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This thesis is intended as an introduction to anomalous effects of strong earthquakes
known as site effects. We start by introducing the reader in the first chapter to
various elemental questions, starting with a simplified definition of earthquake
source. Then we follow with a very brief summary of significant earthquakes, which
provided scientists with valuable data and contributed to a better understanding of
these phenomena. After that, our attention is turned towards the most important
issues regarding the introduction to the earthquake related questions. First we give
an overview of the ground motion characterization. Parameters are defined which
characterize properties of the earthquake ground motion. We end the first chapter
with a brief summary of the seismic hazard analyses. The second chapter introduces
the basic site effects with the focus on the effects of the soft-soil deposits and
topographical effects. The third chapter introduces the basic methods used to
evaluate in a quantitative form the character of a particular site effect, ranging from
experimental methods to numerical modeling. All chapters were written with the
main idea to summarize the fundamental basics regarding information about site

effects.
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Tato praca je myslena ako uvod do anomalnych efektov silnych zemetraseni
zvanych lokélne efekty. Za¢neme zoznamenim Citatel'a v prvej kapitole s roznymi
zakladnymi problémami tykajlcich sa zemetrasni, pricom zaciname zjednodusenou
definiciou zdroja zemetrasenia. Nasleduje stru¢né zhrnutie vyznacnych zemetraseni,
ktor¢ umoznili vedcom z nich zistit cenné data, ktoré prispeli k lepSiemu
porozumeniu tychto fenoménov. Potom sme sa venovali najddlezitejSiemu aspektu
uvodu do zemetraseni. Zacali sme prezentovanim prehladu charakterizacie pohybu
zemského povrchu. Definuji sa parametre, ktoré charakterizuji vlastnosti pohybu
zemského povrch sposobeného zemetrasenim. Prva kapitola je ukoncend stru¢nym
zhrnut'im analyz seismického ohrozenia. Druhd kapitola uvadza zaklady lokalnych
efektov s hlavnym zameranim na efekty sposobené nanosmy mikkej pddy a
topografiou. A v tretej kapitole su uvedené zakladné metédy pouzivané na
vyhodnotenie kvantitativnym spdsobom charakter daného lokalneho efektu vyuzitim
¢i uz experimentalnych metdd, alebo numerickych metdd. VsSetky kapitoly boli
pisané¢ s hlavnou myslienkou zhrnut absolutne zaklady tykajice sa lokéalnych

efektov.
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1 Elemental introduction to earthquakes
1.1 Earthquake source

Earthquakes exist because the Earth’s interior is not a homogenous fluid substance.
The interior is strongly heterogeneous and in a permanent motion. The Earth is
covered by tectonic plates. These plates are in a permanent, yet slow, motion and are
interacting with each other. If they are moving past each other or against each other
they generate stress which can be accumulated and later, when it reaches its critical
value, released in the form of an earthquake. The characteristics of plate boundaries
influence the nature of earthquakes occurring on them.

Spreading ridge boundaries the plates move away from each other, letting fresh
material from greater depths rise to the top. Subduction zone boundaries are the
opposite of spreading ridge boundaries — plates move towards each other (which can
result in the creation of mountain ranges). The intensity of force which propels these
plates is not equal and that results in one plate being dominant. The dominating plate
starts to subduct the other plate. Subduction zone boundaries are most often found
near the edges of continents. Transform fault boundaries occur when plates move
past each other. A new crust is neither consumed nor created.

An earthquake can be modeled as a spontaneous rupture on a fault, where enough
stress is accumulated. As the earthquake starts, stress is gradually relieved and
waves are generated. These waves generate additional displacement of material and
travel until they are fully absorbed. When they reach the surface, ground shaking is
observed which can result in damage especially to manmade constructions. This is
the reason why earthquakes must be thoroughly studied to predict them (if possible)
and mitigate the effects of future earthquakes for the economic loss and the loss of
human life can be catastrophic during a large earthquake.

Here we closely follow Moczo et al. (2007) to provide a brief mathematical

explanation of a simple model of earthquake source.

Let (%) be a unit vector normal to the fault surface pointing from the “-”’side to the
“+” side. Then slip can be defined as a discontinuity in the displacement vector

across the fault surface:



AG(X,t) = GY (x5t — T (x,1). (1.1)

The time derivate of slip, slip rate (discontinuity in the particle-velocity vector

across the fault surface) is defined as
AV(X, 1) = VLD = V(L) (1.2)
The total traction on the fault is

T(;x,t) = T x) + AT(A;X,1), (1.3)

where T'(f;X) is the initial traction present before slip occurs and AT (f; X, t)is
the traction variation also called perturbation and is caused by the propagating
rupture. At any point of the rupture the total traction is related to slip through the

friction law

T = T'(AG,AV,0), (1.4)

where T is the frictional traction and & represents a set of state variables. Equation
(1.4) is called the fault constitutive law and means that the total dynamic traction on
the fault is determined by the friction. It is the friction law which controls the

initialization, propagation and healing (also called arrest) of the rupture.
1.2 Significant historical earthquakes

Not every earthquake is large and devastating. This is because it depends on how
much stress can an active fault accumulate before slip occurs. In fact many
earthquakes are recorded throughout the year. Over 500 000 earthquakes occur
ayear around the world which are practically unperceivable; around 1000
moderately damaging earthquakes and one great earthquake with very significant

damage potential. Throughout the history several earthquakes were particularly



significant due to either their intensity or the facts and insights engineers and
scientists were able to uncover by studying the effects caused by them.

The 1960 Chile (9.5 magnitude) is probably the largest earthquake ever
recorded. The number of human casualties was ~ 2300 and the earthquake caused an
extensive damage to the surrounding areas.

In 1975 a successful prediction of an imminent earthquake saved thousands of
lives in Haicheng, Liaoning Province, China.

Even though not the largest earthquake, in 1976 an earthquake literally destroyed
the city of Tangshan, Habei Province, China with a death toll about 700 000 people.

Another significant earthquake was in 1985. The epicenter was off the Pacific
coast, but the most damage occurred 220 miles (360 km) in Mexico city. This
illustrated the importance of understanding the site effects on ground motion.
Subsequent studies led to a better understanding of dynamic properties of fine-
grained soils.

These are only a few of the most important earthquakes ever recorded. More
detail can be found, e.g., in Kramer (1996).

What is particularly disturbing is that recent earthquakes cause more economic
damage and greater loss of life even though they are smaller. This is because cities
are becoming much more crowded and are generally built on high-risk places. This
leaves us with only one possible option. Since we cannot stop earthquakes from
occurring we have to minimize the damage they can cause by building “earthquake-

resistant® buildings.

1.3 Earthquake parameters

The following chapter contains several outtakes from Kramer (1996). One of the
most important parameters of an earthquake is its “size”. It has been described in
many different ways in the past as well as in the present. In the past descriptions
were almost exclusively qualitative because no instruments were designed for
measuring seismic activity. With the development of modern and precise
seismographs new quantitative methods of determining the size of an earthquake
could be used.

The oldest measure of an earthquake is its intensity. It is a qualitative description

of an earthquake effects. Several scales have been used throughout the world to
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characterize the size of earthquakes and their impact on populated areas. The first
scale was the Rossi-Forrel scale developed in 1880 describing intensities ranging
from [ to X, later being replaced by the modified Mercalli intensity scale (MMI)
modified by Richter in 1958. Other examples of different scales are the Japanese
Meteorological Agency used in Japan and the Medvedev-Spoonheuer-Karnik scale
used in Central and Eastern Europe. Recently, a new European Macroseismic Scale
EMS-98 has been introduced in Europe. The scale significantly improves

characterization of the effects with respect to damages on buildings.
1.3.1 Earthquake magnitude

When the first reliable seismographs were constructed we were able to develop
a modern way of measuring ground motion. Seismic instruments allow an objective
and quantitative measurement of earthquake size called the earthquake magnitude.

In 1935 Charles Richter defined a magnitude scale for shallow, local (epicentral
distances less than 600 km) earthquakes in southern California. His magnitude
belongs to the local magnitudes. Over decades many other definitions have been
developed. The only magnitude which does not suffer from the saturation is the
magnitude defined using the scalar moment.

At large epicentral distances body waves are almost completely scattered that the
resulting ground motion is dominated by surface waves. The surface wave
magnitude (Gutenberg and Richter, 1936) is a worldwide magnitude scale based on
the amplitude of Rayleigh waves with a period of about 20 seconds and is most
commonly used to describe the size of shallow (less than 70 km), distant (farther

than 1000 km) moderate to large earthquakes. We can obtain it from

M, = logA + 1.66 logA + 2.0 (1.5)

S

where A is the maximum ground displacement in micrometers and A is the
epicentral distance of the seismometer measured in degrees.

When surface waves are too small to enable a reliable and precise evaluation, as
is the case for deep-focus earthquakes, the body wave magnitude (Gutenberg, 1945)
has been proposed and is based on the first few cycles of p-waves which are not

strongly influenced by focal depth (Bolt, 1989) and we can express it as
4



m, = logA — logT + 00IA + 59 (1.6)

where A is the p-wave amplitude in micrometers and T is the period of the p-wave.
Other scales have been proposed, for example, the coda magnitude (Aki, 1969)
showing that certain characteristics are independent of travel path, the duration
magnitude (Real and Teng, 1973) which is based on the total duration of an
earthquake and only finds use when describing small earthquakes in which engineers
have almost no interest.

The previously mentioned magnitude scales are all empirical methods based on
observations from various instrumental measurements of ground-shaking. The
problem arises with larger earthquakes where the level of ground-shaking does not
necessarily increase at the same time. For strong earthquake, the measured ground-
shaking characteristics become less sensitive to the size of the earthquake than for
smaller earthquakes. This phenomenon is referred to as saturation. The body wave
and Richter local magnitudes saturate at magnitudes 6 to 7 and the surface wave
magnitudes saturate at about magnitude 8.

The only magnitude scale that is not subject to saturation is the moment
magnitude (Kanamori, 1977; Hanks and Kanamori, 1979) since it is based on the
seismic moment, which is a direct measure of the factors that produce rupture along

the fault and we can obtain it by

2 (1.7)

where My is the seismic moment in Newton-meters (Moczo and Labak, 2000). The

seismic moment is given by

(1.8)

where # is the rupture strength of the material along the fault, A the rupture area
and D the average amount of slip. Because of its units (force times length) it
correlates well to the amount of “work” done by the earthquake and therefore to the

amount of energy released (Bullen and Bolt, 1985).



1.3.2 Earthquake duration

The duration of an earthquake often has influence on how much damage the
surrounding area sustains. This is caused by the fact that such constant change in
stiffness and strength of many materials in certain types of structures are very
sensitive to the number of stress reversals that occur during an earthquake. Just like
a thin metal cable breaks after being constantly bent from one side to the other,
structural materials are subject to the same destruction of their molecular cage. If the
motion is not long enough it may not produce enough reversals for the building to
collapse. Short duration motions with high amplitude produce less damage than long
durations with moderate amplitude. The duration of ground motion is related to the
time required for release of accumulated strain energy by rupture along the fault and
therefore it increases with increasing earthquake magnitude. This relationship has
been supported by empirical evidence. But advances in source mechanism modeling
(Hanks and McGuire, 1981) indicated, that the duration should be proportional to the
cube root of the seismic moment.

Different approaches have been taken to the problem of evaluating the duration
of ground motion in an accelerogram. The bracketed duration (Bolt, 1969) is defined
as the time between the first and last exceedances of a threshold acceleration, usually
0.05g. Another definition of duration (Trifunac and Brady, 1975) is based on the
time interval between the points at which 5% and 95% of the total energy has been
recorded. Boore (1983) has taken the duration to be equal to the corner period (the
inverse of the corner frequency). McCann and Shah (1979) have taken as a reference
point the rate of change of cumulative root-mean-square acceleration. Power spectral
density concepts can also be used to define a ground motion duration (Vanmarcke
and Lai, 1977) as well as other definitions of ground motion duration have been
proposed (Perez, 1974; Trifunac and Westermo, 1977). The most commonly used
duration definition in earthquake engineering is the bracketed duration for its

implicit correlation to the level of ground shaking.

1.3.3 Earthquake energy

Earthquakes with a long duration generally release much more energy than

earthquakes with shorter duration. This is because the longer an earthquake is in
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effect, more stress had to be previously accumulated at the source. And with
increasing accumulated stress being released energy rises proportionally. A
relationship was proposed that related the moment magnitude to earthquake energy
(Kanamori, 1983). It implied that a unit change in magnitude corresponds to roughly
a 32-fold increase in seismic energy. For example a magnitude 5 earthquake would
release only about 0.001 times the energy of a magnitude 7 earthquake, thereby
illustrating the ineffectiveness of small earthquake in relieving the buildup of strain
energy that causes very large earthquakes. The amount of energy released by
earthquakes is often difficult to comprehend. For example the nuclear blast from the
Hiroshima nuclear bomb would correspond to a magnitude 6.0 earthquake, but the
1960 Chile earthquake (magnitude 9.5) released as much as 178 000 such bombs.

The total amount of energy is often estimated from the relationship

logE = 4.8 + 1.5M_, (1.9)

where E is expressed in Joules (Moczo and Labak, 2000). Kanamori (1983) has

shown that this is also applicable to moment magnitude. A unit change in magnitude

correlation corresponds to a 10"° (32-fold) increase in seismic energy.

1.4 Seismic hazard

There are many natural disasters capable of great destruction naming just a few like
flood, tornados, hurricanes, wildfires and of course damage caused by earthquakes.
The damage an earthquake can possibly cause is commonly referred to as seismic
hazard. The hazard is carefully studied by earthquake engineers to produce best
results, that means less economic loss and loss on human life, during an earthquake.
The most important seismic hazards are listed and described in the following

section.

1.4.1 Ground shaking

During an earthquake seismic waves are generated at the source and travel through
the earth’s crust. This generates displacement of material the waves travel through

and results in ground shaking which is present during every earthquake. The strength
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and duration of the shaking strongly depends on the location the site is placed and on
the distance from the epicenter (shortest distance from the source to the surface).
Ground shaking can cause tremendous damage when the distance is short and the
characteristics of the site allow for great amplitudes and accelerations combined
with a long duration of the earthquake. In fact ground shaking can be considered the
most important seismic hazard because all other seismic hazards are caused by
ground shaking. When ground shaking is low, other seismic hazards are either low
or they do not even occur. Seismic waves travel their majority of distance through
rock. Only just before they reach the surface do they travel through soil. But this
short distance traveled through soil can greatly influence the level of ground
shaking. The soil deposits tend to act as “filters”. At certain frequencies they greatly
amplify the amplitude while diminishing it at other frequencies. This effect causes
that even on a small area levels of ground shaking can vary dramatically. Therefore
one of the most important aspects of geotechnical earthquake engineering is the

evaluation of local soil conditions and effects.

1.4.2 Landslides

Earthquakes as small as magnitude 4.0 may dislodge landslides from susceptible
slopes, and larger earthquakes can generate tens of thousands of landslides
throughout areas of hundreds of thousands of square kilometers, producing billions
of cubic meters of loose, surficial sediment. These landslides can have significant
geomorphic effects that vary depending on the landslide characteristics and
materials, and on the settings in which the landslides occur. In a number of
unfortunate events landslides have buried entire towns underneath the ground.
Although many landslides are caused due to liquefaction and the fact that the
earthquakes occurred during or after heavy rainfall, it is not uncommon for
landslides to occur, for simply many locations have poor stability and even a small
earthquake can set in motion a chain of events that lead to a devastating landslide.
The only way of preventing destructive landslides is by either upgrading the strength

of the soil or simply avoiding high-risk areas.



1.4.3 Lifeline hazards

A network of facilities that are required for civilized life to even exist must be
present in every at least partially developed area. These networks include electrical
power, telecommunication, water and sewerage, transportation and are commonly
known as lifelines. Damage to these lifelines can cause additional death or economic
loss by simply not being able to relocate resources needed for saving those in need
or by not being able to support heavily damaged building before they collapse.
Additional damage can be caused by for example from an earthquake damaged
water reservoir being contaminated. These facilities therefore have to have
additional protection against earthquake and other natural hazards, for their
operation is of crucial importance to everyone in the surrounding area. The damage
to these facilities can even be so major, that it greatly exceeds the direct economic
loss caused by the earthquake. Lifeline failures can hamper emergency response and
rescue efforts, for example during the 1906 San Francisco earthquake most of the
damage was caused by fire which could not be properly fought - the fire spread
easily because of gas pipe failures and firefighters were hindered by broken water
mains. The Loma Prieta earthquake also caused the collapse and near collapse of
several elevated highways and the collapse of a portion of the San Francisco-

Oakland Bay Bridge.

1.4.4 Structural hazards

During an earthquake the most economic loss is caused by structures that have not
been constructed to withstand an earthquake up to a particular magnitude or by
simply bad construction methods or design. It is also the number one reason for
casualties because the chance of surviving a collapsing building falling directly on
you is minimal. And even if you survive there is a great possibility you will not be
rescued and even if you are rescued chances are you will suffer permanent disability.
It is therefore crucial to construct buildings which are “earthquake-resistant” in areas
where earthquakes are abundant and of particular high magnitude ratio. Even if the
whole building is not destroyed in the earthquake there are still major hazards inside
a building. Falling shelves, heavy pictures, electric currents are just some examples.

Most structural damage can be seen in underdeveloped areas of civilization where
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barely standing barely reinforced buildings fall down like a house of cards even
during a relatively weak earthquake. Even more disturbing is the fact that these
underdeveloped areas have a high concentration of people living in these buildings.

Over the years considerable advances have been made in the design of structure
to make them capable to sustain a great deal of stress and strain which it is subject to
during earthquakes. It was required to be able to perform very accurate predictions
of ground motion in high-risk areas. In current design practice a geotechnical
earthquake engineer provides the structural engineer with appropriate design ground
motions and provides guidance for the development of site-specific design ground
motions.

However this is not always the case. It is not uncommon that certain commercial
buildings in many countries are being constructed hastily without a proper ground
response analysis. This can have terrible consequences in case an earthquake occurs
and creates just the kind of ground motion that this building is susceptible to. The
risk is even greater as most of commercial buildings are designed to be able to
accommodate great numbers of residents or visitors and it is more often observed

that buildings are constructed to be taller not thicker, which is even more dangerous.

1.4.5 Liquefaction and other site effects

Some of the most spectacular examples of earthquake damage have occurred when
soil deposits have lost their strength and appeared to flow as fluids. In this
phenomenon, termed liquefaction, the strength of soils is reduced to a point where it
is not able to support structures and remain stable. This occurs only on saturated
soils and therefore can be observed near rivers, bays and other bodies of water.
Liquefaction encompasses several related phenomena. Flow failures generally
occur when the strength of soils drops below a needed threshold level to maintain
stability under certain static conditions. Therefore this effect is driven by
gravitational forces and can produce very large movements in the downward
direction. Flow failures have caused the collapse of earth dams and other slopes, and
the failures of foundations of buildings. The 1971 San Francisco earthquake caused
a flow failure in the upstream slope of the Lower San Francisco Dam that nearly

breached the dam.
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Another related phenomenon is called lateral spreading. It is characterized by
incremental displacements during earthquake shaking. Depending on the number
and strength of the stress pulses that exceed the strength of the soil, lateral spreading
can produce displacements ranging from negligible to dramatically large. It can be
commonly observed near bridges and the displacements it produces can damage
foundations and superstructures of bridges as well as the surrounding area. The
phenomenon of level-ground liquefaction does not involve large lateral
displacements but is easily identified by the presence of sand broils produced by
groundwater forming a circle on leveled surfaces. Although not particularly
damaging by themselves they are a great indicator for very high groundwater
pressure which can damage the surrounding area when the pressure reaches a critical
level.

The effects of local sites are a complicated matter and are explained in greater
detail in section 2 of this thesis. It presents the concepts of conditions for triggering
and understanding as well as practical procedures on liquefaction and other site

effects.

1.4.6 Possible mitigation of damage

Ultimately it is in everyone’s best interest to minimize the damage caused by future
earthquakes. For this purpose seismic hazard mitigation should be embedded in
every new building being constructed. However unless it is enforced by law it is up
to the people in charge who ordered the construction of the building in question,
whether or not and what kind of earthquake countermeasures they want to install.
Earthquake resistant design is a relatively complicated issue and therefore it costs
often more than the owners are willing to pay. This act is irresponsible especially if
the building is located in an earthquake prone area.

Earthquake damage can be assessed by thorough investigation of the
surrounding area. The type of soil or rock it is placed on has to be determined to
predict ground motion caused by earthquakes of a particular magnitude. While
earthquakes of great magnitude cause often tremendous damage and their effects are
harder to counter it is often more important to ensure that earthquakes of moderate
magnitude do not cause damage due to bad construction. Determining local effects is

also a very important aspect of prevention for they can amplify incoming seismic

11



waves and create damage greater than the normal scope of damage an earthquake
with a particular magnitude can possibly cause. A good example of the importance is
the damage in Mexico City caused by site effects during the 1985 earthquake with
epicenter close to the pacific coast.

This is a big issue for older cities because earthquake resistant design is
relatively new. For best results the majority of the buildings have to be attuned to
predicted ground motion. In that case the buildings actively reduce ground motion
and thus the damage. This scheme can be applied in new cities that are being
constructed. For instance the area around the city of Istanbul is literally waiting for a
big earthquake. And since it has many old buildings, which have little or no modern
earthquake resistant design, it would be very expensive to reconstruct practically the
whole city. Therefore it was proposed to construct a satellite city near Istanbul with

an earthquake resistant design (Source: Purdue University, West Lafayette, USA)

1.5 Ground motion parameters

This chapter closely follows Kramer (1996). Ground motion parameters are essential
for describing all the important aspects occurring during an earthquake in a
quantitative way. Many parameters have been proposed. Some characterize only one
parameter, while others characterize two or three at the same time. This has proven
to be quite complex and it is believed, that it is almost impossible to have one
ground motion parameter which describes accurately all important ground motion

characteristics (Jennings, 1985; Joyner and Boore, 1988).

1.5.1 Peak acceleration

One of the most common ground motion parameters is the peak acceleration. It is
divided into two categories, one being peak horizontal acceleration (PHA) and the
other peak vertical acceleration (PVA). PVA is considered not so important for THE
engineering purposes because of gravity and engineers consider PVA being 2/3
PHA, although more recent observations have proven that PVA is quite variable but
generally it is higher than 2/3 PHA when in close proximity to moderate to large

earthquakes and less than 2/3 PHA at greater epicentral distances (Campbell, 1985;
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Abrahamson and Litehiser, 1989). PHA for a given component of motion is simply
the largest absolute value obtained from a seismogram of that component.

Ground motion with very high peak acceleration is considered to be more
destructive than ground motion with low peak acceleration. Very high peak
accelerations that do not last long deal only little damage to many structures.
However, the largest dynamic forces produced in stiff buildings originate from peak
acceleration. Although peak acceleration is a very important ground motion
parameter it provides no information on the frequency content or duration and
therefore other ground motion parameters have to be defined to accurately measure

ground motion characteristics.

1.5.2 Peak velocity

Peak horizontal velocity (PHV) is another useful parameter which describes ground
motion. PHV is less sensitive at higher frequency ranges and is therefore a much
more reliable source of information for damage prediction to buildings sensitive to

intermediate frequencies.

1.5.3 Peak displacement

Peak displacement is generally associated with lower frequency components of an
earthquake motion. However, the peak displacement is often quite difficult to
determine accurately (Campbell, 1985; Joyner and Boore, 1988), due to the signal
processing errors and background noise. Therefore the peak displacement is a less

commonly used ground motion parameter than PHA or PHV.

1.5.4 Frequency content parameters
Earthquakes produce motions with a broad range of frequencies and it is easy to
show that loaded objects are sensitive to certain frequencies and it is therefore

important to determine what frequency a given earthquake produces.

Characterization of motion cannot be complete without it.
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1.5.4.1 Fourier spectra

The Fourier amplitude spectrum shows how the amplitude of the motion is
distributed with respect to frequency or period during strong ground motion. The
spectrum provides a clear picture of the frequency content of motion. It can be
narrow or broad. If the spectrum is narrow it implies that the motion has a dominant
frequency. This can produce a smooth almost sinusoidal time history on a
seismogram. A broad spectrum on the other hand produces very irregular patterns on
a seismogram and implies that this motion contains a large number of frequencies.
The Fourier spectra of ground motion are usually plotted on logarithmic scales. This
procedure ensures that the characteristic shape can be more easily identified. On this
scale it is easily observable that the Fourier acceleration amplitudes are largest over

an intermediate area bound by the corner frequency f, on the low side and the
cutoff frequency f_ on the high side. The corner frequency is inversely

proportional to the cube root of the seismic moment (Brune, 1970, 1971). This result
indicates that large earthquakes produce higher amplitudes in the low frequency
ranges. The cutoff frequency is not well understood. It has been characterized as a
near-site effect (Hanks, 1982) as well as a source effect (Papageorgiou and Aki,

1983), and is usually characterized as a constant in a given geographic region.
1.5.4.2 Power spectra

The total intensity of a ground motion of duration T, is given by the area under the

time history of squared acceleration in the time domain:
Ty

I, = jmaﬁdt (1.10)
0

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

domain as

1%
I, = —jcjdw, (1.11)
7 0
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where @, = 7/At is the Nyquist frequency. The average intensity A, can be

obtained by dividing equations (1.10) and (1.11) by the duration T, .

1Td 1 wy
A = —[la®rd = [’ do. (1.12)
Td 0 Td 0

T

The average intensity A, is equal to the mean-squared acceleration. The power

spectral density G (@) is defined as

1 wy

— [G(@dw (1.13)

A =

and by comparing equation (1.13) and (1.14) we get

c@ - Lo (1.14)

T,

The power spectral density function is useful in characterizing the earthquake as
arandom process namely as astationary random process whose statistical

parameters do not vary over time.

1.5.5 Spectral parameters

The Fourier amplitude spectrum and power spectral density, which is closely related,
are very useful because they can characterize ground motion completely. However
these are really complicated functions and a great deal of data has to be aquired to
describe them completely. Therefore a number of spectral parameters have been

proposed to extract pieces of information from these spectra.
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1.5.5.1 Predominant period

This parameter represents the frequency content. It is defined as the period which

corresponds to the maximum amplitude in the Fourier amplitude spectrum.
1.5.5.2 Bandwidth

Two completely different spectra can have the same predominant period therefore
the area around the predominant period has to be taken into account to have a more

objective value. Bandwidth is usually measured between points when the power of

the spectrum drops to a level of 2 its maximum value, which corresponds to 1/2
times the maximum Fourier amplitude. Bandwidth is usually obtained from
smoothed spectra, as it makes them easier to determine where to start and end the
measurement.

1.5.5.3 Central frequency and shape factor

The nth spectral moment of ground motion is defined as

oy (1.15)
A = j "G (w)dw.

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

A
Q = /1_2 (1.16)
0

It is a measure of power spectral density and indicates where it is concentrated. To
indicate the dispersion about the central frequency Vanmarcke (1976) used the shape

factor

5 = oA , (1.17)
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which always lies between 0 and 1. Higher values correspond to larger bandwidths.
1.5.6 Combined ground motion parameters

Ground motion parameters which were stated above characterized only a single
parameter in the frequency or time domain. Several parameters have been proposed
which characterize at least two ground motion parameters. The root-mean-square
acceleration characterizes the effects of amplitude as well as the frequency content

of motion and is defined as

e = A = %f[a(t)]zdt (1.18)

Since it is dependent on T, its value is dependant of the definition of time duration

of an earthquake. A parameter closely related to the root-mean-squared acceleration

is the Arias intensity (Arias, 1970), which is defined as

N PR
. 2g£[a<>] w1

Seismic hazard analyses contain a variety of information and therefore it is only
rarely appropriate to characterize ground motion by a single parameter. Different
engineering problem require the use of different parameters to effectively solve

them.
1.6 Seismic hazard analysis

This section contains several outtakes from Kramer (1996). The threat from
earthquakes to manmade constructions cannot be ignored. Therefore earthquake
resistant design has a goal to reduce the damage caused by earthquakes with a
specific amount of ground motion called the design ground motion. Design ground

motion can be characterized by design ground motion parameters. Determining these
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parameters is one of the most difficult and most important problems in geotechnical
engineering.

Much of its difficulty comes from having to make decisions based on uncertain
and subjective decisions. For instance a decision has to be made how much damage
is still acceptable. The exact location, time and magnitude of a future earthquake
also cannot be determined with adequate accuracy. If very little damage is
acceptable then the level of predicted shaking is greater to minimize damage.
However buildings constructed to withstand a large earthquake have proven to be
quite expensive. Therefore a greater level of damage is often acceptable for
minimizing the costs required to construct the building. These trade-offs often

present a hard decision to be made.

Seismic hazard analyses involve the quantitative estimation of ground shaking
hazards at a particular site. They can be analyzed deterministically when a particular
earthquake scenario is assumed. Probabilistic scenarios are used to demonstrate

uncertainties in earthquake size, location and time of occurrence.

1.6.1 Identification of earthquake sources

With the availability of modern seismographs identification of seismic sources has
become much more easier than in the past. The occurrence of a significant
earthquake is recorded by several seismographs and scientists can evaluate in mere
hours their magnitude, locate the source rupture surface and even evaluate source
parameters.

The fact that no strong motion has been recorded in a particular area does not
guarantee that they have not occurred in the past or that they will not do so in the
future. In the absence of reliable instrumental data other sources of evidence that
implicate seismicity have to be taken into account.

The theory of plate tectonics indicates that the occurrence of earthquakes is
written in the geologic record, primarily in the form of offsets, or relative
displacements, of various strata. In some parts of the world this geologic record is
relatively easy to find. In other parts of the world, however, this record is very
complex in its nature or hidden. The search for geologic evidence of earthquake

sources centers around identification of faults. Criteria for identification of faults are
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described in numerous textbooks on structural geology, field geology and
geomorphology (Adair, 1979).

Even after locating and identifying a fault it is still important to determine
whether the fault is active or not. Active faults represent an ongoing earthquake
threat while inactive faults are deemed unlikely to produce an earthquake. There
were several definitions concerning the term active fault, most of them revolving
around how much time has passed since the last earthquake ranging from 10 000
years to 100 000 years (Idriss, 1985). This specification of fault activity is in fact not
realistic for faults do not become inactive on a particular anniversary. Cluff and
Cluff (1984) suggested six classes of fault activity based on characteristics as slip
rate, slip per event, rupture length, earthquake size and recurrence interval. This
categorization offers more satisfying framework for characterization of fault activity
but can be a little difficult to implement in political and economic environment in
which many seismic hazard analyses are conducted.

Studies of worldwide earthquakes have shown that faults do not rupture over
their entire length but instead individual segments rupture repeatedly (Schwartz and
Coppersmith, 1986; Schwartz, 1988). Rupture length can be evaluated after an
earthquake by field geological instruments and by processing the data that was
collected, the magnitude of that earthquake can be estimated, although this estimate
can, and often is, quite uncertain and this fact has to be taken into account. Rupture
length methods are best suited to cases in which the rupture surface is fairly narrow,

typically less than 20 km (Bonilla et al., 1984).

1.6.2 Deterministic seismic hazard analysis

The deterministic seismic hazard analysis revolves around creating a hypothetical
seismic scenario and predicting its effects. The scenario consists of postulated
occurrence of an earthquake of a specified size occurring at a specified location and
can be typically described in 4 steps (Reiter, 1990):

1. Identification and characterization of all earthquake sources capable of
producing significant ground motion at the site.

2. Selection of source-to-site distance parameter, usually the shortest distance.
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3. Selection of the “controlling earthquake” (the earthquake that is expected to
produce the strongest level of ground shaking). The controlling earthquake is
described usually in terms of its size (magnitude) and distance from the site.

4. Formal definition of the hazard at the site usually in terms of ground motion
produced at the site by the controlling earthquake.

The deterministic seismic hazard analysis provides a decent framework for the
worst case scenario at the site. However it does not take into account the likelihood
of such an occurrence, level of shaking expected during a finite period of time nor
the various uncertainties in the various steps required to compute the resulting
ground motion characteristics.

The most important issue is that it involves subjective decisions that require the
combined opinions and expertise of seismologists, engineers and economists as well
as government officials. The broad range of backgrounds and often divergent goals
of such professionals can cause difficulty in reaching a consensus regarding the
earthquake’s potential and has led to delay and even cancellation of a number of

large construction projects.

1.6.3 Probabilistic seismic hazard analysis

Probabilistic seismic hazard analysis provides a framework in which uncertainties
can be identified, quantified and combined in a rational manner to provide a more
complete picture of the seismic hazard. It can also be described as a procedure of 4
steps (Reiter, 1990), each of which bear some degree of similarity to the steps of
deterministic seismic hazard analysis procedure:

1. The first step is identical to the first step of the deterministic seismic hazard
analysis, except that the probability distribution of potential rupture locations within
the source is also characterized. In most cases, uniform probability distributions are
assigned to each source zone, implying that earthquakes are equally likely to occur
at any point in the source zone. The deterministic seismic hazard analysis implicitly
assumes that the probability of occurrence on all sources is 1 at the points closest to
the site and 0 elsewhere.

2. A recurrence relationship, which specifies the average rate at which an
earthquake of some size will be exceeded, is used to characterize the seismicity of

each source zone. This may be used in accommodation of the maximum possible
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earthquake but it leaves some degree of consideration to that earthquake, which
deterministic seismic hazard analyses do not.

3. With the uncertainty in mind, ground motion produced at the site by
earthquakes of all possible magnitudes started at any possible point in a source
location must be predicted with the use of predictive relationships.

4. Finally all uncertainties of earthquake location, size and ground motion are
put together and form the probability that the ground motion will be exceeded during

a particular time period.
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2 Site effects

In the last few decades the importance of thorough study of site effects has been
discovered. During observations scientists have spotted a recurrence that implies that
buildings having foundations on solid rock suffer less damage than buildings
situated on soft soils. This has proven to be an important discovery, because it has
become clear that site effects are the number one cause of damage during
earthquakes. The availability of strong-motion instruments has enabled the
quantitative study of the site effects. Correct accounting for the site effects leads to a
decent earthquake design in the building codes.

Local site conditions influence some or all of the important ground motion
parameters — amplitudes, frequency content, duration. The extent of influence is
geometry and material dependent. There is also theoretical evidence which implies
that ground motion should be influenced by site effects. At most sites the density
and S-wave velocity of materials is smaller than in greater depths. By neglecting the

effects of scattering and material damping, the conservation of elastic energy

requires the flow of energy ( oV, U*) to be constant. Therefore since the density (o)
and S-wave velocity (V) decrease with decreasing depth, particle velocity (U ) must

increase. The characteristics of local soil deposits can also have influence in ground
motion amplification.
Here we closely follow Kramer (1996). We consider the wave equation of

damped soil

o’u Gazu o'u
o T Tar T Tara 29)

where p is the density of the material, U is the particle displacement, G is the shear

modulus and 7 is viscosity of the material. The solution to this wave equation is

U(Z,t) — Aei(wt+k*z) + Bei(wtfk*z)’ (21)
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where k* is the complex wave number with real part k; and imaginary part k,. The

transfer function for the case of the damped soil over a rigid halfspace can be

expressed as

-t __ 1 £ _ o | L
F (o) = cos (K* H) cos[”“j (k w G*J, (2.2)
v, *

where H is the thickness, v, * complex shear wave velocity, p density and G* the

complex shear modulus of the soil deposit. The complex shear modulus G* can be

expressed as
G* + G(1+1i2¢), (2.3)

where & is the damping ratio. Therefore, for small &, the complex shear velocity is

v = \/E . (saxize | \/§(1+i§) — v A48 2.4)
p p p

and the complex wave number k* is

= @ ~ Vﬂa_ig) = k(- i¢&) (2.5)

k* = EEE—
Vo (1+1¢) s

[
*
Vs

and implementing (2.4) and (2.5) into the transfer function (2.2) we get

1 1
F,(w) = = . 2.6
(@) cos[k(1 —i&)H oH 2.6)
cos| —————
v.(1+1i¢)
Then using the identity |cos (X + 1 y)| = \/cos2 X + sinh® y we get
1

F (@) =
R @ Jeos® (k H) + sinh® (£k H) 27)

and since sinh® X ~ X’ for small x, the amplification function takes the form of
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This amplification equation (2.8) indicates that amplification on damped soils

depends on the frequency. A local maximum of the amplification is reached
whenever the argument of cosine is zero, but will never reach infinity because the
denominator will always be greater than zero. That is because there is not a single

material which has a damping ratio £ = 0. The frequencies that correspond to the

local maxima of the amplification function (2.8) are called natural frequencies of the

soil deposit. The nth natural frequency is given by

V. (7
o ~ = —+4+nrx neN,. 2.9
“ H(Z ] : 29)

Because of the nature of the amplification function, the highest amplification will

occur at the lowest frequency ,. This frequency is called the fundamental

frequency and is given by

@ = —=. (2.10)

The corresponding period T, to the fundamental frequency «, is called the

characteristic site period and is given by

T = ALY 2.11)

It is important to note that the characteristic site period is only influenced by the
thickness and the shear wave velocity of the soil. This period provides a very useful
indication of the period on which the most important resonance effects will occur. It

is also important to note that at each natural frequency @, a standing wave will be

formed. Also the soil is in phase at the fundamental frequency but may not be at
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higher natural frequencies. At higher frequencies parts of the soil may be moving in
one direction while other parts may be moving in a different direction. All this
phenomena have to be accounted for in site effect studies, because they contribute to
them.

Now we consider two soil deposits with identical geometries but one is
significantly stiffer than the other. And by assuming that these soils are linearly
elastic it is now clear that the softer site will produce low-frequency amplification

while the stiffer side produces high-frequency amplification.
2.1 Topography

Surface topography is another aspect, which has to be accounted for. The best

example how topography affects spectral amplification was apparently the 1971 San

Fernando (M L = 6'4) earthquake which produced about 1.25g peak horizontal
acceleration, more than was expected from an earthquake of this size. The
acceleration occurred due to the effect of the narrow ridge adjacent to a dam
(Trifunac and Hudson, 1971). The effects caused by simple irregularities in the free-
surface topography can be estimated from exact solutions to idealized problems (Aki,
1988). Mostly, the peak of the ridge can be roughly compared to a triangular wedge.
After this simplification we consider propagation of SH-waves. Displacements have
shown to be amplified by a factor of 27/6 where 6 is the vertex angle of the
wedge. This method provides a simple yet effective estimation of peak
amplifications at ridges and can be used in most cases. Jibson (1987) states that
during an earthquake on a mountain ridge at Matsuzaki, Japan, five different points
were under observation from the crest to the peak. Peak amplification has proven to
be 2.5 times greater at the peak, compared to the peak acceleration at the crest.
Another similar pattern was observed by the damage pattern in some of the
earthquakes in Italy and Chile (Finn, 1991). The recent Kozani earthquake, Greece,
of May 1995 brought again evidence of severe damage in villages built on hilltops
(Bard and Riepl, 2000). The analysis of topographic effects is a complicated problem
depending on a variety of parameters like angle of incidence of the waves, their

frequency and the type of geometrical irregularity.
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2.2 Basins

Softer alluvial soil deposits surrounded by thick bedrock are referred to as basins in
geotechnical engineering. It is of great importance to predict ground motion on
basins for many cities have been built on basins or near them. Basins can create
amplifications of peak ground motion due to the fact that they can trap incoming
waves and reflect them at the edge of the basin, possibly causing them to propagate
to the surface as surface waves. This can produce stronger ground motion as well as
an increase in duration than would be predicted by simple one-dimensional (1D)
analysis which considers only vertically propagating S-waves

They measured ground motions along the Chusal Valley near the Afghanistan
border. Interpretation of response from small earthquakes suggested that 1D
prediction would predict only the average response of the sediments at the center. At
the edge of the basin, the amplification function was different and not predicted by
simple 1D analysis.

Bard and Gariel (1986) generalized the studies from the years 1980 to 1985
for purposes of evaluating the gradient of velocity in sedimentary basins. They
compared the response of a shallow and deep alluvial valley using 1D and 2D
analyses. Their results were that for the shallow valley, the amplification function
was very similar both in 1D and 2D analyses in the center of the valley. This was the
case also in the deep valley but the similarity of those functions was not as good as in
the shallow valley. However, at the edges of both basins the 1D and 2D results were
quite different and have proven that simple 1D analysis can only be used to predict
ground motion amplifications at the center of a shallow alluvial valley.

Also the potential for significant differential motion has an important impact
on the design of long-span structures like bridges which are often constructed across
valleys. The differential motion, which can result in quite complex motion in valleys
of irregular shape, can cause heavy load of stress to these types of structures.

Evaluation of topographic and subsurface irregularities requires 2D and in
some cases 3D analyses, which are often complicated, time consuming and require a
detailed site characterization. These effects are difficult to predict but their existence
is non-questionable. Silva (1988) summarized the effects of topography and
subsurface irregularities in Table 2-1. Comments on their quantitative predictability

are also present.
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Structure

Conditions

Type

Size

Quantitative

Predictability

Surface topography

Sediment-filled

valleys

Shallow and wide

(depth/width < 0.25)

sediment-filled valleys

Deep and narrow

(depth/width > 0.25)

sediment-filled valleys

Sensitive to shape
ratio, largest for
ratio between 0.2
and 0.6; most
pronounced when

A = mountain width

Local changes in
shallow sediment

thickness

Generation of long-
period surface
waves from body
waves at shallow

incidence angles

Effects most
pronounced near
edges; largely
vertically
propagating shear
waves away from
edges

Effects throughout
valley width

Amplification at
top of structure,
amplification and
deamplification
at base, rapid
changes in
amplitude phase
slopes

Increased

duration

Increased
amplification and
duration due to
trapped surface

waves

Broadband
amplification
near edges due to
generation of

surface waves

Broadband
amplification
across valley due
to whole valley

modes

Ranges up to a
factor of 30 but
generally from

about 2 to 10

Duration of
significant
motions could be
doubled
Duration and
amplification of
significant
motions may be
increased over
1D projections
1D models may
under-predict at
higher
frequencies by
about 2 near

edges

1D models may
under-predict for
a wide
bandwidth by
about 2 to 4;
resonant
frequencies

shifted from 1D

Poor: generally
unpredict size; may
be due to ridge-ridge
interaction and 3D

effects

Fair

Good at periods

exceeding 1 second

Good: away from
edges 1D works well,
near edges extent 1D

to higher frequencies

Fair: given detailed
description of
vertical lateral
changes in material

properties

Table 2-1 Effects of Topographic and Subsurface Irregularities (after Silva; 1988)
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2.3 The Loma Prieta earthquake

On October 19" a M_= 7.1 earthquake occurred at Mt. Loma Prieta located about

100 km south of San Francisco and Oakland, California, USA. It produced a MMI
VIII shaking in the epicentral region, but was actually more intense in portions of
San Francisco and Oakland (MMI IX). This earthquake caused severe damage in
certain areas while only minimal damage was caused to other areas. This suggested
that local effects had a great deal on damage distribution throughout the area.

The San Francisco Bay is largely filled with alluvial deposits of clays and
some layers of sandy and gravelly soils. This material is called the San Francisco
Bay Mud and is highly compressible with strength grades from soft near the ground
to medium stiff at depth. The San Francisco Bay Mud is usually found in direct
vicinity of the San Francisco Bay. Its thickness ranges from zero up to several tens of
feet. For purposes of seismic zonation the Bay area can be divided into three zones —
Rock/Shallow Residual Soil Zone, Alluvium Zone and Bay Mud Zone. Both the
epicentral region as well as the San Francisco Bay area were well instrumented with
seismograms. Peak horizontal accelerations were quite high but dissipated with
distance from their respective sources. However the dissipation has proven to be
more rapid in the Rock/Shallow Residual Soil Zone than in the remaining zones. The
response data from two instruments has proven to be particularly useful — these
instruments were located on Yerba Buena Island and Treasure Island. The Yerba
Buena Island is a 400-acre man-made hydraulic fill with a rock outcrop while the
Treasure Island is underlain by loose sandy soil over the San Francisco Bay Mud.
Both of these reference sites were located at practically the same distance from the
source but recorded dramatically different results of ground surface motion. Peak
accelerations at Yerba Buena Island were 0.06g in the E-W direction and 0.03g in the
N-S direction, while at Treasure Island these values were 0.16g and 0.11g.

The amplification at Treasure Island clearly occurred due to the presence of
soft soils. Evidence on how selective was the damage provides the Cypress Viaduct
which had only its northern portion collapsed. The northern part was situated on the

San Francisco Bay Mud while the southern part was situated on the rigid bedrock.
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2.4 The Michoacan earthquake

On September the 19" in 1985, a M .= 8.1 earthquake caused only moderate damage

in the vicinity of its epicenter near the Pacific coast of Mexico. However, it caused
significant damage roughly 360km away in Mexico City. Several reference sites in
Mexico City recorded and illustrated the significant relationship between local soil
conditions and structural damage.

For seismic purposes, Mexico City can be divided into three zones with
different soil conditions — the Foothill Zone located west of downtown, the Lake
Zone, and, in between, the Transition Zone. The Foothill Zone contains mainly
shallow, compact deposits of mostly granular soil, basalt or volcanic tuff. The Lake
Zone contains thick deposits of quite soft soils. These soils consist generally of two
soft clay layers called Mexico City Clay separated by a thin (~5 m) compact sandy
layer called the “capa dura”. In the Lake Zone, groundwater can be usually found in
a depth of about 2 m. In the Transition Zone soft soil deposits are randomly
intersected with alluvial deposits. Prior to the earthquake, Mexico City had strong-
motion instruments installed which provided thorough data of this event. The
Universidad Nacional Autonoma de Mexico (UNAM) was a site located at the
Foothill Zone while the Secretary of Communications and Transportation (SCT) site
was located on the soft soils of the Lake Zone.

At the UNAM site, the Michoacan event produced only peak accelerations
from 0.03g to 0.04g. In the Transition Zone the accelerations were slightly higher but
still not really high. In the Lake Zone however, peak accelerations at the SCT were
up to five times greater than those at the UNAM site. The frequency content was also
quite different. At the SCT site, the predominant period was about 2 sec. Strong
shaking which caused severe damage in certain areas was also amplified by longer
duration at the SCT site. The spectral accelerations were about 10 times higher at the
SCT site than at the UNAM site.

The damage was also very selective and corresponded well with the seismic
zones. Damage in the Foothill zone was negligible and minimal in the Transition
Zone. However, in the Lake Zone, extensive damage was caused mainly to parts that
were underlain by 38 to 50m of soft soil. These parts had a characteristic period
ranging from 1.9 to 2.8 sec and this corresponds with the data that was recorded.
Even then, most buildings with less than 5 stories or modern design buildings greater
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than 30 stories suffered only slight damage. The buildings in this area in the 5 to 20
range either collapsed or suffered extensive damage. Using a crude rule of thumb in
determining the fundamental frequency of an N-story building as N/10 sec, most of
the damaged buildings had a fundamental frequency somewhere around or equal to
the fundamental frequency of the site. This resonance effect caused buildings to
shake at their fundamental frequency for a period of time which led to a great
buildup of large dynamic forces. Combining this with a poor to none seismic design

leads to a locally devastating damage (Kramer, 1996).
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3 Methods for estimating site effects

Some critical facilities require a thorough study of the site in question while other
projects require only minimal knowledge. There are several methods available for
site characterization — experimental, numerical and empirical approach. These

approaches can be either quite expensive or totally inexpensive.

3.1 Experimental methods

3.1.1 Macroseismic observations

It can happen, especially in very seismo-active areas, that a particular area in
question has undergone a destructive earthquake and detailed macroseismic
observations are available. Then a detailed analysis of data from geotechnical and
topographical maps can uncover a qualitative estimate of the most hazardous zones.
This approach was first used in Tokyo as early as 1913, the data from a previous
earthquake in 1854 enabled a division of the city into 3 separate zones each with
their own hazard level (Bard and Riepl, 2000). Detailed macroseismic observations
right after destructive earthquakes are of prime importance for microzonation efforts.
Also a careful survey of insurance files after a damaging earthquake often proves

well correlated with subsurface conditions (Jongmans and Campillo, 1990).

3.1.2 Microtremors

Microseisms and microtremors are terms used to define seismic activity caused by
natural, ambient sources, also called background noise. They are caused by wind,
sea, traffic and other sources and are recorded using highly sensitive seismometers.
Since the early work by Kanai (1983) evidence was found that correlates the data
obtained from microtremors to a site’s geological condition. However principles
based on microtremor observations are used almost exclusively in Japan. In other
countries it is believed that several questions are not yet satisfactory answered as,
e.g., large uncertainties in relative spectral amplitudes which represent not only site
characterization but also site and path effects. There is also quite a difference

between day and night data.
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Even though it has its limitations, efforts for widespread use are being taken
because microtremor data acquisition is one of the least expensive methods available

for site characterization.

3.1.2.1 Microtremor spectra

The crudest way is simply determining the peak frequencies obtained from average
spectra. Short dominant microtremor periods (< 0.2 sec) is an indicator of rather stiff
rock while larger periods indicate for a correspondingly softer and thicker deposits
and is a good qualitative estimation of a site (Kanai, 1983). Peak spectral amplitudes
in the long period range (T > 1 sec) are also reported to be correspondent to
fundamental frequencies at the sites in question. However, in the short period range,

recent data provides controversial results (Bard and Riepl, 2000).

3.1.2.2 Spectral ratios

Spectral ratios for noise recordings are analogous to earthquake recordings.
However, such recordings are only appropriate in the long period range where the
source of the noise is the same for all studied locations including the site itself. At
short period range, Guttierez and Singh (1992) obtained a very good qualitative
agreement with strong motion ratios, but a significant quantitative mismatch. It is
believed that this technique may be used when the reference site is very close to the

site under investigation (Seo, 1998).

3.1.2.3 H/V ratio (Nogoshi-Nakamura’s technique)

The H/V ratio is the ratio between the horizontal and vertical components of the
Fourier spectra obtained at the same station recording microtremors. This approach
was introduced in the early seventies by several Japanese scientists (Bard and Riepl,
2000). The physical importance of this ratio was being assessed. It later showed that
this ratio is related to the elliptical trajectory of Rayleigh’s waves (a type of surface
wave). They also concluded that this ratio can be used to identify the fundamental
frequencies of soft soils. This has been deduced from the fact that the vertical motion

of Rayleigh waves almost vanishes in the vicinity of the fundamental S wave
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resonant frequency. Due to the fact that their publications were only available in
Japanese, this fact had not been conveyed to the outside of Japan until Kudo’s (1995)
review.

Meanwhile Nakamura (1989) proposed on the basis of qualitative arguments,
that a reliable source of information on the site response to the S waves is the H/V
spectral ratio. It provides information not only on resonant frequencies but also
about the corresponding amplification. But some scientists believe that no
straightforward relation exists between the H/V peak amplitude and the site peak
amplification. But this view is not shared unanimously. A thorough comparison
between observed amplifications derived from earthquake records and derived from
H/V peak amplitudes at more than 30 sites demonstrates that the H/V peak amplitude
is almost always lower than the actual earthquake produces. This information, if
proven correct, could provide with a lower estimate of actual peak amplification.
This view needs to be confirmed by a larger set of experimental data. Another aspect
worth noting is that Nakamura’s technique is a very simple and cheap way to
determine a site’s fundamental frequency, which is a very important parameter when

considering site effects.

3.1.2.4 Array recordings

Aki (1957) showed that noise recordings on small aperture arrays could be used as a
way to measure phase velocities of surface waves. It is based on analyzing the spatial
correlation of microtremors and obtaining by inversion the surface velocity. From
here it is possible to determine the site’s response. This approach relies heavily on
computing power. By combining this approach with Nakamura’s technique (array
measurements at a few sites and H/V measurements at many sites) they believe, that
they may have found a reliable way to map 2D and 3D subsurface conditions

(Gitterman et al., 1996).
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3.1.3 Weak-motion data

Weak-motion data records are from small to moderate seismic events of both natural
as well as artificial origin. The greatest challenge in the estimation of the site
response using this data is removing the source and path effects. The several methods
proposed can be divided into two main groups. One needs a reference site, the

second one does not need it.

3.1.3.1 Techniques requiring a reference site

The most common procedure is comparing the response from two stations located
near each other. For these stations, the source and path effects are considered the
same. This proves a reliable source of information if the sites in question are free of
site effects. Therefore it has to fulfill these conditions. It should be located near the
site it compares its spectral ratios to. This condition is deemed fulfilled when the
epicentral distance is greater than 5 times the array aperture. And then it has to lie on
unweathered horizontal bedrock which is free of site effects. Fulfilling these
conditions has proven to be quite restrictive (Bard and Riepl, 2000). The principle of
these methods can be described as follows. Here we closely follow Bard and Riepl
(2000). For a network of i sites having recorded | events, the amplitude spectrum of

the recorded ground motion R; () can be written as

R; (f) = E; ()R (F)S; (), (3.1

where E; (f) is the source function, P, (f) is the path contribution between the site

and the source and S, (f) is the contribution of the local site. This can be expressed

in the logarithmic form as

In[R, ()] = I[E, ()] + I[P, ()] + In[S,(F)]. (3.2)

The traditional spectral ratio technique corresponds well with the case where the path

P, (f) is considered to be site independent. This is the case when the distance to the

reference site is small compared to the source-to-site distance. Then, i+j terms
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E;(f) and S;(f) are estimated from i*j observations, provided that all i stations

recorded all j events. Since both series of terms are determined only by their product

it is only needed to determine one term, as the other, generally S, (f)(which is
usually taken by default as 1 at a reference site i ).

It has proven to be quite preferable to follow this generalized inversion
technique, for it allows reliable estimate of site effects even when only afew
recordings at the site at hand are available (Bard and Riepl, 2000). However, the
traditional spectral ratio technique is better suited for sites, where noise level varies
between stations or when the response at certain sites is exceptionally more variable

than it is at other sites.

3.1.3.2 Techniques that do not require a reference site

In the traditional spectral ratio method and in the generalized inversion approach, site
and source effects are estimated from observations at a reference site. In practice,
adequate reference sites are not always available. For this reason, different methods
not needing reference sites have been developed. The general form of the source and
path terms may be assumed through formulae providing the spectral shape as a
function of a few parameters. These can be the corner frequency, the seismic
moment, the quality factor Q, the near-site attenuation term or the dominant

frequency f Although these methods have been first proposed to eliminate site

effects and improve estimates of source and path characteristics, they may also be
used for the purpose of estimating site effects (Bard and Riepl, 2000)

Although the parameterization of source and path effects does remove the
need for a reference site, there still exists in this procedure an unconstrained,
frequency-independent degree of freedom. However, the resulting unavoidable
uncertainties in those parameters may easily double the value of the scaling factor.
The inversion scheme is generally more complicated than in the general inversion
approach since the dependence on some parameters (such as the corner frequency) is

nonlinear (Bard and Riepl, 2000).
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3.1.4 Strong-motion data

The development of strong-motion arrays makes it now possible to apply the
previous weak-motion method on strong-motion data. In thes cases, there is no
longer any question as to the reliability and applicability of the results. Non-linear
effects are also included in the recordings. In urban areas such as Mexico City where
the strong-motion network is triggered, on average, at least once a year, several
specific techniques have been developed in recent years that allow deriving both
reliable and detailed enough empirical microzonation rules. Recent methodological
studies show that there is a fairly good agreement between old and new techniques.
Except for those based on microtremor recordings, all reveal with comparable
accuracy the frequency-dependent character of site amplification, at least for soft
sites. The recently proposed techniques based on the H/V spectral ratio (using either
microtremor or earthquake recordings) provides very simple and reliable estimates of
site fundamental frequency, but further investigations are needed concerning its

ability to measure the site amplification factor (Bard and Riepl, 2000).

3.2 Numerical methods

When the geotechnical characteristics of the area are known, site effects can, in
principle, be estimated through numerical analysis. Such an approach, however,
requires an in-depth understanding both of the analytical models and of the
numerical schemes being used. When the required expertise is lacking, it may occur
that sophisticated numerical analyses lead to less reliable results than simpler and
cruder, but more robust, approximations. This section only provides a brief insight on

the methods in use.

3.2.1 Simple hand calculations

Simple methods are available only for the estimation of the amplification on soft
soils. As already stated in Chapter 2, amplification in soft soils is related to the
resonance effects. Because the strongest effects generally occur at the fundamental
frequency, the most simple numerical methods aim at estimating the fundamental

period of the soil, T,, and the corresponding amplification. Such a simple
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simultaneous estimation of these two parameters is indeed possible only for sites that
can be approximated as a one layer over bedrock structure, for which the formulae
(2.11) given in Chapter 2 may be applied. These formulae show that the estimation

of T, is relatively easy, since only the S-wave velocity and the thickness of the

surface layer are needed, while the estimation of the corresponding amplification
requires the additional knowledge of the bedrock velocity and of the sediment
damping as is explained in equation (2.8).

For sites with a tabular, multi-layer structure, hand calculations can provide

satisfactory estimates of the fundamental period T,, using for instance the formulae

given in Dobry et al. (1976) and summarized in Table 3-1. According to this table,
method No.3, which is relatively often used and consists in simply summing up the
natural periods of each individual layer considered alone, is a wrong one, since it
greatly overestimates the actual periods. The best of these is method No.5, based on
the Rayleigh procedure to estimate the shape of the fundamental mode. However,
methods using weighted averages of velocities (No.l) or rigidities and densities
(No.2) also provide very simple and satisfactory estimates in usual conditions.
Nevertheless, they fail completely in case of a thin soft layer at depth, embedded
between much stiffer and thicker layers. There do not seem to exist any approximate
formulae providing reliable estimates for the fundamental amplification in

horizontally layered sites (Bard and Riepl, 2000).

3.2.2 Advanced methods

Since this is beyond the scope of this thesis we will only outline the basic principles
used in advanced numerical methods.

Although all numerical methods are based on the wave equation, many
different models have been proposed to investigate the several of the various aspects
of site effects which involve complex phenomena. For example, one must consider
various types of wave fields (near-field, far-field, body waves, surface waves); the
structure geometry may be 1-D, 2-D or 3-D; or the mechanical behavior of the earth
materials (i.e. the rheology) can be indeed very complicated (viscoelasticity,
nonlinear soil behavior, water-saturated media, etc.). Advanced methods may be

classified into five groups:
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Table 3-1:

Approximate methods for estimating the fundamental period T of a horizontally layered soil

(after Dobry et al.; 1976)

Method Description Mathemathical formulation Comments
Slight mean
overestimation: 10% to
i=n 15%
. |—1Vi H; Precision: about 30%
| Weighted average of V = m Limitation: no
S wave velocities . loci
4H mmportant velocity
T, =T = v jump between two
contiguous layers
(V, IV, €(0.5;1.5))
i=n
zGi HI
G = !
H
) izn Very slight mean
Weighted average of shear o
2 ) - z pi H; overestimation: 5%
moduli and densities _ i o
P = v Precision: about 30%
4H
Ty ~rT, =——
JG/p
Large mean
3 Sum of natural periods of T ~T = 'iri 4H, overestimation: 25% to
each layer 0 ’ =V 30%
Precision: about 40%
i=n
3DV, H,
Linear approximation of w2 = i=1 Very slight
4 the fundamental modal ! H° underestimation: 5%
shape 2 Precision: 25% to 30%
T, =T, =—
Wy
Z.+12
Xio, =X, + —— 2"1 H,;X,=0
Vi
< (2+2,)°
4 ) H, No bias
Simplified version of ) o1 V. .
5 ) w5 = - ! Precision: 5%
Rayleigh approach = ) o
(Xi + X i1 Hi No limitation
i=1
2
T, =Ty =—
Ws
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Analytical methods can be used only for a very limited number of simple

geometries.

* Ray methods are basically high frequency techniques and are difficult to use
when wavelengths are comparable to the size of the heterogeneities.

* Boundary element techniques (including all kinds of boundary integral
techniques, or those based on wave function expansions) are efficient if the
site of interest consists of a limited number of homogeneous geological units.

* Domain-based techniques (such as finite-difference or finite-element
methods) allow accounting for very complex structures and rheologies.

* Hybrid methods combine two or more individual methods in order to

overcome limitations of the individual methods.

The main advantage of the advanced numerical methods rests in their
flexibility and versatility which have lead to significant breakthroughs in the
understanding of site effects during the last two decades. They allow not only
carrying out phenomenological and parametric studies, but can also be used to assess
the uncertainty in a site seismic response to the imperfectly known site conditions

and its mechanical parameters (Bard and Riepl, 2000).

4 Conclusions

In this thesis we have summarized the most elementary viewpoints and occurrences
during an earthquake as well as provided some information on how an earthquake
motion can be predicted using deterministic or probabilistic approach. Then we have
introduced several (but certainly not all) ground motion parameters which are
essential in a quantitative measurement of earthquake effects and subsequently
earthquake-resistant design.

In the second chapter we have introduced the site effects with the main
preference of soft soil deposits and free-surface topography. Other site effects as
liquefaction and landslides were only briefly mentioned.

In the third chapter abrief summary of quantitative measurements and

predictions of site effects has been presented.
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