburden were derived when the rigidity of the material G varies with depth. The latter
is often encountered in practical applications in comparatively thin superficial weathered layers
of soil or in desiccated soils in arid climates. Surface compaction may also produce a decrease
in rigidity with depth. It was demonstrated that a good approximation of the periods of vibration
can be obtained by considering the rigidity ratio k equal to the mean value G of shear modulus
at the surface G and at the bedrock G, and utilising the following relationship:

566 H k

T, =22 2 &
U 2n—1vg 14k

(1.25.1)

where 7 is the nth mode of vibration (n > 1), v_ the shear wave velocity near the surface of the
layer of height H. The constant of rigidity is given by:

(1.25.2)

bl
I
BIEY

The expression in Eq. (1.25.1) holds within less than 6.0% of the true frequencies for small
values of the rigidity ratio, that is k < 1.5-2.0. Alternatively, for layers of linearly increasing
rigidity, the periods of layers of constant rigidity (as per Eqgs. (1.24.1) and (1.24.2)) can be
reduced through the factors provided in Table 1.10. Periods of vibrations of layers with
uniform rigidity are always higher than those corresponding to a layer of linearly increasing
rigidity. The listed correction factors are given for the first six modes of vibration and may be
used to estimate site periods.

An example of significant site amplifications was observed in the 1985 Mexico City
earthquake. On 19 September 1985 an earthquake of magnitude M = 8.1 struck the Mexican
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Table 1.10 Reduction factors (in %) for period of elastic soil layers with uniform rigidity.

GJ/G Mode (n)

1st 2nd 3rd 4th 5th 6th
1.00 0.0 0.0 0.0 0.0 0.0 0.0
1.10 34 2.5 24 2.3 2.1 2.0
1.21 6.6 5.0 4.9 4.6 4.6 4.6
1.32 9.5 7.5 7.1 7.0 6.9 6.9
1.56 15.0 11.7 11.3 11.1 11.1 11.0
1.96 22.0 17.2 17.0 16.7 16.6 16.6
2.25 28.7 20.8 20.3 20.0 20.0 20.0
4.00 41.7 34.6 34.0 33.6 33.5 334
9.00 59.1 51.6 50.6 50.4 50.2 50.1
25.00 74.6 68.5 67.3 67.1 66.8 66.8

After Ambraseys (1959).

capital and caused widespread structural damage especially downtown, as shown in damage
pictures in Appendix B. More than 10 000 people were killed. Downtown Mexico City is
built on sediments from an ancient 40-m-thick soft layer of lake deposits. The average shear
wave velocity of the soil layer is about 80 m/s and hence the resonant period T computed
from Eqs. (1.24.1) and (1.24.2) is about 2.0 seconds (0.5 Hz). Medium-to-high rise buildings
with 5-to-15 storeys were particularly susceptible to damage (e.g. Osteraas and Krawinkler,
1990). These structures exhibit fundamental periods close to the resonant value 7. Site
amplifications also caused several structural collapses during the 1994 Northridge earth-
quake, in California (Broderick et al., 1994).

It is recommended that the ratio between the building and site periods be as distinct from
unity as possible. In estimating the period of the site, assessment of the deep geology, not
only the surface soil condition, is crucial. Higher vibration modes of the site should
be checked with respect to the predominant response periods of the structure under
consideration.

The nature of soil response in earthquakes depends on the amplitude and duration of
motion. High-amplitude motion tends to cause inelasticity in the soil. Long-duration
shaking increases the susceptibility to liquefaction of saturated and partially saturated soils.
When the soil responds elastically, the observed motions at the surface are amplified pro-
portional to the input ground motion. On the other hand, for inelastic response, the soil
absorbs large amounts of the energy corresponding to large amplitude of ground motions.
Therefore, in general, large earthquake vibrations travelling through inelastic media will
exhibit lower accelerations (relative to small magnitude earthquakes) and large displace-
ments, corresponding to long periods. The displacement demand on structural systems is
thus increased, especially on medium- and long-period structures, such as high-rise multi-
storey buildings and long-span bridges. Long-duration shaking applies a large number of
cycles that may cause a significant increase in pore water pressure leading to total loss of
cohesion in soils that then turn into a liquid. This is referred to as liquefaction (e.g. Kramer,
1996, among others).
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1.3.3 Dispersion and Incoherence

Earthquake ground motion may exhibit spatial variability on regional and local levels. Large-
scale effects are described mathematically by attenuation relationships which are presented in
Section 3.3. Herein, two strong-motion characteristics associated with local spatial variations,
that is ‘dispersion’ and ‘incoherence’, are discussed primarily from a physical, as opposed to
a mathematical, point of view.

Dispersion and incoherence may be caused by several factors. They can be thought of as the
result of the combination of three basic effects as shown in Figure 1.18 and summarised below
(Abrahamson, 1991):

(1) Wave passage effect: represents the time delay in the arrival of seismic waves on the
ground surface at different stations or sites. This effect is due to the finite travelling
velocity of seismic waves through media (see Section 1.1.3).

(i1) Extended source effect: number and size of earthquake sources affecting the seismicity at
a site may cause delays in the arrival time of waves. This time lag generates different
motions at different points.

(i) Ray path effect (or scattering effect): caused by reflection and refraction of waves through
the soil during their propagation, inhomogeneities of soil layers and other differences in
local soil conditions under the various stations.

Spatial variability of earthquakes can be described mathematically either in the time domain
(generally by auto-covariance and cross-covariance) or frequency domain (by coherency
functions). It is beyond the scope of this chapter to discuss analytical techniques employed to
define dispersion and incoherence. The reader may consult one of the textbooks which deal
specifically with random vibrations in earthquake engineering (e.g. Manolis and Koliopoulos,
2001, among others). It is noteworthy that ground motions recorded by dense arrays in several
regions worldwide, for example USA, Japan and Taiwan, have shown coherency decreases
with increasing distance between measuring points and increasing frequency of motion (e.g.
Clough and Penzien, 1993; Kramer, 1996). The coherency of two ground motions is a measure
of correlation of amplitudes and phase angles at different frequencies. Incoherence (or loss of
coherence) is strongly frequency-dependent (Luco and Wong, 1986). The coherence factor or
absolute value of coherency is a measure of the incoherence. More significant effects are
observed at higher frequencies: for frequencies lower than 1.0-2.0 Hz (periods T of 0.5-1.0
seconds) the loss of coherence can be ignored (coherence factor is close to 1.0). Coherence

@ 1 2 3 ® 1 2 3 ©)
.z 1 2 3
/ W, e Heterogeneity
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Epicenter
Fault
- - e Seismic source
Plan view

Figure 1.18 Sources of local spatial variability of ground motions: wave passage effect (a), extended
source effect (b) and ray path effects (c).
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Figure 1.19 Structural systems with different natural periods of vibration.

starts to decrease significantly for higher frequencies. For frequencies higher than 5 Hz (T less
than 0.2 seconds) the coherence factor is reduced by more than 40-50%. Several expressions
for smooth coherence functions have been proposed for design purposes (e.g. Luco and Wong,
1986; Haricharan and Vanmarcke, 1986; Abrahamson, 1991; Oliveira et al., 1991 Somerville
et al., 1991; Der Kiureghian, 1996). These relationships typically depend on the separation
distance and frequency.

Dispersion and incoherence of earthquake ground motions do not generally affect short-
span structures, such as buildings, but they may significantly influence the dynamic response
of long-span structures, for example medium- to long-span bridges, stadiums and pipelines
that extend over considerable distances. Significant spatial variability may often occur when-
ever the large plan dimensions are combined with irregularities in the soil profile along the
travel path. For long distances and rather stiff structures totally uncorrelated ground motions
with appropriate frequency content should be considered. Loss of coherence can be ignored in
all the other cases, although time delay should always be accounted for.

Problem 1.4

What is the natural period of a layered soil with medium gravel of depth 40 m? Is it safe to
build a multi-storey framed building with fundamental period of vibration equal to 1.5 sec-
onds, as that displayed in Figure 1.19, on a site with the above soil type? Is this site more

suitable for a particular type of structure shown in Figure 1.19?

1.4 Effects of Earthquakes

Comprehensive regional earthquake impact assessment requires an interdisciplinary framework
that encompasses the definition of the hazard event, physical damage and social and economic
consequences. Such an integrated framework may provide the most credible estimates with
associated uncertainty that can stand scientific and political scrutiny. Physical damage should
be evaluated for the building stocks, lifeline systems, transportation networks and critical facil-
ities. Short- and long-term effects should be considered in quantifying social and economic
consequences. Figure 1.20 provides an overview of causes and effects of natural disasters.

The fundamental components of earthquake loss assessment are (i) hazard, (ii) inventory
and (iii) vulnerability or fragility, as depicted in Figure 1.21. Seismic risk is the product of
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Figure 1.20 Correlation between typical hazard events and social and economic consequences.
(Courtesy of Steve French.)

hazard and vulnerability for a unit value of assets. Hazard or exposure is the description of the
earthquake ground motion. In this book, the hazard is described in general in this opening
chapter while detailed characterisation of the earthquake input motion is given in Chapter 3.
Inventory comprises the assets that are subjected to the hazard; thus, it is a count of the exposed
systems and their value. Inventory issues and technologies are beyond the scope of this book.
Vulnerability or fragility is the sensitivity of the assets to damage from intensity of ground
shaking. The vulnerability of structural systems is addressed conceptually in Chapter 2 and in
a detailed manner in Chapters 4 and 5. From an earthquake engineer’s perspective, hazard can
be quantified but not reduced. Vulnerability can be both evaluated and reduced, by measures
of retrofitting for example. Vulnerability can also be reduced by other means, such as long-
term land-use management and education. Obtaining accurate inventories of exposed assets
and their values remains a significant challenge that requires not only technical tools, but also
political will and national commitment, especially in regions where private industry holds
large inventory data sets that are not in the public domain.

Earthquakes can cause devastating effects in terms of loss of life and livelihood. The
destructive potential of earthquakes depends on many factors. The size of an event (expressed
by either intensity or magnitude as described in Sections 1.2.1 and 1.2.2), focal depth and
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Figure 1.21 Basic components for earthquake loss estimations.

epicentral distance, topographical conditions and local geology are important earthquake
characteristics. However, the causes of fatalities and extent of damage depend to a great extent
on the type of constructions and the density of population present in the area. Earthquakes
exact a heavy toll on all aspects of exposed societal systems. They can have several direct and
indirect effects as shown in Figure 1.22.

Ground shaking is by far the most important hazard resulting from earthquakes, with some
exceptions (e.g. the Asian tsunami of 26 December 2004 with about 280 000 people killed).
Structural damage, which is a feature of the primary vertical and lateral load-resisting sys-
tems, may vary between light damage and collapse. Non-structural damage consists of the
failure or malfunctioning of architectural, mechanical and electrical systems and components
within a building. Non-structural damage may lead to large financial losses as well as pose
significant risk to life. Further details on non-structural damage can be found, for example
in ATC (1998) and the reconnaissance reports published in the aftermath of damaging
earthquakes.
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Figure 1.22 Direct and indirect earthquake effects.

1.4.1 Damage to Buildings and Lifelines

Extensive structural damage is suffered by buildings, bridges, highways and other lifelines
during earthquakes. Seismic vulnerability of structures varies as a function of construction
materials and earthquake action-resisting system employed. Typical damage to masonry,
reinforced concrete (RC), steel and composite (steel-concrete) buildings is summarised in
Table 1.11. Damage is classified under the categories of structural members, connections
and systems. It should be noted that in some cases a pattern of damage is common to
different structural members. For example, shear failure may occur in RC beams and
columns. Moreover, local buckling may affect steel beams, columns and braces. Several
examples of damage to buildings and bridges are provided in Appendix B, which also con-
tains a detailed discussion of common structural deficiencies observed for steel, concrete
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Table 1.11 Typical damage to building structures.

Masonry and RC Steel and composite
Structural Observed damage Structural Observed damage
element/system element/system
Beams Shear failure, concrete cover Beams Flange and web yielding,
spalling, reinforcing bar local buckling, brittle
buckling fracture
Columns Cracking, crushing, concrete Columns Flange yielding, local
cover spalling, reinforcing buckling, brittle fracture,
bar buckling and pull-out, splice failure, member
flexural and shear failure, buckling
short column effect
Connections Cracking, crushing, Braces Local and member
reinforcing bar buckling and buckling, brittle fracture
pull-out, shear failure
Structural walls X-shaped cracks, crushing, Connections Yielding, local buckling,
and infills reinforcing bar buckling, brittle fracture, weld
overturning, rocking, sliding cracks, excessive panel
deformations, bolt
rupture
Foundations Settlement, reinforcing bar Foundations Bolt anchorage rupture,
pull-out, rocking, sliding, weld cracks and fracture,
uplifting pull-out, excessive base
plate deformations
Frames Soft and weak storeys, Frames Soft and weak storeys,
excessive residual excessive residual
deformations, distress in deformations, distress in
diaphragms and connectors, diaphragms and
pounding, rocking, uplifting, connectors, pounding,
fall of parapets and brick uplifting
chimneys

and masonry systems. Timber structures have been used extensively especially in Japan,
New Zealand and the USA. They include both older non-engineered single-storey family
residences and newer two-to-three storey apartment and condominium buildings. Wood-
framed buildings are inherently lightweight and flexible; both features are advantageous
under earthquake loading conditions (Ambrose and Vergun, 1999). Low-to-medium rise
wood buildings, however, have been affected by structural damage during large earth-
quakes (Bertero, 2000). Observed damage consists of cracking in interior walls and
brick chimneys, cracking and collapse of brick veneer on exterior walls. Wooden con-
structions have often experienced failures similar to those of masonry buildings. Indeed,
several partial or total collapses are due to soft and weak storeys, insufficient lateral
bracing and inadequate ties and connections between the components of the building.
Inadequate foundation anchorage led to uplifting and sliding in many cases during
recent earthquakes in California (e.g. Baker et al., 1989; Andreason and Rose, 1994,
among others).
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Figure 1.23 Tilting of oxygen tanks (a) and brittle fracture of circuit breaker (b) during the 1999 Izmit
(Turkey) earthquake. (Courtesy of A.S. Whittaker.)

Lifelines are those services that are vital to the health and safety of communities and the
functioning of urban and industrial regions. These include electric power, gas, water and
wastewater systems. Infrastructures, such as transportation systems (highways and rail-
ways), bridges, ports and airports are also classified as lifelines. Damage to lifelines
imposes devastating economic effects on the community. Their seismic performance affects
emergency response, short-term and long-term recovery. Broken gas and power lines are
serious threats to safety, largely because of risk of fire and explosions. The lack of water
also inhibits fire-fighting efforts. Leaks and rupture of wastewater systems may lead to
toxic contamination. For example, during the 1995 Kobe earthquake, the destruction of
lifelines and utilities made it impossible for fire-fighters to reach fires started by broken
gas lines (Bukowski and Scawthorn, 1995; Elnashai ef al., 1995; Scawthorn et al., 2005).
Large sections of the city burned, greatly contributing to the loss of life. Examples of
damage to fuel tanks and electrical power systems are displayed in Figure 1.23. Tilting and
‘elephant foot” buckling are common failure modes of fluid-holding steel tanks, while
brittle fractures are generally observed in substations, which receive and distribute energy
to large urban areas. The major causes of outages during past earthquakes were the cata-
strophic failures of circuit breakers, transformer bushings and disconnected switches at
substations. Major damage to lifelines observed during recent earthquakes is summarised
in Table 1.12.

The list of types of damage in Table 1.12 is indicative rather than exhaustive, given the
variety and complexity of lifeline systems, which are beyond the scope of this book. Several
textbooks and manuals that specialise in this subject are available (e.g. Okamoto, 1984;
Taylor et al., 1998 and VanMarcke, 2002; among others). Reconnaissance reports of damage
to lifelines are published by the Earthquake Engineering Research Institute on the Internet
(http:\\www.eeri.org).

1.4.2  Effects on the Ground

Analysis of earthquake-induced damage indicates that ground effects are a serious contributor
to damage of the built environment. Local geology and topography influence the travel path
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Table 1.12 Typical damage to lifelines.

Highways and railways

Gas and electric power

Water and waste
systems

Communication
systems

Bending and shear
failure of RC piers

Local and overall
buckling of steel and
composite piers. Brittle
fracture of welded
components

Pounding and
unseating at hinge seats
and deck supports
Cracks, large gaps and

Cracks and ruptures in
the network

Brittle fracture to
porcelain components
in high-voltage
transmission stations
and substations
Damage to switching
systems, cranes and
tanks in power plants
Disruptions of electric

Breakage of
pipelines and
leakages in the
network

Sloshing and suction
damage in metal
storage tanks

Elephant foot and
shell buckling in
metal tanks

Cracks and leaks in

Damage to electronic
switching systems

Damage to phone
lines

Damage to telephone
system buildings

Malfunctioning of

settlements in concrete basins
pavements of highways
Rails bending or

rupture and train derails

power supply computer networks
Malfunctioning of
process equipments
associated with
ground settlement or
rocking

Malfunctioning and
collapse of
transmission towers

Fires and explosions
due to gas leaks

and amplification characteristics of seismic waves. For example, natural and artificial uncon-
solidated foundation materials, such as sediments in river deltas and materials used as landfill,
amplify ground motions in comparison to motion measured on consolidated sediments or
bedrock. The thickness of unconsolidated soil also affects the ground shaking, as discussed in
Section 1.3.2. Quasi-resonance between the underlying soil layers and the structures has led
to increased damage during past earthquakes as presented in preceding sections of this book.
Ground motions may be amplified by sedimentary layers with various thicknesses and degrees
of consolidation.

In addition to direct shaking effects, earthquakes may lead to several forms of ground
failure which cause damage to the built environment. For example, the more than $200
million in property losses and a substantial number of deaths in the 1964 Alaska earth-
quake (M, = 8.6) were due to earthquake-induced ground failures. Similarly, soil effects
were clear in the 1971 San Fernando and the 1989 Loma Prieta earthquakes in California.
In particular, many apartment buildings in the Marina District of San Francisco suffered
damage because of soil liquefaction. Geological and geotechnical aspects of earthquakes
are beyond the scope of this book. A detailed treatment of geotechnical earthquake engi-
neering may be found in Kramer (1996). Failure modes that are of primary concern for
structural earthquake engineering are summarised below. Effects of water waves, such as
tsunamis (or sea waves) and seiches (or lake waves), are not discussed hereafter. Readers
can consult the available literature (e.g. Steinbrugge, 1982; Kanai, 1983; Okamoto, 1984;
Bolt, 1999).
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1.4.2.1 Surface Rupture

Rupture of the ground surface may be induced by intense and long shaking as well as fault rup-
tures. These may generate deep cracks and large gaps (ranging in size from a few metres to several
kilometres). Damage by fault rupture is more localised than the widespread damage caused by
ground shaking. Nine kilometres of surface rupture along the Nojima fault on Awaji Island was
observed in the 1995 earthquake in Japan (Figure 1.24). From left to right along the rupture shown
in Figure 1.24, an earthquake-induced landslide covers a road, a fault scarp across a rice paddy and
aright-lateral offset in a dirt road. The section of rice paddy to the right has been uplifted by more
than 1 m; light damage was experienced by buildings even at very close distances to the fault.

The effects of major fault ruptures can be extreme on structures; buildings can be ripped apart.
Cracks and gaps in the ground may also cause serious damage to transportation systems (highways,
railways, ports and airports) and underground networks (water, wastewater and gas pipes, electric
and telephone cables). Earthquake-induced ground shaking may cause cracking of the ground
surface in soft, saturated soil (defined as ‘lurching’ or ‘lurch cracking’). Movements of soil or
rock masses at right angles to cliffs and steep slopes occur. Structures founded either in part or
whole on such masses may experience significant lateral and vertical deformations.

1.4.2.2 Settlement and Uplift

Fault ruptures may cause large vertical movements of the ground. These movements in turn cause
severe damage to the foundations of buildings, bridge footings and to underground networks. The
collapse of several approach structures and abutments of bridges was observed in the San Fernando
(1971), Loma Prieta (1989), Northridge (1994) and Kobe (1995) earthquakes. Settlement, tilting
and sinking of buildings have been observed in the aftermath of several earthquakes worldwide.
Differential ground settlements may cause structural distress. Granular soils are compacted by the
ground shaking induced by earthquakes, leading to subsidence. This type of ground movement
affects dry, partially saturated and saturated soils with high permeability. Subsidence of 67 m

(a) (b)

Figure 1.24 Fault rupture observed on northern Awaji Island during the 1995 Kobe (Japan) earth-
quake: aerial view with the fault rupture that cuts across the middle of the picture (a) and close-up show-
ing both vertical and horizontal offset of the Nojima fault (b).
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Figure 1.25 Effects of ground settlements and uplift during the 1999 Kocaeli (Turkey) earthquake:
flooding (a) and artificial water falls (b).

was observed during the New Madrid earthquakes (1811-1812) in the Mississippi Valley in the
USA. Subsidence of areas close to sea, lakes and river banks may cause flooding of ports, streets
and buildings. In some cases artificial water falls may also be generated by settlements and uplifts
as shown in Figure 1.25, from the Kocaeli, Turkey, earthquake of 1999.

1.4.2.3 Liquefaction

Excessive build-up of pore water pressure during earthquakes may lead to the loss of stiffness
and strength of soils. The excessive pore water pressure causes ejection of the soil through holes
in the ground, thus creating sand boils. Figure 1.26 shows two examples of liquefaction during
the 1998 Adana—Ceyhan (Turkey) and the 2001 Bhuj (India) earthquakes. The ejection of soil
causes loss of support of foundations and thus structures tilt or sink into the ground. Massive
liquefaction-induced damage has been observed in the two Niigata earthquakes of 1964 and
2004 as well as the recent Pisco-Chincha (Peru) earthquake of 2007, as discussed below.

Retaining walls may tilt or break from the fluid pressure of the liquefied zone. Heavy
building structures may tilt due to the loss of bearing strength of the underlying soil. During
the 1964 Niigata, Japan, earthquake (M, = 7.5), four-storey apartment buildings tilted 60° on
liquefied soils as shown in Figure 1.27. Similarly, in the 1989 Loma Prieta earthquake, lique-
faction of the soils and debris used to fill in a lagoon caused major subsidence, fracturing and
horizontal sliding of the ground surface in the Marina district in San Francisco.

Soil liquefaction may cause the floating to ground surface of pile foundations with low axial
loads and underground light-weight storage tanks. In Kobe lateral spreading damaged the pile
foundations of several buildings and bridges (Figure 1.27) because of horizontal movements.
Quay walls and sea defences in the port of Kobe were also affected by soil liquefaction.

1.4.2.4 Landslides

Landslides include several types of ground failure and movement, such as rockfalls, deep
failure of slopes and shallow debris flows. These failures are generated by the loss of shear
strength in the soil. Landslides triggered by earthquakes sometimes cause more destruction
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(@)

Figure 1.26 Sand boils due to the 1998 Adana—Ceyhan (Turkey) earthquake (a) and the 2001 Bhuj
(India) earthquake (b).

(a)

Figure 1.27 Collapses due to soil liquefaction: settlement and tilting of buildings in the 1964 Niigata
(Japan) earthquake (a); soil boils and cracks at pier foundations of Nishinomiya-ko bridge in the 1995
Kobe (Japan) earthquake (b). (After NISEE.)

than the earthquakes themselves. Immediate dangers from landslides are the destruction of
buildings on or in the vicinity of the slopes with possible fatalities as rocks, mud and water
slide downhill or downstream. Electrical, water, gas and sewage lines may be broken by land-
slides. The size of the area affected by earthquake-induced landslides depends on the magni-
tude of the earthquake, its focal depth, the topography and geologic conditions near the
causative fault and the amplitude, frequency content and duration of ground shaking. During
the 1964 Alaska earthquake, shock-induced landslides devastated the Turnagain Heights resi-
dential development and many downtown areas in Anchorage. One of the most spectacular
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(b)

Figure 1.28  Effects of a large landslide in Santa Monica in the 1994 Northridge earthquake (a) and satellite
view of extensive land-sliding during the 2005 Kashmir earthquake in the Neela Dandi Mountain (b).

landslides observed, involving about 9.6 million m® of soil, took place in the Anchorage area.
The scale of such landslides on natural slopes can be large enough to devastate entire villages
or towns, such as the Huascaran Avalanche triggered by the Peru earthquake (1970, M =7.8).
Most of the more than 1000 landslides and rockfalls occurred in the epicentral zone in the
Santa Cruz Mountains during the 1989 Loma Prieta earthquake. One slide, on State Highway
17, disrupted traffic for about 1 month. In the 1994 Northridge earthquake, landslides that
occurred in Santa Monica, along the Pacific Coast Highway, caused damage to several family
houses built on the cliffs overlooking the ocean. This is shown in Figure 1.28. Relatively few
landslides were triggered by the Hyogo-ken Nanbu earthquake in Japan. This is partly due to
the fact that the earthquake occurred during the dry season. Landslides are often triggered by
rainfall pressure generated inside fractured ground.
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Figure 1.29 Damage observed during the 17 August 1999 Kocaeli in Adapazari (a) and Izmit in Turkey (b).

In the Kashmir earthquake of 8 October 2005, land-sliding and critical slope stability was a
multi-scale problem that ranged from limited sloughing of a superficial nature to a scale that
encompassed entire mountain sides (Durrani et al., 2005). The land-sliding problem in the
mountains of Azad Jammu and Kashmir and North West Frontier Province, Pakistan has simi-
larities to land-sliding that occurred in the mountains of Central Taiwan due to the 1999 Chi-
Chi earthquake. Figure 1.28 shows a large-scale landslide in the Neela Dandi Mountain to the
north of Muzaffarabad. The satellite image shows that the landslide blocked the Jhelum River.

Problem 1.5

The 17 August 1999 Kocaeli (M = 7.4) and 12 November 1999 Diizce (M = 7.2) earth-
quakes were the largest natural disasters of the twentieth century in Turkey after the 1939
Erzincan earthquake. These earthquakes caused severe damage and collapse especially of
building structures. Figure 1.29 shows damage observed in the cities of Adapazari and
Izmit (Kocaeli earthquake). Comment on the relationship between the observed damage
and the earthquake-induced ground effects illustrated in Section 1.4.2.

1.4.3 Human and Financial Losses

During the twentieth century over 1200 destructive earthquakes occurred worldwide and
caused damage estimated at more than $1 trillion (Coburn and Spence, 2002). If these costs
are averaged over the century, annual losses are about $10 billion. Monetary losses from earth-
quakes are increasing rapidly. Between 1990 and 1999 annual loss rates were estimated at
$20 billion, twice the average twentieth-century annual losses. The Federal Emergency
Management Agency released a study (FEMA, 2001) estimating annualised earthquake losses
to the national building stocks in the USA at $4.4 billion, with California, Oregon and
Washington accounting for $3.3 billion of the total estimated amount. An update of the above
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landmark study was released in 2006 (www.fema.gov) to include in the estimation of the
annualised losses three additional features of earthquake risk analysis, that is casualties, debris
and shelter. In the latter study it is estimated that the annualised earthquake losses to the
national building stock are $5.3 billion and about 65% is concentrated in the State of California.
The largest earthquake in modern times in the USA was the 1964 Alaska earthquake, measuring
8.4 on the Richter scale. The earthquake caused $311 million in damage and 115 fatalities.
In a historical context, the largest recorded earthquakes in the contiguous USA are the New
Madrid earthquakes of 1811 and 1812. In the USA, 39 out of 50 states (nearly 80%) are at risk
from damaging earthquakes. The Central and Eastern States in the USA now recognise earth-
quakes as a major threat. In particular the eight central States of Illinois, Arkansas, Indiana,
Tennessee, Kentucky, Mississippi, Alabama and Missouri have dedicated considerable
resources to work with FEMA and other earthquake engineering organisations to assess the
possible impact of earthquakes and to mitigate as well as plan for response and recovery from
their effects.

With regard to loss of life on average 10 000 people per year were killed by earthquakes bet-
ween 1900 and 1999 (Bolt, 1999). In 2001 three major earthquakes in Bhuj (India, M= 7.9),
El Salvador (M = 7.6) and Arequipa (Peru, M, = 8.4) caused more than 26 000 casualties. The
Bam (Iran, M, = 6.6) and Sumatra (Indian Ocean, M, = 9.3) earthquakes, which occurred in
2003 and 2004, both on 26 December, caused more than 26 000 and 280 000 deaths, respec-
tively. The Kashmir earthquake of 8 October 2005 caused over 85 000 deaths. The human
death toll due to earthquakes between 1900 and 2007 is given in Figure 1.30 (www.usgs.gov).
Over this 108-year period, deaths due to earthquakes totalled about 1.8 million. China
accounted for more than 30% of all fatalities.

Figure 1.31 compares the human death toll due to earthquakes with that caused by other
natural hazards (www.usgs.gov). It is observed from the figure that earthquakes rank sec-
ond after floods; earthquakes account for about 3.6 million fatalities. If the death toll caused
by tsunamis is added to that caused by earthquakes, the total figure would amount to around
4.5 million.

Monetary losses due to collapsed buildings and lifeline damage are substantial. Furthermore,
the economic impact of earthquakes is increasing due to the expansion of urban development
and the higher cost of construction. For example, the 1994 Northridge earthquake, which is
said to be the most costly natural disaster in the history of the USA, caused $30 billion in
damage and $800 billion replacement value on taxable property (Goltz, 1994). In this event
25 000 dwellings were declared uninhabitable, while buildings with severe and moderate
damage numbered 7000 and 22 000, respectively. Unexpected brittle fractures were detected
in more than 100 steel-framed buildings as illustrated in Appendix B. Damage to the transpor-
tation system was estimated at $1.8 billion and property loss at $6.0 billion. In the above-
mentioned earthquake the most severe damage occurred to non-retrofitted structures, designed
in compliance with seismic regulations issued in the 1970s.

Several reconnaissance reports have concluded that building collapses caused 75% of
earthquake fatalities during the last century. Other major causes of death were fires and gas
explosions, tsunamis, rockfalls and landslides. In the Loma Prieta earthquake, 42 out 63
deaths (about 63%) were attributed to bridge failures. However, in the 1995 Kobe earthquake
in Japan, 73% of the deaths were caused by collapsed houses. The likelihood of the collapse
of multi-storey RC structures in developing countries, where the quality of construction
remains relatively substandard, is high.
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Table 1.13 Earthquake financial losses.

Country Earthquake Year Loss ($ bn) GNP ($ bn) Loss (% GNP)
Nicaragua Managua 1972 2.0 5.0 40.0
Guatemala Guatemala City 1976 1.1 6.1 18.0
Romania Bucharest 1977 0.8 26.7 3.0
Yugoslavia Montenegro 1979 22 22.0 10.0
Italy Campania 1980 45.0 661.8 6.8
Mexico Mexico city 1985 5.0 166.7 3.0
Greece Kalamata 1986 0.8 40.0 2.0
El Salvador San Salvador 1986 1.5 4.8 31.0
USSR Armenia 1988 17.0 566.7 3.0
Iran Manjil 1990 7.2 100.0 7.2

GNP = Gross national product.
After Coburn and Spence (2002).

Earthquake damage resulting in the collapse of monuments, historical places of worship
and stately buildings represents an irreplaceable loss in terms of cultural heritage, while their
restoration costs exceed by far the GNP of many affected nations. The expense of reconstruct-
ing the world-famous vault of the Basilica at Assisi (Italy) with its early Renaissance frescoes
caused serious repercussions for the national economy after 1997. Even more problematic are
the implications for important heritage sites in seismically active developing countries. The
earthquakes of Gujarat (India), Bam (Iran), Arequipa (Peru) and Yogyakarta (Indonesia) have
caused major damage to invaluable historical sites that may or may not be restored over a
number of years and at an extremely high cost.

One of the most severe consequences of earthquakes is the cost of recovery and reconstruc-
tion. It is instructive to note, however, that the absolute financial loss is less critical to an
economy than the loss as a percentage of the GNP. For example, in some 6 to 8 seconds,
Nicaragua lost 40% of its GNP due to the 1972 Managua earthquake (Table 1.13), while the
800% higher bill ($17 billion versus $2 billion) from the 1988 Yerevan, Armenia earthquake
constituted only 3% of the USSR’s GNP (Elnashai, 2002).

The ‘business interruption’ element of earthquake impact has emerged lately as a major
concern to industry and hence to communities. This is the effect of largely non-structural
building damage (e.g. suspended light fixtures, interior partitions and exterior cladding)
which affects businesses adversely, in turn leading to financial disruption and hardship
(Miranda and Aslani, 2003). In several countries, such as the Mediterranean regions and
Central America, where tourism is a vital industry, major economic losses have resulted
from damage to hotels and negative publicity due to earthquakes. Another aspect of the
economic impact is the ‘loss of market share’ which results from interruption to production
in industrial facilities and difficulties in reclaiming the share of the market that the affected
business previously held.

The consequences of direct financial losses, business interruption and loss of market
share on communities and industry have led major multinationals to create risk management
departments in an attempt not only to reduce their exposure, but also to minimise insur-
ance premiums. Global seismic risk management is therefore one of the highest growth
areas in industry.
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2

Response of Structures

2.1 General

The objectives of this chapter are to address and unify definitions of the fundamental response
parameters considered to be most influential in structural earthquake engineering, and to high-
light the factors influencing these fundamental response parameters. The parameters postulated
in this book to be the basic building blocks of understanding and controlling earthquake response
of structures are stiffness, strength and ductility. As presented in the following chapter, stiffness
is the most pertinent parameter in responding to the requirements of serviceability under the
small frequent earthquake. In an analogous manner, strength is utilised to control the level of
inelasticity under the medium-sized infrequent earthquake, hence it maps onto the damage con-
trol limit state. Finally, collapse prevention under the large rare earthquake is most affected by
ductility, thus completing the hazard-limit state-response parameter triads discussed in
Section 1.4. The material in this chapter is presented in a strictly hierarchical framework of
material, section, member, connection and system characteristics most influential in affecting
stiffness, strength and ductility. The chapter concludes with a treatment of the two important
quantities of overstrength and damping, which are consequential to the three fundamental
parameters discussed above. This chapter therefore articulates the general guidelines of Chapter 1
into operational quantities and prepares for a thorough understanding of Chapters 3 and 4 on
earthquake strong-motion and structural analysis tools, respectively. Information in this chapter
is also essential for the deep understanding of the two advanced Chapters 5 and 6 on soil—
structure interaction and on probabilistic fragility analysis and soil-structure interaction.

Fundamentals of Earthquake Engineering: From Source to Fragility, Second Edition. Amr S. Elnashai
and Luigi Di Sarno.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



Response of Structures 55

2.2 Conceptual Framework
2.2.1 Definitions

In order to establish a common nomenclature and in recognition of the plethora of conflicting
definitions in the literature, generic and rigorous definitions of the main terms used in this
book are given herein. Focus is placed on the three response characteristics used hereafter as
the most important parameters that describe the behaviour of structures and their foundations
when subjected to earthquakes. These are stiffness, strength (or capacity) and ductility. Prior
to defining the three quantities, it is instructive to reiterate the definition of two more
fundamental quantities, namely ‘action’ and ‘deformation’. The former is used in this book to
indicate stress resultants of all types, while the latter is used to indicate strain resultants. The
three quantities of stiffness, strength and ductility are treated in detail in subsequent sections
of this chapter, and are succinctly defined hereafter in order to permit a rational discussion of
the conceptual framework for the whole text.

Stiffness is the ability of a component or an assembly of components to resist deformations
when subjected to actions, as shown in Figure 2.1. It is expressed as the ratio between action
and deformation at a given level of either of the two quantities and the corresponding value
of the other. Therefore, stiffness is not a constant value. In Figure 2.1, K is the stiffness at a
required deformation 6, and corresponds to force resistance V.. If increments or first deriva-
tives of actions and deformations are used, the ensuing stiffness is the tangent value. If total
actions and deformations are used, the ensuing stiffness is the secant value.

Strength is the capacity of a component or an assembly of components for load resistance at a
given response station. It is not a constant value, as shown in Figure 2.1. In this book, the
term ‘capacity’ is preferred to the term ‘strength’ to represent both action resistance and the
ability to endure deformation, or deformation capacity. In the figure, v and V, are the force
capacities corresponding to 5}. and J,, respectively. Ve referred to as the yield strength, cor-
responds to the yield displacement 5y, which is required for ductility calculations.

Ductility is the ability of a component or an assembly of components to deform beyond the
elastic limit, as shown in Figure 2.1, and is expressed as the ratio between a maximum
value of a deformation quantity and the same quantity at the yield limit state. In the figure,
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Figure 2.1 Typical response curve for structural systems subjected to horizontal loads.
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the displacement ductility p is the ratio between the maximum or ultimate displacement &
and the yield displacement 5.

Demand is the action or deformation imposed on a component or an assembly of components
when subjected to earthquake ground motion. This demand is not constant. It continuously
varies as the structural characteristics vary during inelastic response. It also varies with the
characteristics of the input motion.

Supply is the action or deformation capacity of a component or an assembly of components
when subjected to earthquake ground motion. Therefore, the supply represents the response
of the structure to the demand. It may continuously vary as the structural characteristics
change during inelastic response. It also varies with the characteristics of the input motion.
For inelastic systems demand and supply are coupled.

2.2.2 Strength- versus Ductility-Based Response

Traditional force-based seismic design has relied on force capacity to resist the earthquake
effects expressed as a set of horizontal actions defined as a proportion of the weight of the
structure. In the past 20-30 years, there has been a tendency to substitute ductility (or inelastic
deformation capacity) for strength (or force capacity). The latter approach was developed in
recognition of the great uncertainty associated with estimating seismic demand. A ductility-
designed structure is significantly less sensitive to unexpected increase in the force demand
imposed on it than its strength-designed counterpart. In general, ductility-based structures
are lighter and use less material, but more workmanship. A different way of dimensioning
earthquake-resistant structures is ‘capacity design’ (Figure 2.2). Capacity design employs a
mixture of members with high load capacity and members with high inelastic deformation
capacity to optimise the response of the structural system. This is achieved by identifying a
failure mechanism, the members and regions responsible for its development, and providing
these members and regions with adequate ductility. In parallel, the rest of the structure is pro-
tected by providing it with adequate strength to ensure nearly elastic behaviour. The opposite
of ‘capacity design’ is ‘direct design’, which is the dimensioning of individual components to
resist the locally evaluated actions with no due consideration to the action-redistribution

Seismic design

I
N2 N4

Direct design Capacity design

N4
| Force-based design | | Ductility-based design |

\l/ High force High deformation

Force capacity |Def0rmation (inelastic) capacity| capacity capacity

Figure 2.2 Different approaches to seismic design (for capacity design, high force and high deforma-
tion coexist).
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effects in the system as a whole. Direct design can be either ductility-based or strength-based.
Capacity design, on the other hand, is based on both strength and ductility of components.

The difference between direct and capacity design is depicted in Figure 2.3. The maximum
effects of both horizontal and vertical loads are computed through structural analysis.

In the direct approach, all design actions are the ‘applied’ quantities, calculated from the
combination of static and seismic loads. In capacity design, one set of actions represents the
ultimate capacity of the members, regions or mechanisms that are responsible for energy
absorption, while the rest of the design actions are calculated to maintain equilibrium. In the
figure, M, M, and M, are the moments on the two columns and the beam, respectively,
evaluated from the applied actions. M’, _ is the maximum capacity of the beam, the member
responsible for energy absorption in the weak-beam strong-column design approach, taking
into account various sources of overstrength (e.g. unintentional increase in material prop-
erties, rounding-off of member or reinforcement dimensions, post-yield hardening, etc.).
Design actions M/, and M,  are the product of M_, and M, and the ratio M", /M. They are

cll cll’ bmax

therefore ‘applied’ actions.
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Figure 2.3 Comparison between direct and capacity design.
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2.2.3  Member- versus System-Level Consideration

Only in recent years has the earthquake engineering community taken the overall system
response fully into account. Conventional seismic design recommends the dimensioning of
members to resist the actions emanating from structural analysis where the dead and live loads
are applied alongside a factored value of equivalent horizontal earthquake actions, as shown, for
example in Figure 2.3. The interaction between member and system in structural earthquake
engineering is complex but its understanding is essential for effective seismic design. The
hierarchical relationship between local and global structural response is provided in Figure 2.4;
it is applicable to the three fundamental quantities of stiffness, strength and ductility.
Quantitative expressions linking local action—deformation characteristics to global response
quantities can only be derived under idealised conditions and with a number of simplifying
assumptions that limit their scope of application. A qualitative appreciation of the local-global
interaction, and application to specific cases, are central to controlled seismic performance.
The conceptual framework of system response may also be used to assess seismic demand
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Figure 2.4 Hierarchical relationship between local and global structural response.
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and supply. Yield of one member or more does not necessarily feature in the system action—
deformation response, and hence is not necessarily a system limit state.

The chain system proposed by Paulay and Priestley (1992) to describe the rationale behind
the capacity design philosophy is effective as a basis for explanation, rather than application,
of the concept. An in-series chain is inadequate to characterise the complex response of
structures under earthquake loads. Networks, for example road networks, provide a basis for
conceptual and pictorial description of the seismic behaviour of structures (Figure 2.5) and also
prove that barriers between sub-disciplines are artificial. The transportation network combines
parallel and series failure modes that may take place in structural systems. It also provides a

(a) Ductile link

—

(b)

/

Figure 2.5 Capacity design analogy: chain (a) versus network system (b).
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visual description of other important aspects of seismic design, such as load path (direction of
traffic flow), capacity (maximum flow capacity of a link) and plastic redistribution (likelihood
of alternative routes in the case of traffic congestion).

In the network analogy the demand on the network (earthquake actions) may be expressed
by the origin—destination pairs imposed on the network. The capacity of roads to carry traffic
symbolise the capacity of structural members.

2.2.4 Nature of Seismic Effects

Unlike most other types of dynamic actions, earthquake effects are not imposed on the structure but
generated by it. Therefore, two structures founded on the same soil a few metres apart may have to
accommodate vastly different action and deformation demands, depending on their own mass, stiff-
ness, strength and ductility. It is argued herein that the fundamental quantities are not period and
damping, since period is a function of mass and stiffness (as well as strength in the inelastic range)
and the main source of damping in earthquake engineering is energy absorption by inelastic defor-
mation. Setting the ‘mass’ term aside, earthquake response is affected in a complex manner by
stiffness, strength (or capacity) and ductility. In a simple version of this complex problem, stiffness
dictates vibration periods, hence amplification. Changes in stiffness cause detuning of the structure
and the input motion hence also affects amplification. Figure 2.6 provides an example of two
single-degree-of-freedom (SDOF) systems, one stiffer than the other, but the dynamic amplification
is such that the less stiff structure (taller pier) displaces less than the stiffer structure.

Strength limits describe the region where the structure is able to sustain irreversible damage
hence absorbs and dissipates the seismic action. Strength limits therefore lead to the next
phase, which is inelastic ductile response. Ductility is an energy sink, therefore it could be
considered as equivalent damping. Its effect on structural response is, similar to damping,
elongation of the response period and reduction in the vibration amplitude.

2.2.5 Fundamental Response Quantities

Stiffness and strength are not always related. For a single structural member, or a structure that
employs only a single-mode structural system (e.g. frames only, trusses only or walls only),
they are proportional. It is, however, instructive to explore cases where they are not propor-
tional or their constant of proportionality can be changed. The motivation for so doing is to
gain a deeper insight into the components of response, providing engineers with a set of tools
that enable fine-tuning of both their understanding of seismic response and their ensuing
design. A simple example of the decoupling of stiffness and strength is the concept of ‘selective
intervention’ for seismic retrofitting (Elnashai, 1992) as shown pictorially in Figure 2.7.
A structure that was designed using direct (strength or even ductility) design where it is
required to transform it to a capacity-designed structure, the only requirement is to change the
strength distribution without necessarily changing the stiffness distribution. Other scenarios
are given in the latter reference and shown experimentally to be totally realistic (Elnashai and
Pinho, 1998). Another example is a mixed-mode frame-wall reinforced concrete (RC) structure.
Changing the ratio of walls in a floor immediately changes the stiffness and strength in a
disproportionate manner. In this book, the three fundamental quantities of stiffness, strength
and ductility are used to explain issues of seismic response of structural systems within a
framework that is somewhat distinct from current trends.
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is the secant stiffness at maximum deformation; the
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Figure 2.8 Structural RC walls under monotonic (a) and severe cyclic loading (b).

A final example that emphasises the notion that the strength is not constant and that different
failure modes may be obtained from identical structures being subjected to different demands
is presented hereafter. In Figure 2.8, two RC walls are subjected to different loading regimes;
one is subjected to monotonic while the other is subjected to severe cyclic loading.

The monotonically loaded wall would fail in flexure if its flexural capacity is reached
before the web shear capacity. On the other hand, heavy cyclic loading of the other wall
causes the opening of a horizontal crack that then precipitates a sliding shear failure mode.
This example also emphasises that the link between stiffness and strength may be, under
some conditions, broken.

2.2.6 Social and Economic Limit States

Herein, in the context of establishing a common vocabulary through the articulation of a
conceptual framework, generic limit states are discussed with regard to the effect of earthquakes
on vulnerable communities. When subjected to small earthquakes a society seeks the least
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Table 2.1 Relationship between earthquakes, structural characteristics and limit states.

Return period Earthquake Structural Engineering limit Socio-economic
(years) magnitude characteristics state limit state
~75-200 ~4.5-5.5 Stiffness Insignificant Continued
damage operation
~400-500 ~5.5-6.5 Strength Repairable damage Limited economic
loss
~2000-2500 ~6.5-7.5 Ductility Collapse prevention Life loss prevention

disruption from damage. This may be considered as an ‘uninterrupted use’ limit state, and is
clearly most correlated with structures having adequate stiffness to resist undergoing large
deformations. When subjected to medium earthquakes, a society would tolerate disruption to
its endeavours, but would seek to minimise repair costs. This may be viewed as a ‘controlled
economic loss’ limit state and is most related to the structure having adequate strength so that
the damage is limited. Finally, when subjected to large earthquakes, a society would accept
interruption, high economic loss, but would seek to minimise loss of life. This is a ‘life safety’
limit state and is most affected by the ductility of the structure that enables it to deform well into
the inelastic range without significant loss of resistance to gravity actions. The fundamental
response characteristics of stiffness, strength and ductility are therefore clearly related to the most
important response limit states of continued use, damage control and life safety (Table 2.1), that
are in turn related to the socioeconomic considerations governing the reaction of communities.
The specific values given in Table 2.1 may be disputed on an engineering basis. For example,
the earthquake magnitude associated with a return period is heavily dependent on the seismo-
tectonic environment under consideration. Also, more than three limit states appear in many
publications on earthquake engineering (e.g. Bertero, 2000; Bozorgnia and Bertero, 2004,
among others). However, the above proposed framework is robust and utilises fundamental
structural response characteristics that are generically linked to response or performance
targets and map onto social and economic requirements. Intermediate limit states are useful in
specific cases, and are largely associated with the special requirements of stakeholders.

Problem 2.1

What are the differences between ‘direct’ and ‘capacity’ design? In a multi-storey reinforced
concrete frame that is to be capacity-designed, state the sequence of dimensioning of each
of the components of the frame, from the foundations to the roof.

2.3 Structural Response Characteristics
2.3.1 Stiffness

Stiffness defines the relationship between actions and deformations of a structure and its com-
ponents. Whereas member stiffness is a function of section properties, length and boundary
conditions, system stiffness is primarily a function of the lateral resisting mechanisms uti-
lised, for example moment-resisting frames (MRFs), braced frames, walls or dual systems, as
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illustrated in Appendix A. Relationships between geometry, mechanical properties, actions
and deformations can be established from principles of mechanics. Their complexity depends
on the construction material used. Cracking of concrete, yielding of reinforcement bars and
other sources of inelasticity in RC structures pose problems in defining a fixed value of stiff-
ness. For RC and masonry structures, the stiffness can be taken as the secant to the yield point
or to any other selected point on the response curve. Slippage at connections, local buckling
and yielding in steel structures are the counterparts to the above discussion on RC structures.

Figure 2.9 shows a plot of the structural response of a system subjected to lateral loads; the
response curve is represented by base shear V versus top horizontal displacement 6. In the
figure, the initial slope K| is the elastic stiffness of the structure, while the secant stiffness is
the slope K of the line corresponding to a given level of load. The initial stiffness K is higher
than the secant stiffness K_for conventional materials of construction. In the case of rubber
and other special materials, used for example in devices for structural vibration control, the
stiffness may increase as loads increase. For the latter, values of V- pairs are generally
utilised to define the secant stiffness. Variations in stiffness in the inelastic range are often
expressed by the tangent stiffness K, which is the slope of the tangent to the response curve in
Figure 2.9 for a given V-6 pair. A decrease in the values of K, indicates that softening of the
structure is taking place. In analysis of inelastic structures, use is often made of secant stiff-
ness to avoid dealing with negative tangent stiffness beyond the peak action resistance. Since
inelastic response problems are solved by iterations, the solution will normally converge by
using the secant stiffness even before reaching the point peak action resistance, but the rate of
convergence will be lower than in the case of using tangent stiffness.

Several types of stiffness may be defined, depending on the nature of applied loads. Structures
designed for vertical (gravity) loads generally possess sufficient vertical stiffness. Earthquakes
generate inertial forces due to vibration of masses. Horizontal components of these inertial
forces are often dominant; hence lateral (or horizontal) stiffness is of primary importance for
structural earthquake engineers. The definition of the lateral stiffness, especially the secant value
K, depends significantly on the region of interest in the response domain, that is the behaviour
limit state of interest. The stiffness of a system is associated primarily with satisfaction of
the functionality (or serviceability) of the structure under dynamic loads. High deformability
(and hence low stiffness) drastically reduces the structural functionality.
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In seismic design adequate lateral stiffness is an essential requirement to control deformations,
prevent instability (local and global), prevent damage of non-structural components and ensure
human comfort during minor-to-moderate earthquakes. Human response to earthquakes is
generally different from the discomfort induced by other environmental actions, for example
strong winds (Mileti and Nigg, 1984; Durkin, 1985; Taranath, 1998). The reason is twofold.
Firstly, earthquakes are less frequent than windstorms and have shorter duration; few seconds
versus some minutes. Secondly, earthquakes may have serious psychological effects, such as
trauma, on people.

Lateral stiffness is influenced by properties of construction material, section type, members,
connections and systems, which are linked hierarchically as shown in Figure 2.4. Further
discussion is given below.

2.3.1.1 Factors Influencing Stiffness

(i) Material Properties

Material properties that influence the structural stiffness are the elastic Young’s modulus £
and the elastic shear modulus G. In the inelastic range the lateral stiffness depends still on the
moduli £ and G, not on initial, but rather tangent values. The material stiffness is often evalu-
ated through the ratio of the elastic modulus E to the weight y. Values of E/y are 20-30 x 10*
m for masonry and 200-300 x 10* m for metals as also outlined in Table 2.3. The specific
elasticity E/y of concrete is about 100150 x 10* m. Construction materials with low values of
Ely lead to stiff structures, for example masonry buildings are stiffer than steel.

(ii) Section Properties

Section properties which affect the structural stiffness are the cross-sectional area A, the flexural
moment of inertia / and the torsional moment of inertia J. Section area and flexural inertia
primarily influence the axial, bending and shear stiffness of the system. For metal structures
area (A) and moment of inertia ( and J) do not change with types and levels of applied loads.
Conversely, for masonry and RC, the above properties are a function of the loading and
boundary conditions. For example, the flexural moment of inertia / of RC rectangular members
about the strong axis can be defined as shown in Figure 2.10; similarly, for the definition of
the area A of RC cross-sections. For elements in tension it is generally assumed that only the
steel reinforcement bars are effective because of the low tensile strength of concrete.

The stiffness of the section is significantly affected by modifications of its geometry.
Figure 2.11 shows the variation of area A and flexural moment of inertia about the strong axis /
obtained by increasing the size of beam and column members. In the figure the subscript
1 refers to the original section, while the subscript 2 is for the new section (original and added
component). The dimensionless results plotted in Figure 2.11 demonstrate that the increase in
the inertia / is higher than the area A. The results emphasise that by jacketing members, the
previous balance between axial, torsional and flexural stiffness, and strength, is disturbed,
hence a full reassessment of the original design is warranted.

The orientation of cross-sections influences remarkably the lateral stiffness of a structural
system. For several sections, such as rectangular, I- and T-shape, moment of inertia about
principal axes, that is /_and I , may be very different. Structural members with I- or T-sections
are stiffer if loaded in the direction of higher inertia, referred to as the strong axis. Large variations
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between the lateral stiffness about orthogonal directions should be avoided in seismic design.
Sections with ratios of LI close to unity should be used due to the uncertainty inherent in the
direction of earthquake ground motion. In bridge piers, for example circular or square columns
(/1 =1)are preferable to rectangular sections with section aspect ratios larger than 3—4.

(iii) Member Properties

The lateral stiffness also depends on the type of structural members utilised to withstand
earthquake loads. Structural walls are much stiffer in their strong axis than columns.
Geometrical properties of structural components, such as section dimensions, height and
aspect ratio, influence significantly their horizontal shear and flexural stiffness values. Flexural
deformations are normally higher than shear deformations for relatively slender structural
components. Flexural deformation dominance occurs if the aspect ratio #/B of rectangular
sections of columns is not less than 1/3—1/4 and the slenderness ratios H/B and H/h are greater
than 4-5 in the case of walls. The relationship between horizontal displacement é and applied
load F for cantilevered walls is as follows (Figure 2.12):

3
s=| A xH ) @2.1)
3EI GA

where E, I and H denote Young’s modulus, the moment of the inertia of the section about the
axis of flexure under consideration and the wall length, respectively. Symbols A and G are the
area of the section and the shear modulus, respectively. The factor y is the section ‘shear shape
factor’, which, for rectangular sections, is equal to 1.2.

By setting the flexural (k) and shear (k) stiffness of the wall as below:

k.:3EI

f H3

2.2.1)
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it follows that Eq. (2.1) can be rewritten as:
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and the total lateral stiffness k, of the wall is given by:
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k
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Equations (2.2.1) and (2.2.2) show that the lateral stiffness depends on material properties
(E and G) in addition to section shape (A and /) and member geometry (H). Flexural (k) and
shear (k) stiffness values are cubic and linear functions of the wall height H, respectively.
Consequently, for a given horizontal force F the displacement § becomes one-eighth of its
original value if the wall height is halved. In turn, for a given 6 the load carried is eight times
higher. Equation (2.3.2) demonstrates that if the ratio k/k_is much lower than 1.0, that is the
shear stiffness k is much higher than the flexural stiffness k, the relationship between
horizontal displacement 6 and lateral force F is given by

3
d= H F 2.4
3E]

which may be derived from Egs. (2.1) and (2.3.1). The stiffness ratio k/k_is expressed as a
function of the geometric properties as follows:

2
%z %[gj 2.5.1)
or.
2
%z %[%) 25.2)

depending on whether the strong or weak axis flexural moment of inertia of the wall is utilised
(Figure 2.12). The above equations show the influence of the wall slenderness on its lateral
stiffness. The higher the ratio H/h and H/B, the lower is the ratio k/k . Thus, for slender walls
the lateral displacements are mainly due to the flexural deformability. As a consequence of
the above discussion, when horizontal earthquake forces are distributed among structural
members, the combined flexural and shear stiffness should be considered.
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Structural stiffness is also influenced by the type of connection between adjacent members
or between structural components and the ground. The general relationship for the lateral
bending stiffness k. of the wall in Figure 2.12 can be expressed as follows:

N El
ke=ay

(2.6)

where the coefficient @ depends on the boundary conditions of the structural member.
Boundary conditions are analytical relationships which express the properties of connections
between members and between members and the ground. Common values of a in Eq. (2.6) are
3 (for members with edges fixed-free and fixed-pinned) and 12 (for members with edges
fixed-fixed). The bending stiffness k increases as « increases.

(iv) Connection Properties

Connection behaviour influences significantly the lateral deformation of structural systems.
For example, in multi-storey steel frames, 20-30% of the relative horizontal displacement
between adjacent floors is caused by the deformability of the panel zone of beam-to-column
connections (e.g. Krawinkler and Mohasseb, 1987; Elnashai and Dowling, 1991). Pinned
connections are inadequate for unbraced frames, while rigid and semi-rigid connections can be
used for both braced and unbraced frames. Laboratory tests on a two-storey steel frame with
semi-rigid and fully rigid connections have demonstrated that a reduction of the connection
stiffness by 50 and 60% leads to a reduction in the frame stiffness by 20 and 30%, respectively
(Elnashai et al., 1998). Numerical analyses of simplified models have shown that the lateral
stiffness K_ . . of semi-rigid steel frames can be expressed as a function of the lateral stiff-

semi-rigid

ness K., ., of rigid frames through the following:

K m(1+£)+6

rigid

semi-rigid m (1 + é’) (271)

where m and ¢ are dimensionless parameters given by:

m= M (2.7.2)
(EI/L),
and
p = EITD), (2.7.3)
(EI/H),

where Kw is the connection rotational stiffness; /, L and H are the flexural moment of inertia, the
beam span and column height, respectively; and E is Young’s modulus of the material. It is gen-
erally assumed that connections with m < 5 are pinned, while rigid connections have m > 18.
Semi-rigid connections are characterised by values of m ranging between 5 and 18 (Figure 2.13).
The stiffness of beam-to-column connections influences also the natural period of vibration
of framed structures. Based on shaking table tests for a single-storey steel frame with flexible
(double web angle), semi-rigid (top and seat angle with double web angle) and rigid (welded
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top and bottom flange with double web angle) connections, Nader and Astaneh (1992)
suggested simplified relationships to compute the fundamental period 7. These are as follows:

T =0.085 H"® ") 5 < m <18 (semi — rigid) (2.8.1)

T =0.085 H"* m>18 (rigid) (2.8.2)

where the dimensionless parameter m is expressed as in Eq. (2.7.2). In Egs. (2.8.1) and (2.8.2)
H is the frame height, in metres. Figure 2.13 shows the influence of the stiffness of beam-to-
column connection on the lateral stiffness and period elongation of frames.

(v) System Properties

The lateral stiffness of a structure depends on the type of system utilised to withstand
horizontal earthquake loads, the distribution of the member stiffness and the type of horizontal
diaphragms connecting vertical members. For example, MRFs are generally more flexible
than braced frames. The latter class includes concentrically braced frames (CBFs) and
eccentrically braced frames (EBFs). Structural walls are stiffer than all types of frames.
Frames with rigid connections exhibit higher stiffness than those with semi-rigid connections
(see also Figure 2.13). A detailed description of horizontal and vertical structural systems for
earthquake resistance is provided in Appendix A. It suffices here to state that uniform distri-
bution of stiffness in plan and elevation is necessary to prevent localisation of high seismic
demand. Soil-structure interaction should also be accounted for in the evaluation of the global
system stiffness. This type of interaction reduces the stiffness of the superstructure and may
alter the distribution of seismic actions and deformations under earthquake ground motions
(e.g. Mylonakis and Gazetas, 2000, among others).

2.3.1.2 Effects on Action and Deformation Distributions

Inertial forces caused by earthquake motion are distributed among lateral resisting systems in
the elastic range as a function of their relative stiffness and mass. The higher the stiffness, the
higher the load attracted for a given target deformation. Stiffer elements and structural sys-
tems will reach their capacity earlier than their flexible counterparts. Significant reductions of
the initial (elastic) stiffness may occur in construction materials, structural members and con-
nections, when they are subjected to increasing loads. Repeated and reversed loading also
reduces effective stiffness; an observation termed ‘stiffness degradation’. Effects of stiffness
on the distribution of actions and deformations are discussed below.

The lateral deformability of structural systems is measured through the horizontal drift. In
buildings, storey drifts A are the absolute displacements of any floor relative to the base,
while inter-storey drifts 6 define the relative lateral displacements between two consecutive
floors (Figure 2.14). The inter-storey drifts are generally expressed as ratios 6/h of displace-
ment § to storey height A. Drifts of the roof A normalised by the total height H of the building
(roof drifts, A/H) are also used to quantify the lateral stiffness of structural systems. The roof
drift ratio A/H may be considered as 6/h averaged along the height and hence is not suitable
for quantifying variations of stiffness in the earthquake-resisting system. In structures with
evenly distributed mass and lateral stiffness either 6/h or A/H may be employed because they
are equivalent.
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Figure 2.14 Lateral drifts of multi-storey buildings under earthquake loads: definition of inter-storey
and roof drift (a) and their relationship for uniform and non-uniform lateral stiffness distribution along
the frame height (b).

Inter-storey drifts are caused by flexural, shear and axial deformations of structural
elements, for example beams, columns, walls and connections. Axial deformations due to
shortening or elongation of members are generally negligible; flexural and shear deformations
are the primary cause of non-structural damage, as illustrated in Section 2.3.1.3. The overall
lateral deformation is affected by the structural system utilised. For example, in MRFs, axial
deformations of both beams and columns are not significant. Conversely, axial deformations
influence the lateral response of braced frames.

In addition to the importance of absolute stiffness, the relative stiffness of members within
a structural system is of significance especially in seismic assessment, because it influences
the distribution of actions and deformations. Beams with very low flexural stiffness, for
example flat beams (Figure 2.15), do not restrain the rotation of the columns connected to
them. On the other hand, deep beams provide effective restrain for columns in framed struc-
tures. If the flexural stiffness of beams is much higher than that of columns, the structure
exhibits shear—frame response as displayed, for example in Figure 2.15 for a multi-span
single-storey frame loaded by horizontal force F.

The results of comparative analyses to investigate the behaviour of multi-storey frames with
different relative stiffness of beams and columns are shown in Figures 2.16-2.18. The com-
parisons are carried out for structures subjected to vertical (Figure 2.16), horizontal
(Figure 2.17) and combined vertical and horizontal (Figure 2.18) loads.

The frames shown in Figure 2.16 employ strong column-weak beams (SCWBs) and weak
column-strong beams (WCSBs), respectively. Under gravity loads, these systems undergo
negligible lateral displacements, because they are symmetric structures with symmetric loads.
The relative stiffness of beams and columns affects significantly the distribution of bending
moments especially in the beams as shown in Figure 2.16; the values of the moments are
normalised with respect to gL*/12, where ¢ is the uniformly distributed load at each level and
L is the beam span. In SCWB frames, the large bending stiffness of the columns reduces con-
siderably the rotations at the ends of the beams. Consequently, the latter behave like members
fixed at both ends, particularly in the lower storeys of high-rise frames. Bending moments at
the beam-to-column connections are gL%/12; at mid-spans the moment is gL*/24. On the other
hand, when WCSBs are utilised, beam response is similar to simply supported members.
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Figure 2.15 Effects of relative stiffness of beams and columns on the distribution of actions and
deformations in single-storey frames. (a) Frame layout, (b) bending moment diagrams in columns and
(c) frame deformation.

Under gravity loads, bending moments and shear forces on columns are often small. Values of
axial loads in columns depend on tributary areas at each floor.

Action distribution in frames with SCWBs and WCSBs subjected to horizontal loads is
shown in Figure 2.17. The distribution of bending moments, especially in columns, is signifi-
cantly affected by the relative stiffness of the frame members.

In frames with SCWBs, the relatively low flexural stiffness of beams causes a shift upwards
of the point of contra-flexure in columns as shown in Figure 2.17. This is typically observed
at lower storeys. High values of bending moments can be expected in the columns at ground
level. By increasing the flexural stiffness of beams, buildings behave like shear frames, as
shown in Figure 2.15. The points of contra-flexure in the columns of shear frames are located
at mid-height for both exterior and interior columns.

The distribution of moments caused by the combined effects of vertical and horizontal
loads is shown in Figure 2.18 for SCWB and WCSB frames. By comparing such distributions
with those provided in Figures 2.16 and 2.17, it is noted that, especially for systems with
WCSBs, bending moments (BMs) may vary significantly at beam ends. At beam-to-column
connections, the flexural moments due to seismic loads can become larger than negative
moment values generated by gravity loads.

The distribution of the lateral deformations of the SCWB and WCSB frames is provided in
Figure 2.19. The values are expressed in non-dimensional form. Drifts of the WCSB frame are
generally higher than those of the SCWB frame, especially at higher storeys.
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Figure 2.17 Distribution of bending moments in strong column—weak beam (left) and weak column—
strong beam (right) multi-storey frames under horizontal loads. (a) Frame layout and loading condition.
(b) Bending moment diagram in beams and columns.

Irregularities, such as sharp variations of stiffness, may generate concentrations of displace-
ment demands. Figure 2.20 displays the response of regular and irregular MRFs. The former
employ beams and columns with the same sections at all storeys, while the latter has an abrupt
change in the column sections of the second floor. The significant variation of column stiff-
ness along the height causes a ‘soft storey’ in the irregular frame; large drifts are observed at
the second floor as shown in Figure 2.20.

The above examples highlight the effect of stiffness distribution on the distribution of
actions and deformations in framed systems subjected to lateral forces. When frames are used
in combination with structural walls, the latter attract the majority of horizontal earthquake-
induced forces at lower and intermediate stories. Vertical loads in frame-wall systems are
distributed according to tributary areas. Horizontal earthquake accelerations induce inertial
forces in structural systems which are applied in the centre of mass of the structure (C,,).
Restoring forces are generated by the reaction of the structure. These are applied in the centre
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Figure 2.18 Distribution of bending moments in strong column-weak beam (left) and weak column—
strong beam (right) multi-storey frames under gravity and horizontal loads. (a) Frame layout and loading
condition. (b) Bending moment diagram in beams and columns.

of rigidity (Cp) of the lateral resisting systems. C,, and C, may or may not coincide. If there is
an offset (eccentricity, e) between Cy and Cor torsional effects are generated.

Earthquakes impose dynamic loads with various amplitudes which can cause defor-
mations in structures well beyond their elastic threshold in alternate directions. Load
reversals may also cause stiffness degradation and elongation of the period of vibra-
tion in the inelastic range. Extensive analytical work on the seismic response of RC
buildings reported by Mwafy and Elnashai (2001) demonstrated that the spread of
inelasticity may lead to significant decrease of the structural stiffness that in turn
causes the fundamental period of vibration to elongate considerably. The distribution of
the inertia forces along the building undergoes continuous changes as a result of stiff-
ness and period variation. Static and dynamic inelastic analyses were carried out on a
sample of three groups of regular and irregular structural systems (Figure 2.21).
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Figure 2.19 Distribution of deformations along the height in SCWB and WCSB multi-storey frames

in Figure 2.17: storey (a) and inter-storey (b) drifts.

The characteristics of the analysed buildings are summarised in Table 2.2, along with
the different levels of seismic hazard assumed for the structural performance
assessment. The design accelerations utilised for the frames were 0.10 and 0.30 g.

To provide insight into the response of the investigated buildings, extensive analyses in the
frequency domain, that is Fourier analyses, of the acceleration response at the top were
conducted to identify the predominant inelastic period of each sample building. Figure 2.22
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Figure 2.20 Comparison between the distribution of deformations in regular and irregular frames
under horizontal loads: storey (a) and inter-storey (b) drifts.

illustrates the calculated periods at the design and twice the design ground acceleration,
along with the elastic period for each building calculated from eigenvalue analyses. It is clear
that the fundamental periods of the buildings are elongated as a result of the spread of cracks
and yielding. The average elastic periods for three groups of building are 0.69 (irregular
frames), 0.90 (regular frames) and 0.56 (regular frame-walls) seconds, respectively.
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Table 2.2 Properties of the sample frames shown in Figure 2.21 and levels of seismic hazard used in
the analyses.

Group (no.) Reference name  Storeys (no.) Lateral resisting Seismic Natural period (s)
system hazard level
1 IF-H030 8 Irregular frame  High 0.674
IF-M030 8 Irregular frame  Medium 0.654
IF-MO15 8 Irregular frame ~ Medium 0.719
IF-LO15 8 Irregular frame  Low 0.723
2 RF-HO030 12 Regular frame High 0.857
RF-M030 12 Regular frame Medium 0.893
RF-MO15 12 Regular frame Medium 0.920
RF-LO15 12 Regular frame Low 0.913
3 FW-H030 8 Regular High 0.538
frame-wall
FW-MO030 8 Regular Medium 0.533
frame-wall
FW-MO015 8 Regular Medium 0.592
frame-wall
FW-L015 8 Regular Low 0.588
frame-wall

The calculated inelastic periods at the design and twice the design ground acceleration are
1.30-1.46, 1.65-1.80 and 0.81-1.00 seconds, respectively. Figure 2.22 shows that the average
percentage of elongation in period is 100% (irregular frames), 90% (regular frames) and 60%
(regular frame-wall). The percentage increase is related to the overall stiffness of the structural
system of the building. The maximum calculated elongation is recorded in the most flexible
system, where the first storey can be considered as a soft storey; whereas the minimum elon-
gation is observed in the stiff frame-wall system. The results point towards an important
conclusion; employment of elastic periods leads to non-uniform safety margin for different
structural systems.

2.3.1.3 Non-structural Damage Control

Non-structural damage caused by earthquakes can be attributed to excessive lateral drifts of
structural systems. In multi-storey buildings correlations between large inter-storey drifts
and non-structural damage are evident from analytical studies, laboratory tests and field obser-
vations. Structures may possess sufficient strength to withstand earthquake loads but have
insufficient lateral stiffness to limit non-structural damage. Strength limit states do not provide
adequate drift control especially for steel structures and for medium-to-high rise buildings
with MRFs or narrow shear walls. Lateral deflections may be used to control deformations up
to and beyond the strength limit. Structural systems tend to behave linearly under low magni-
tude earthquakes; at this stage values of drifts vary between 0.5 and 1.0%. Analytical work by
Ascheim (2002) has shown that the yield horizontal displacement of steel MRFs may vary
between 1.0 and 1.2% of the height of the structure, while RC frames often yield at about half
of the above values. Modern seismic design codes also include stringent drift limits to ensure
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Figure 2.22 Elastic and inelastic (at the design, D, and twice the design, 2D, ground acceleration)
predominant response periods of the buildings — average for the eight seismic actions.

adequate lateral stiffness of the structure and hence reduce the extent of non-structural damage.
Sharp variations of stiffness in plan and elevation can cause damage concentrations and should
be avoided.

Infill panels and brick walls influence the response of frames with low lateral stiffness, for
example multi-storey steel frames. The more flexible the basic structural system is, the more
significant the effects of non-structural components are (Moghaddam, 1990). Masonry and
pre-cast concrete infills are frequently used as interior partitions and exterior walls in steel,
composite and RC structures. Their interaction with the bounding frame should be accounted
for in the assessment of the seismic performance. Studies have demonstrated that the seismic
behaviour of infilled structures may be superior to that of bare systems (Shing and Mehrabi,
2002); enhanced lateral stiffness and strength are readily achieved. While their capacity for
gravity loads may be low, infills often act as shear walls and affect the seismic structural
response in the following respects:

(1) Stiffening of the structure: the fundamental period of vibration of the bare system is
shortened. Consequently, the dynamic amplification characteristics vary. The importance
of this effect depends on the characteristics of the ground motion, which are discussed in
detail in Section 3.4.

(i) Load path: infills alter the lateral stiffness distribution of the structure and hence change
the load flow illustrated in Section 2.3.2.2. Unexpected stress concentrations may also
arise from the interaction of wall panels and bounding frames.
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(iii) Failure mechanism: shear failures can be generated by the presence of infills, especially
in multi-storey frames and where incomplete panel infilling is used. In addition,
‘pounding’ and brittle failure of the walls can undermine the seismic performance of
the structure.

Extensive experimental and numerical simulations on steel frames infilled with brick walls
carried out by Moghaddam ez al., 1988 showed that infilled frames have an increase in stiffness
of 1540 times over that of the bare steel frames. As a result of their contribution to the lateral
stiffness of structures, infills undergo cracks and damage during earthquakes. Non-structural
damage can be controlled by imposing stringent drift limits. Consequently, the difference in
the relative stiffness between frames and infills is reduced. On the other hand, non-structural
components in RC concrete structures often crack prematurely when subjected to alternating
seismic loads. Experimental and analytical studies have demonstrated that infills continue to
govern the overall response of the structure even after cracking during earthquakes (Klinger
and Bertero, 1976; Bertero and Brokken, 1983; Fardis and Calvi, 1995; Fardis and
Panagiotakos, 1997; Kappos et al., 1998). Cracking due to low tensile strength of the masonry
diminishes drastically the initial elastic stiffness of masonry panels; these are generally slender
and possess low out-of-plane stiffness (Abrams and Angel, 1993). The presence of masonry
infills may affect the response positively or negatively, depending on the bare frame period
and its relationship with the dominant period of input motion.

Problem 2.2

An eight-storey RC building is to be constructed to replace an existing condominium block
that has collapsed during a major earthquake. Two options are available for the building
lateral resisting system. These are provided in Figure 2.23 along with the lateral capacity
of the sample structures obtained from inelastic pushover analysis. Calculate the elastic
lateral stiffness and the secant lateral stiffness at ultimate limit states for both multi-storey
structures. If the property owner decides to employ brittle partitions, which structural
system is preferable and why? It may be assumed that both structures behave linearly up to
the yield limit state.

2.3.2  Strength

Strength defines the capacity of a member or an assembly of members to resist actions. This
capacity is related to a limit state expressed by the stakeholder. It is therefore not a single
number and varies as a function of the use of the structure. For example, if the interested party
decides that the limit of use of a structural member corresponds to a target sectional strain,
then the strength of the member is defined as its load resistance at the attainment of the target
strain. This may be higher or lower than the peak of the load—displacement curve, which is the
conventional definition of strength (Figure 2.24). Target strains may assume different values
depending on the use of structural systems. For instance, strains utilised in multi-storey
frames for power plants may be lower than those employed in residential or commercial
buildings. Target strains can be correlated to the risk of failure, which in turn depends on the
use of the structure.
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Strength is usually defined as a function of the type of applied action. Axial, bending and
shear resistances are utilised to quantify the capacity of structures and their components in
earthquake structural engineering. In the response curve shown in Figure 2.24, the shear
capacity V of the system is defined with respect to either the shear at yield V, orat maximum
strength V. Alternatively, the shear capacity can be expressed at any intermediate point
between v, and V_ , for example V. in Figure 2.24. Similarly, axial (V) and bending (M)

max”’
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resistances are evaluated through axial load—axial displacement and moment—rotation
relationships, which can be represented by curves similar to that shown in Figure 2.24.

The definition of strength parameters is often more straightforward than stiffness.
Relationships between geometry, mechanical properties and strength can be derived from
principles of engineering mechanics. These relationships depend on the type of construction
materials employed. Uncertainties in the evaluation of structural capacities are attributed to
(1) the randomness in material properties, especially strength parameters, (ii) geometric prop-
erties, for example section and member size and (iii) construction quality. Thorough control is
imposed for materials, members and connections which are manufactured in part or totally in
fabrication yards. Therefore, the uncertainty in the evaluation of the capacity of prefabricated
structures is often lower than that of systems built in situ. In general, the randomness of physical
properties (mechanical and geometric) is small in metal structures (coefficient of variations
(COVs) are typically between 4 and 6%) but can be significant for RC and masonry (COVs
greater than 10-15%). Moreover, the construction quality of metal structures is frequently
higher than that for RC and masonry. Reliable estimation of section, member and structure
capacities requires low values of COVs for both geometrical and mechanical properties.

Attainment of shear, axial and flexural capacities in gravity and earthquake-resistant systems
can cause damage in structural components. Damage is related to the safety of the system but
it does not necessarily lead to structural collapse. Collapse prevention is the behaviour limit
state controlled by ductility, as illustrated in Section 2.3.3.3.

Horizontal seismic loads usually exceed wind loads, especially for low- and medium-rise
structures in areas of medium-to-high seismic hazard. Earthquakes produce lateral forces
proportional to the weight of the structure and its fixed contents; the resultant of seismic force
is known as ‘base shear’. Adequate shear, axial and flexural capacity is required to withstand
storey and base shear forces. Bending effects, such as uplift and rocking, may be caused by
horizontal forces due to masses located throughout the height of the structure; these effects are
also referred to as ‘overturning moment’. Combined horizontal and vertical loads in the event
of ground motions increase the stress level in members and connections. If total stresses
exceed the capacity, failure of structural components occurs; this corresponds to the structural
damage limit state. Local damage, however, does not impair the integrity of the structure as a
whole. Correlations between strength and structural damage are presented in Section 2.3.2.3.

As with lateral stiffness, the strength of a structure depends significantly on the properties of
materials, sections, elements, connections and systems (reference is made to the hierarchical
link shown in Figure 2.4) as discussed below.

2.3.2.1 Factors Influencing Strength

(i) Material Properties

The efficient use of material strength may be quantified by the ‘specific strength’, that is the
strength-to-weight ratio o/y. Values of o/y for materials commonly used in structural earth-
quake engineering are provided in Table 2.3. Specific elasticity E/y was also included for pur-
poses of comparison. Fibre composites, wood and metals possess the highest values of specific
strength; this renders them suitable for earthquake structural engineering applications. In the
case of wood, the drawback is that member sizes required to achieve high levels of strength
may be very large.
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Table 2.3 Specific stiffness and strength of some materials used in seismic design.

Density Young’s Strength Specific Specific
(KN/m?) modulus (GPa) (MPa) elasticity strength
(x10* m) (x10%> m)
Concrete
Low strength 18-20 16-24 20-40 89-120 11-20
Normal strength 23-24 22-40 20-55 92-167 8-22
High strength 24-40 24-50 70-1000 100-125 29-250
Masonry
Concrete 19-22 7-10 5-15 37-45 3-20
Brick clay 16-19 0.8-3.0 0.5-4 5-16 0.3-2
Fibre composites
Aramidic 14-16 62-83 2500-3000 443-519 17861875
Carbon 18-20 160-270 1400-6800 889-1350 778-3400
Glass 24-26 70-80 35004100 292-308 1458-1577
Wood 1.1-13.3 0.2-0.57 28-707 4-187 53-2557
7-12° 2-10° 90-636° 8-18°
Metals
Mild 79 205 200-500 259 25-63
Stainless 80 193 180480 241 23-60
Aluminium 27 65-73 200-360 240-270 74-133
Other alloys 40-90 185 800-1000 205-462 111-200

o = orthogonal to fibres; p = parallel to fibres and w = work hardened.

Construction materials may be isotropic, orthotropic or anisotropic, depending on the
distribution of properties along the three principal axes. Some materials, such as structural
steel and unreinforced concrete may be treated as isotropic. Laminated materials are usually
orthotropic. Examples of anisotropic materials include masonry, wood and fibre-reinforced
composites. Strength of materials is influenced by strain hardening and softening as well as
strain rate effects (e.g. Paulay and Priestley, 1992; Bruneau et al., 1998; Matos and Dodds,
2002, among others).

A loss of both strength and stiffness takes place in concrete as the strain increases; this is
referred to as strain softening or strength and stiffness degradation. Strain softening can be
reduced in RC systems by providing transverse confinement of concrete by either hoops or
spirals. Circular hoops are more efficient than those with rectangular shapes because they
uniformly confine the core concrete. The loss of bond between concrete and steel in RC struc-
tures under large alternating loads reduces strength and stiffness. Conversely, structural steel
exhibits higher strength at large deformations, generally at strains e greater than 10-15 £, with
€, being the strain at yield; this is known as strain hardening. Beyond the peak stress, around
100-150 £, many types of steel start strain softening.

Under dynamic loads, the material strength increases with the increase in strain rate. During
earthquakes strain rates in steel structures vary between 10~ per second and 10! per second
(Roeder, 2002). Steel structures susceptible to buckling are also affected by strain rate, even if
their dynamic response is in the slow rate region (Izzuddin and Elnashai, 1993). Strain rates
can be as high as 5 x 107 per second in RC structures with short periods (Paulay and Priestley,
1992). For the latter value of strain rate the compression strength of concrete is increased by
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about 30% compared to the quasi-static strain rates. For the same values of strain rates the
increase in the yield strength of steel is about 20%. The stiffness of concrete is also a
function of the strain rate, the increase of the stiffness is lower than that in compressive
strength. Nevertheless, strain rates may be favourable for the stiffness degradation of
concrete. In RC beam elements, where the seismic response is controlled by steel reinforce-
ment bars, strain rates have minor effects (Fu et al., 1991). Consequently, for RC structures,
strain rates are likely to influence the response of members in which the behaviour is
dominated by concrete failure. Both strain hardening and strain rate effects influence the
overstrength of structural systems under earthquake loading. The overstrength is the struc-
tural characteristic that quantifies the difference between the required and actual strength of
a material, a component, an assembly of components or a system, as further discussed in
Section 2.3.4.

(ii) Section Properties

Lateral strength of structural systems is influenced by section properties. The area A of cross-
sections affects both axial and shear capacity, while flexural (/) and torsional (/) moments of
inertia influence flexural and torsional capacity, respectively. For RC sections, the strength
increases with the amount of steel longitudinal reinforcement. A, I and J for RC and masonry
members vary with the type and value of applied loads, as illustrated in Section 2.3.1.1. The
tensile strength f; of these materials is much lower than their compression strength f. The tensile
strength f, is often less than 10-15% of the value of f. Consequently, when subjected to stress
reversals due to earthquake ground motions, the response of RC and masonry members in
compression is notably different from the behaviour in tension. To achieve cost-effective
designs the shape of cross-sections should be selected as a function of the applied action and
lateral resisting system. For example, rectangular sections are cost-effective for beams and
columns to resist axial and shear loads, while wide-flange sections can be used for flexure with
or without axial loads.

Section capacities depend on the interaction between different types of applied actions, for
example axial load N, bending moment M and shear force V. For example, the flexural capacity
of steel sections subjected to uniaxial bending M and axial compression loads N is lower than
the capacity of sections in simple bending. On the other hand, for RC sections, the moments
capacity M increases with compressive N up to the balanced failure (V,, M,), that is simulta-
neous crushing of concrete and yielding of steel bars. For N > N,, the flexural moments M
decrease as the compression axial loads N increase.

In structures designed for gravity loads only, bending moments in the columns are generally
small. Under earthquake loads, horizontal loads induce high moments and shears in columns.
Due to the randomly oriented direction of earthquake ground motions, columns in three-
dimensional earthquake resistant structures are subjected to reversing biaxial bending and
tension-compression variations of axial loads, that is flexure about two orthogonal directions.
The biaxial moment capacity of RC members is generally less than that under uniaxial bend-
ing. Interactions between axial loads N and bending moments M, especially if biaxial, reduce
the capacity of column sections.

Shear—axial and shear—flexure interactions affect the seismic response of beams and col-
umns in framed systems. The effects of these interactions considerably reduce the capacity of
RC sections. Failure in RC beams is often caused by the interaction between flexure and shear
actions. Similarly, in columns the response is influenced by both shear—axial and shear—flexure
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interactions. Large variations of axial loads may take place in columns of buildings and piers
of bridges under earthquake ground motions. Reductions in axial load, or even tensile actions,
erode the shear capacity of RC members (Lee and Elnashai, 2002). For steel structures the
interaction between shear, axial and bending capacity is usually insignificant (e.g. Kasai and
Popov, 1986; among many others).

The strength of steel cross-sections may also be reduced by local buckling. Full axial, bending
and shear capacities cannot be reached if local buckling occurs (reference is made to Section 2.3.3).
Adequate width-to-thickness (b/f) and diameter-to-wall thickness (d/f) ratios for the plates form-
ing webs and flanges of the cross-section should be used to prevent local buckling.

(iii) Member Properties

System strength is affected by the properties of structural components. Columns generally
possess lower flexural and shear strengths than structural walls. Slender walls are frequently
used to increase lateral stiffness and strength in medium-to-high rise frames. Such walls can
withstand high overturning moments and base shears provided that their connections with the
foundation systems do not fail. The position of steel reinforcement bars in the cross-section
of structural walls significantly affects lateral strength and ductility as further discussed in
Section 2.3.3. For slender walls, experimental and numerical simulations have shown that the
concentration of bars at the edges, rather than their distribution evenly over the width, improves
the seismic performance (e.g. Paulay and Priestley, 1992). To facilitate the insertion of several
longitudinal bars at the edges, slender walls often employ flanged sections as displayed in
Figure 2.25. The two flanges are also effective in transmitting the bending moments between
the walls and adjacent beams in multi-storey dual systems. A minimum amount of steel bars
should be placed along the width of the wall cross-section to prevent undesirable shear fail-
ures. Conversely, in squat walls, steel longitudinal and transverse reinforcements are often
uniformly distributed both in plan and elevation (Figure 2.25), since such walls will not exhibit
a flexural mode of response that requires edge steel yielding. Reinforcement bars arranged in
a grid limit the cracking and provide adequate shear strength to the wall.

Confinement of compressed concrete and prevention of steel bar buckling are also essential
to reach the maximum member capacity of walls and columns. Seismic design of RC struc-
tures should ensure that member strengths are governed by flexure rather than shear or failure
of bond and anchorage. This is allowed for energy dissipation in flexure as illustrated in
Section 2.3.3.

(iv) Connection Properties

Under earthquake loads high shear reversals are generated in beam-to-column and column
base connections; both are critical components of framed systems. Stress concentrations in
joints may be caused by their complex geometrical layout and congestion, for example in RC
structures several longitudinal steel bars from elements framing into them intersect. The loss
of stiffness and strength of structural joints leads to the deterioration of stiffness and strength
of the frame. Consequently, to achieve adequate global seismic performance joint stresses and
deformations should be limited to tolerable levels.

Connections between horizontal diaphragms and lateral-force resisting systems, for example
frames and walls, considerably influence the global action and deformation capacity of the
structure. For example, connections between RC flat slabs and columns should possess high
shear capacity to prevent punching shear. Similarly, in steel and composite structures the area
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in the neighbourhood of the beam-to-column connections is often strengthened with additional
steel bars to prevent shear failure. In composite systems the local and global strengths are also
affected by the shear connectors between structural steel and concrete components. Stress
concentrations at the connection of flat slabs and structural walls may lead to tearing of the
slab, especially in flat-slab systems. Additional steel reinforcement can be placed in the slab to
increase its shear strength. Weak connections between foundations and superstructures may
cause sliding shear or overturning as indicated in Figure 2.26.

Sliding is a common failure mode observed in masonry and wood buildings and is caused
primarily by the low strength of fastenings. On the other hand, overturning of walls in masonry
and wood systems is often caused by the inadequate resistance of connections between orthog-
onal structural walls. In RC structural walls, inadequate anchorage lengths of steel reinforce-
ment bars in the foundation may endanger the flexural capacity. Similarly, insufficient bolt
anchorages may undermine global lateral strength in both steel and composite structural walls.

(v) System Properties

The overall lateral earthquake resistance of a system is not the sum of the resistance of its
components and the connections between them. Beams, columns, connections and infill panels,
if any, interact in a complex manner. Their structural response is not amenable to simple
parallel or series system representations, as emphasised in Section 2.2.3. Structures employing
either unbraced (MRFs) or braced (CBFs or EBFs) frames as earthquake-resistant systems
possess relatively high lateral strength, although their stiffness and ductility vary significantly
as also discussed in Section 2.3.1.1 and in Appendix A. Cyclic loading may cause loss of resis-
tance in structural components and the connections between them, especially shear and axial
capacities, which, in turn, considerably lower the global strength of the system. Consistent
distribution (near-constant ratio of supply-to-demand) of strength in plan and elevation are
fundamental prerequisites to avoid concentration of high demand leading to concentrated
damage. Interaction between structural and non-structural components, for example infill
panels, may lead to localised damage in columns. Under lateral loads the infills behave like
struts and may generate high shear forces in the sections at the base and top of columns. In RC
structures, adequate transverse reinforcement should be placed in such sections to withstand
the additional shear demand imposed by the strut action. Infill panels may also contribute
significantly to the storey horizontal strength in addition to the lateral stiffness and ductility.
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These effects on strength and stiffness are also illustrated in Sections 2.3.2.3 and 2.3.1.3,
respectively. The enhancement of the storey shear capacity depends on the construction material
and on the relative properties of frames and infills (e.g. Fardis and Panagiotakos, 1997;
Al Chaar et al., 2002; among many others). For example, in RC weak frames-strong infills,
masonry panels contribute significantly to the lateral strength of the system. This contribu-
tion may be up to three times or more the corresponding bare frame strength (Mehrabi et al.,
1996). Conversely, in strong frames-weak infills, the increase of capacity is relatively lower
than that in weak frames-strong infills, for example about 40—60%. In steel frames the enhance-
ment of lateral global strength due to the presence of infills is higher than in RC frames
(Moghaddam, 1990). The increase in resistance due to infill panels varies as a function of their
slenderness. The lower the slenderness, the higher is the contribution to the lateral resistance
(Saneinejad and Hobbs, 1995).

2.3.2.2 Effects on Load Path

Earthquake-resistant structures should be provided with lateral and vertical seismic-force
resisting systems capable of transmitting inertial forces from the location of masses throughout
the structure to the foundations. Structures designed for gravity loads have very limited
capacity to withstand horizontal loads. Inadequate lateral resisting systems and connections
interrupt the load path. Continuity and regular transitions are essential requirements to achieve
adequate load paths as shown in Figure 2.27.
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—| Earthquake (horizontal & vertical) I
%| Horizontal structural systems |<— --=
1
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1
Structure I Connections
I
1
%| Vertical structural systems |<— -—-a
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Foundations
Ground

Figure 2.27 Path for vertical and horizontal loads.
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In framed structures gravity and inertial loads generated at each storey are transmitted first
to the beams by floor diaphragms (or slabs), then to columns and foundations (Figure 2.28).
Mechanical and geometrical properties of beam-to-column and column-to-base connections
may alter the load path. Continuity between structural components is vital for the safe transfer
of the seismic forces to the ground. Failure of buildings during earthquakes is often due to the
inability of their parts to work together in resisting lateral forces as illustrated in Appendix B.
Structural damage may occur at any point in the system if lack of sufficient resistance exists
at that location. Partial failure does not necessarily cause collapse of a structure. The link bet-
ween structural components and connections is more complex than the in-series system shown
in Figure 2.5, thus confirming the validity of the analogy between structure and road network
discussed in Section 2.2.3. When it comes to structural damage, earthquakes are likely to find
the ‘weakest link’ in any complex system and cause damage to the most vulnerable element.

Load paths depend on the structural system utilised to resist vertical and horizontal loads.
Structural systems for gravity load and lateral earthquake resistance transfer applied actions
to the ground through their components, but stresses induced in both systems are different.
For example, gravity loads acting on cantilevered bridge piers, result in axial actions only as
shown in Figure 2.29. Stresses are uniformly distributed in the pier section. Concentrations of
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stresses are localised at the intersection of the pier and the spread footing used as foundations.
In this critical section, vertical load P and self-weight of the pier W produce the maximum
(compressive) stresses. Horizontal forces F due to earthquakes induce bending moments
which vary linearly along the pier height H. Additional compressive and tensile stresses can
be caused by the vertical component of ground motion. As a result, the stress distribution in
the critical section becomes trapezoidal. Shear stresses due to F are also present. This example
demonstrates that combined vertical and horizontal loads in the event of ground motions may
increase the stress level within members and connections.

Combined axial load and bending moment in the section at base of the pier in Figure 2.29
may lead to failure because of concrete crushing. Yielding and buckling of the reinforcement
bars may also occur. Due to low tensile strength of concrete, cracks appear at low values of
horizontal forces. Insufficient shear resistance may also cause structural damage in the pier.
Additionally, strength of the soil at the pier foundation may be inadequate to withstand the
additional vertical and lateral pressures due to earthquake loads. Cyclic loading may cause
severe deterioration of the resistance of the RC pier. Shear strength and bond resistance
rapidly reduce under large load reversals. Weak anchorage between the superstructure and its
foundation may produce horizontal sliding, as discussed above. For very slender piers, for
example H/D > 10 or H/B > 10 for circular and rectangular piers, respectively, the eccentricity
of vertical loads caused by earthquake-induced horizontal loads may generate second-order
P-A effects. The latter in turn increase the bending moment in the critical section.

Gravity and earthquake loads should flow in a continuous and smooth path through the
horizontal and vertical elements of structures and be transferred to the supporting ground.
Discontinuities are, however, frequently present in plan and elevation. Sidestepping and off-
setting are common vertical discontinuities which lead to unfavourable stress concentrations
as further illustrated in Appendix A. In plan, openings in diaphragms may considerably
weaken slab capacities. This reduction of resistance depends on the location, size and shape of
the openings. Figure 2.30 depicts an example of stress concentrations caused by a large open-
ing for stairwells in a floor slab. Conversely, small openings do not jeopardise the load transfer
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Figure 2.30 Stress concentrations caused by small (a) and large (b) openings in horizontal diaphragms.
Small openings do not endanger the in-plane strength of diaphragms.
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at floor level; the diaphragm behaves like a continuous beam under uniform seismic forces.
High stress concentrations may also exist at the connection between structural walls and slabs,
as well as between columns and flat slabs. Adequate shear capacity should be provided at
these connections to prevent localised failures.

Asymmetry in plan and elevation, generated by off-centre structural cores significantly alter
the load transfer from the superstructure to the foundations (Paulay, 1998, 2001). Systems with
asymmetries may lead to undesirable torsional effects and stress concentrations. Eccentricities
between the C,, and the centre of resistance can also be generated by the occurrence of cracking
and yielding in RC or masonry components. Eccentricities of all types increase the strength
and ductility demand on perimeter columns in framed structures and on walls in dual systems
as further discussed in Appendix A.

Load paths may also be significantly affected by masonry and concrete infills in framed
structures as also discussed in Section 2.3.2.1. Under horizontal loads, as lateral deformations
increase, bays of frames and infills deform in flexural and shear modes, respectively. Lateral
displacement cycles generate alternating tension and compression diagonals in wall panels.
Infilled frames behave like unidirectional braced systems. Relative displacements between
frame and infills cause their separation along the tension diagonal while struts are formed on
the compression diagonal. The above separation occurs at 50-70% of the shear capacity of the
infill for RC frames (Paulay and Priestley, 1992), and at much lower values of lateral forces
for steel frames (e.g. Bruneau et al., 1998). The premature localised failure of masonry may
lead to severe damage concentrations and even to collapse of the structure since it may increase
irregularity leading to concentration of demand. Stress concentrations may be generated at the
intersection of infills with beams and columns. Strut action increases shear forces at both tops
and bottoms of columns. Failure of infills may cause the failure of the RC frame or even the
collapse of the entire structure. For example, premature failure of the infills in the first floor
will cause soft storey and the structural collapse as observed after the 1999 Kocaeli (Turkey)
earthquake (Elnashai, 1999).

Masonry and concrete infills are generally distributed non-uniformly in plan and elevation.
Irregular layouts of infills may generate considerable torsional effects and lead to high stress
concentrations, especially in columns.

2.3.2.3 Structural Damage Control

Strength is generally associated with the control of structural damage. Strength failure may
be caused by the accumulation of stresses beyond the capacity of materials, members and
connections in the structure. The occurrence of damage in structural components can also be
associated with the onset of target values of strains (materials), curvatures (sections), rotations
(elements and connections), inter-storey drifts (sub-system) and global drift (systems). Damage
control can be achieved at both local and global levels. Target values of strains, curvatures,
rotations and drifts are utilised to limit local and global damage. It is recommended that limit
states at all levels are defined and continuously assessed since no one single quantity is suited
to controlling all levels of damage.

In general, damage increases as the load and deformation resistance is lowered. In seismic
design it is, however, cost-effective to allow for the occurrence of a limited amount of con-
trolled structural damage. For example in RC structures repairable damage includes spalling
of concrete cover and formation of flexural cracks; fracture and buckling of reinforcement
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bars are not readily repairable. Damaged structures may or may not collapse depending on the
inelastic deformation capacity (ductility) which is discussed in Section 2.3.3.

Under earthquake loads, stress concentrations may occur in critical regions of structures,
for example sections with maximum bending and shear forces, high axial compression or net
tensile forces. These concentrations are also typically observed where abrupt changes in the
structural layout are present, as discussed in the previous section. Large reversing actions may
lead to stiffness and strength deteriorations. Stiffness and strength degradation accelerate the
occurrence of failure. In seismic areas, it is desirable that shear resistance should be signifi-
cantly higher than flexural capacity, a target that can be achieved by applying capacity design.
Shear strength and stiffness deteriorate much faster than their flexural counterparts. Shear
effects often become dominant under large amplitude cyclic loads and failure occurs. This is
the case for structural walls which may experience shear failure.

Limiting damage in beam-to-column and foundation connections is essential to achieve
adequate performance of the structural system. Excessive cracking and bond deterioration
should be prevented especially in RC joints. Reductions in joint shear capacities are detri-
mental to the seismic performance of framed systems. Damage in beam-to-column joints
significantly increases the inter-storey drifts and may endanger the stability of the structure as
a whole. Stress concentrations and additional shear generated by the strut action of masonry
and concrete panels should be accounted for in the design and assessment of beam-to-column
joints of infilled frames. In the case of poorly designed infilled frames, for example very
strong walls in a weak frame, failure can occur due to the premature failure of beam-to-
column joints or columns (e.g. Schneider ef al., 1998). Damage in steel beam-to-column con-
nections has been observed in the mid-1990s, after a period when steel frames were considered
far superior to RC alternatives. Damage was often associated with a particular connection
configuration referred to as hybrid connection, where moments are resisted by top and seat
angles, while shear is resisted by shear tabs welded to the column and bolted to the beam (e.g.
Di Sarno and Elnashai, 2002).

Sliding of structures resting on shallow foundation blocks and sliding of tiled roofs in
low-rise wood and masonry constructions are due to shear effects. High shear resistance and
adequate anchorage between structural components can prevent these failure modes.

In framed systems with no structural walls, strength and stiffness often increase proportion-
ally, especially in RC and composite structures. In steel frames, strength enhancement is
generally higher than the increase in lateral stiffness. Unfavourable failure of members and
structures may be caused by high stiffness and inadequate strength. For example, short stiff
columns attract high shear loads as shown in Section 2.3.1.1. If these members do not possess
sufficient shear resistance, failure may occur. In wall systems, the link between strength and
stiffness can be broken. Consequently, the former structural response parameter can be
increased without a commensurate increase in the latter. In so doing, in seismic retrofitting,
either traditional interventions or novel techniques, for example wrapping with fibre reinforced
plastic (FRP) or post-tensioning with smart materials, for example FRP tendons or shape
memory alloys wires, may be utilised.

Overturning moments caused by horizontal seismic loads tend to tip over the superstructure
with or without its foundations. This mechanism is referred to as ‘uplift’. Deep foundations
are often more effective in resisting overturning moments than shallow footings because of
friction activated along the lateral surface of embedded piles. Overturning can also generate
net tension and excessive compression in columns. Axial actions induced by seismic horizontal
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Problem 2.3

Consider the single-storey dual system shown in Figure 2.31. To distribute the seismic
force F, among lateral resisting elements, that is frames and structural walls, the following
equation is employed:

k i kyi dxi

M, (2.9)

yi M y

+
- M
Zkyi Z}kyj d:j
j=

where kyi is the lateral stiffness of the moment resisting systems along the y-direction. The dis-
tance of these systems from the centre of stiffness C, is dxi, M is the torsional moment. Derive
the relationship in Eq. (2.9). Does the relationship hold for both elastic and inelastic systems?
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forces can exceed those due to gravity loads. By reducing the axial compression in RC
members the shear capacity is lowered. Fracture and buckling of reinforcement steel bars
(RC structures) and structural steel components (steel and composite structures) can be attrib-
uted to high overturning moments. Reductions of shear capacity in RC are also caused by
vertical components of earthquake ground motions as observed in several bridge piers during
past earthquakes and illustrated in Appendix B.

2.3.3  Ductility

Ductility is defined as the ability of a material, component, connection or structure to undergo
inelastic deformations with acceptable stiffness and strength reduction. Figure 2.32 compares
the structural response of brittle and ductile systems. In the figure, curves A and B express
force—displacement relationships for systems with the same stiffness and strength but distinct
post-peak (inelastic) behaviour. Brittle systems fail after reaching their strength limit at very
low inelastic deformations in a manner similar to curve A. The collapse of brittle systems
occurs suddenly beyond the maximum resistance, denoted as V__, because of lack of ductility.
Conversely, curve B corresponds to large inelastic deformations which are typical of ductile
systems. Whereas the two response curves are identical up to the maximum resistance V__, they
should be treated differently under seismic loads. The ultimate deformations §, corresponding
to load level V, are higher in the curve B with respect to curve A, thatis 6, ; >> 6 ,.

Most structures are designed to behave inelastically under strong earthquakes for reasons
of economy. The response amplitudes of earthquake-induced vibrations are dependent on
the level of energy dissipation of structures, which is a function of their ability to absorb
and dissipate energy by ductile deformations. For low energy dissipation, structural systems
may develop stresses that correspond to relatively large lateral loads, for example accelera-
tions of 0.5-1.0 g were observed (Housner, 1956). Consequently, such structures should be
designed to withstand lateral forces of the same proportion of their weight to remain in the
elastic range. This is uneconomical in all practical applications with the exception of nuclear
power plants, offshore platforms and water- and fluid-retaining structures, alongside other
safety-critical structures.
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Figure 2.32 Definition of structural ductility.
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The general analytical definition of displacement ductility is given below:

p= (2.10)

A

y

where A and A are displacements at ultimate and yield points, respectively. The displace-
ments A may be replaced by curvatures, rotations or any deformational quantity. The ratio u
in Eq. (2.10) is referred to as ‘ductility factor’. The following types of ductility are widely
used to evaluate structural response:

(i) Material ductility (u,) characterises material plastic deformations.

(ii) Section (curvature) ductility (,ul) relates to plastic deformations of cross-sections.

(iii) Member (rotation) ductility (u,) quantifies plastic rotations that can take place in struc-
tural components such as beams and columns. This type of ductility is often also used for
connections between structural members.

(iv) Structural (displacement) ductility (u,) is a global measure of the inelastic performance
of structural sub-assemblages or systems subjected to horizontal loads.

The conceptual relationship between local and global ductility is displayed in Figure 2.33,
which reflects the hierarchical link between structural response levels illustrated in Figure 2.4
of Section 2.2.3.

The inelastic performance of structures may significantly vary with the displacement history
(e.g. Akiyama, 1985; Wakabayashi, 1986; Usami et al., 1992, among others). Consequently,
under load reversals the definition of ductility factor provided in Eq. (2.10) may not reflect the
actual maximum deformations experienced by the structure because of the cyclic response
under earthquake loads, residual plastic deformations and cyclic stiffness and strength degra-
dation. Alternatively, the following definitions may be adopted for the ductility factor:

(1) Definition of ductility factor based on cyclic response: the factor u is related to the cyclic
deformations as given below:

A |+[Aras
H= TM; 2.11)

where A7 and A_ are the positive and negative ultimate deformations, respectively; A7
and A; the corresponding deformation at the yield point;

(ii) Definition of ductility factor based on total hysteretic energy: the entire response history
of the system is accounted for by the total hysteretic dissipated energy E ,, and the ductility
factor can be expressed as below:

2.12.1)
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Figure 2.33 Hierarchical relationship between ductility levels.

where E_ is the elastic energy, also referred to as ‘strain energy’, at yield and is given by:

1
Ey =55 S, (2.12.2)

where F and 6, are the action and deformations at first yield, respectively. The total hysteretic
energy dissipated before failure £, ; can be computed as follows:

iH (2.12.3)

where the summation is over all cycles N up to failure and £, ,; is the hysteretic energy dissipated
in the ith cycle.
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In seismic design, high available ductility is essential to ensure plastic redistribution of
actions among components of lateral resisting systems and to allow for large absorption and
dissipation of earthquake input energy. Ductile systems may withstand extensive structural
damage without collapsing or endangering life safety; this corresponds to the ‘collapse pre-
vention’ limit state. Structural collapse is caused by earthquakes which may impose ductility
demand p, that may exceed the available ductility 4 of the structural system. Imminent
collapse occurs when p, > ..

Several factors may lead to reduction of available ductility u . These include primarily:
(1) strain rate effects causing an increase in yield strength, (ii) reduction of energy absorption
due to plastic deformations under alternating actions, (iii) overstrength leading to structures
not yielding when they were intended to yield and (iv) tendency of some materials to exhibit
brittle fracture. These factors may affect both local and global ductility. The effects of material,
section, member, connection and systems properties on the structural ductility are discussed
in the next section.

2.3.3.1 Factors Influencing Ductility

(i) Material Properties

The ductility of structural systems significantly depends on the material response. Inelastic
deformations at the global level require that the material possesses high ductility. Concrete
and masonry are brittle materials. They exhibit sharp reductions of strength and stiffness after
reaching the maximum resistance in compression. Both materials possess low tensile resis-
tance which is followed by abrupt loss of strength and stiffness. The material ductility u, can
be expressed as the ratio of the ultimate strain £, and the strain at yield £, that is p_ = eu/ey.
Consequently, the ductility u, of concrete and masonry in tension is equal to unity, while y_ is
about 1.5-2.0 in compression. For concrete, the higher the grade the lower is the inelastic
deformation capacity. Metals and wood exhibit much higher values of x . Mild steel has
average values of material ductility of 15-20 if ultimate strains ¢ are limited to the incipient
strain hardening e, that is e, = £, as shown in Figure 2.34. Values of u, in excess of 60-80 can
be obtained by usmg the deformatlon at ultimate strength. Similarly, metal alloys, such as alu-
minium and stainless steels, exhibit values of material ductility as high as 70-80. These alloys
do not possess clear yield points and a conventional ‘proof stress’, that is stress corresponding
to 0.2% residual strain, is utilised to define the elastic threshold (e.g. Di Sarno and Elnashai,
2003; among others).

Steel reinforcement can be utilised in plain concrete and masonry to enhance their ductility.
Steel-confined concrete exhibits inelastic deformations 5—15 times higher than plain concrete
(Comite Euro-Internationale du Beton, 1996). Strain at maximum compressive strength is
about 0.3-0.4% for almost all grades of concrete. Unconfined concrete exhibits very limited
ductility x, in compression. Confinement limits the post-peak strength reduction thus
increasing the residual resistance. Ductility of concrete is significantly enhanced due to con-
finement provided by transverse steel reinforcement. Experimental simulations have also
demonstrated that circular spirals confine concrete more effectively than rectangular or square
hoops (Park and Paulay, 1975). Circular confinement bars provide uniform confining pressure
around the circumference because of their shape. Confined concrete is subjected to multi-axial
stress states, which is beneficial for both strength and ductility.
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Figure 2.34 Inelastic material response for mild steel under monotonic loads.

Earthquakes cause alternating loads, thus action—deformation relationships generate hysteretic
loops. The cyclic inelastic response of materials should be used to evaluate the ductility 4. In
so doing, Eqgs. (2.11) and (2.12) can be utilised. Several factors influence the inelastic cyclic
response of materials; the most common include stiffness and strength degradation. The latter
reduces the energy dissipation capacity of the material. The amount of energy absorbed at a
given deformation level corresponds to the total area under the action—deformation curves.
This hysteretic energy absorption is often replaced by equivalent damping in analytical formu-
lations. The dissipated energy in a cycle of deformation is referred to as ‘hysteretic energy’ or
‘hysteretic damping’ and is further discussed in Section 2.3.5. Ductility is directly related to
energy dissipation; high ductility is required to dissipate large amounts of seismic energy. For
conventional construction materials, high energy absorption is associated with high levels of
damage, since energy can only be absorbed and dissipated by irreversible deformations. For
novel and smart materials, such as shape memory alloys or viscous fluids, large amounts of
seismic energy can be dissipated with limited structural damage (e.g. Di Sarno and Elnashai,
2003, among others). Strain softening and strain hardening should be accounted for in the
evaluation of inelastic response for masonry, RC and steel, as appropriate. Strain softening,
which typically affects the post-peak response of plain concrete and masonry, involves loss of
strength with increasing strain. Strain softening may be reduced by providing adequate
transverse confinement of the material. Spreading of plasticity within members of both steel
and RC structures is controlled by the strain hardening of steel as shown in the following
sections. The higher the ratio between the ultimate and yield strength, f, and fy , respectively, the
higher the spreading of inelasticity. Mild steel possesses values of f, /fy ratios which typically
range between 1.10 and 1.30. Other metals, such as aluminium alloys and stainless steels,
exhibit much higher values of fu /fy , for example values of about 2.0-2.2 (Di Sarno et al., 2003).
Spreading of inelasticity is a convenient means to reduce concentrated inelastic demands thus
preventing brittle failures.
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(ii) Section Properties
The ductile response of cross-sections of structural members subjected to bending moments is
generally measured by the curvature ductility y , which is defined as follows:

u, =% (2.13)
Ly

where y, and y are the ultimate and yield curvatures, respectively.

In RC structures, the curvature ductility significantly depends on the ultimate concrete
compressive strain €_, the compressive concrete strength f,, the yield strength of the steel rein-
forcement bars f,, the stress ratio f,/f, of reinforcement steel, the ratio of compression-to-tension
steel A’/A_and the level of axial load v = N/A f.. By increasing the ultimate concrete strains ¢_,
for example through transverse confinement, the curvature ductility is enhanced; thus confined
concrete behaves in a ductile manner. The use of high-strength steels increases the yield curvature
X, while values of y, do not change. The net effect is that these types of steels reduce the curva-
ture ductility M Conversely, increases in the stress ratio f; 1, of reinforcement steel increase the
curvature ductility. Adding reinforcement steel bars in compression is beneficial to the ductile
response of RC cross-sections. The presence of axial compression loads increases the depth of
the neutral axis, both at yield and at ultimate limit states. The yield curvature X increases while
the ultimate curvature y, decreases. Consequently, the ductility u_is lowered. An increase in the
normalised axial loads v from 10 to 30% of squash load leads to a reduction in curvature ductility
to one-third. Dimensionless axial loads v in columns of RC framed structures should not
exceed values of 0.15-0.20 to achieve adequate curvature ductility. Transverse confinement is
an effective counter-measure to the reduction in ductility caused by axial loads. The effects of
axial loads and confinement on the ratio ;(u/)(y for RC cross-sections are shown in Figure 2.35.
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Figure 2.35 Variations of curvature ductility as a function of the level of axial loads and transverse
confinement. (After Blume et al., 1961.)
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Table 2.4 Variation of curvature ductility in RC members as a function of different design
parameters.

Parameters Curvature ductility

Increment Decrement

Ultimate concrete compressive strain (g_ )
Compressive concrete strength (f))
Reinforcement steel yield strength (fy )
Overstrength of steel reinforcement (f,/f))
Percentage of steel in compression (A’/A )
Level of axial load (v = N/A_f))

—_—— o -
— = -

1 =increase and | = decrease.

The variation of K, with the aforementioned design parameters, for practical values of RC
cross-section dimensions and steel reinforcement layouts, is summarised in Table 2.4.

Curvature ductility in RC members can also be affected by the presence of shear forces.
Transverse confinement, which is used to confine plain concrete, increases the shear strength
of structural components. Consequently, flexural inelastic response is fully developed prior
to shear distress. In steel structures, shear—flexure interaction does not generally affect the
section ductility. On the other hand, the presence of axial loads considerably reduces the
curvature ductility x in both steel and composite cross-sections. As a result, dimensionless
axial loads v should not exceed 0.15-0.20 as for RC structures.

To achieve high curvature ductility, it is essential to limit the depth of the neutral axis in
cross-sections of plastic hinges of beam elements. For RC members, extensive experimental
and numerical analyses have shown that the position of the neutral axis, expressed in dimen-
sionless form, should not exceed 0.25 (Comite Euro-Internationale du Beton, 1996). This
value ensures that curvature ductility as high as 10-15 can be reached. For steel structures,
the curvature ductility may be undermined by the occurrence of local buckling. It is thus of
importance to utilise sections with low slenderness. Generally, adequate width-to-thickness
ratios are employed to ensure that the section behaviour is governed by plastic capacity rather
than by local buckling.

(iii) Member Properties
An adequate metric for ductile behaviour of structural members is the rotation ductility factor
H, given by:

py = (2.14)

where 0 and Gy are the ultimate and yield rotations, respectively. These rotations are directly
estimated from the ultimate and yield curvatures y, and Xy respectively, defined in the previous
section. The rotations 6, and 0 are indeed computed by mtegratmg the curvature distributions
%, and X, along the member length
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Figure 2.36 Bending moment diagram, curvature distribution and plastic hinge length in a cantilever
column.

Inelasticity is concentrated in flexural plastic hinges at the ends of beams and columns. It is
often assumed that curvatures within plastic hinges are constant thus allowing plastic rotations
Gp to be expressed as follows:

0, =x,L, (2.15)

where X, is the plastic curvature and L the length of the plastic hinge. Figure 2.36 depicts a
typical bending moment distribution in a RC cantilever column. It is assumed that the structural
member is moderately reinforced such that the moment—curvature relationship can be assumed
elasto-plastic. The theoretical distribution of curvature is indicated by the broken lines in the
figure. The abrupt change at the base of the component from x,t0%, is not practically possible
because strains in concrete cannot vary so rapidly. Likely distributions of yield and ultimate
curvatures are given by the jagged thick line. These distributions lead to curvatures smaller than
those predicted theoretically at points away from the fixed end. The underestimation is caused
by the tension-stiffening effect of concrete in the cross-sections between flexural cracks. At the
base, theoretical predictions provide values lower than those estimated from the likely curvature
distributions. The ductility of a frame member depends on the spreading of inelasticity which
takes place in the region corresponding to the plastic hinge of length L in Figure 2.36.
Longitudinal steel bars elongate beyond the base of the cantilever member given in Figure 2.36
because of the finite bond stress. This elongation causes additional rotation and deflection in the
member; this response is referred to as yield penetration. Additionally, interactions between
flexural- and shear-induced cracks increase the spreading of plasticity in the critical region.

Plastic hinges should be located in beams rather than in columns since the columns are
responsible for the gravity load resistance hence the stability of the structure against collapse.
Shear capacity of both beams and columns should always be higher than flexural strength to
avoid brittle shear failure.

To ensure adequate rotational ductility (e.g. u, > 10-15) in flexural plastic hinges, it is
necessary to carefully detail critical regions (plastic hinges). For example, in RC members, it
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is essential to provide closely spaced stirrups which confine effectively the concrete and use
sufficient lap splices and anchorage lengths. For steel and composite members, cross-sections
employing plates with low width-to-thickness ratios in plastic hinge regions are necessary in
order to avoid local buckling.

(iv) Connection Properties
The behaviour of connections (e.g. beam-to-column in MRFs, brace-to-column and brace-to-
beam in either CBFs or EBFs and those between superstructure and foundation systems) affects
significantly the global ductile response of structures. In RC frames, the ductile behaviour of
joints is a function of several design parameters, which include, among others: (i) joint
dimension, (ii) amount of steel reinforcement, (iii) bond resistance, (iv) level of column axial
loads and (v) presence of slab and transverse beams framing into the connection. All other
parameters being equal, by increasing joint dimensions lower shear stresses are generated. The
advantage of increasing column depths is twofold. Joint shear stresses are considerably reduced
and bond demands on longitudinal steel reinforcement of beam bars passing through the joint
are minimised. Both effects prevent brittle failure modes in RC beam-to-column joints, that is
loss of bond resistance along the joint boundary, inability to resist high stresses caused by
perimeter bond actions and inability to sustain diagonal compression strut in the joint core.
Brittle failure due to low shear capacity can be prevented by adequately confining the joint by
hoops. In so doing, shear strength and bond resistance are enhanced. Occurrence of bond
failure endangers the ductile behaviour of frames and should be prevented when designing RC
joints. Similarly, the presence of slabs may erode the ductility of beam-to-column connections
because of the additional shear demand caused by the raised beam moment. Effects of column
axial loads reduce the total lateral drift at yield, which is beneficial for the ductile response
(Kurose, 1987). Nevertheless, as the vertical stresses increase in the joint, the contribution of
the diagonal compression strut to the shear resistance is lowered. The net effect is that by
increasing the column axial loads the joint ductility is impaired. Transverse beams enhance
joint shear resistance and provide concrete confinement, which in turn improves the ductility.
The global ductility of steel and composite structures also depends on the response character-
istics of the connections, especially beam-to-column and column-to-foundation connections.
The ductility of beam-to-column connections is controlled by yield mechanisms and failure
modes. For welded-flange shear-tab connections, yield is by flexural yielding of beam and shear
yielding of the panel zone. Possible failure modes include fracture at welds or at weld access
holes, lateral torsional buckling, local web and flange buckling, excessive plastic deformation of
panel zone, beam, column web and flanges (Roeder, 2002). Multiple yield mechanisms may con-
tribute to plastic rotations if their resistances are all lower than the strength of the critical failure
mode of the connection. Multiple yield mechanisms rather than a single yield mechanism are
generally desirable to achieve adequate seismic performance. By sizing members and connec-
tions it can be ensured that the most desirable yield mechanism occurs first. On the other hand,
failure modes cause fracture, tearing or deterioration of connection capacity. Similar to yield
mechanisms, all connections have a number of likely failure modes. The critical failure mode is
that with the lowest resistance of all possible modes for the given connection. The ductility and
the inelastic performance of a connection are controlled by the proximity of the critical failure
mode resistance to the controlling yield mechanism resistance. Connections with a controlling
yield mechanism resistance significantly lower than the critical failure mode resistance develop
considerable inelastic deformations and therefore exhibit high plastic rotations capacity.
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Finally, the ductile response of the lateral resisting systems is dependent on the response
characteristics of connections between foundation and superstructure. For example, for canti-
lever structural walls the seismic detailing of the base connection is of great importance to
achieve adequate roof lateral displacement ductility. For RC and composite walls, sufficient
anchorage lengths of steel reinforcement bars and closely spaced transverse confinement of
concrete in the lower part of the cantilever structure are essential requirements to account for
in the design.

(v) System Properties

The most convenient parameter to quantify the global ductility of structural systems under
earthquake loads is the displacement or translation ductility 4, which is defined as given in Eq.
(2.10). Displacement ductility factors y, should be expressed as storey drift ductility rather
than roof lateral displacements, as discussed in preceding sections. Storey translational duc-
tility is a measure of the ductility distribution along the height in multi-storey frames and can
be utilised to detect loc