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Chapter 1 

1. Basic Seismology 
 

1.1. What is an Earthquake? 

• Shaking and vibration at the surface of the earth resulting from underground movement 

along a fault plane or from volcanic activity  

• An earthquake is the result of a sudden release of energy in the Earth's crust that creates 

seismic waves 

• An earthquake is a sudden and sometimes catastrophic movement of a part of the Earth's 

surface. 

 

1.2. Types of Earthquakes 

• EQs can be classified by their mode of generation as follows: 

• Tectonic Earthquakes 

o The most common earthquakes 

o Produced when rocks break suddenly in response to  the various geological 

(tectonic) forces 

• Volcanic Earthquakes 

o EQs  that occurs in conjunction with volcanic activity 

o EQs induced by the movement (injection or withdrawal) of magma 

• Collapse Earthquakes 

o Small EQs  occurring in regions of underground caverns and mines 

o Caused by the collapse of the roof of the mine or caverns 

o Sometimes produced by massive land sliding 

• Human cause explosion earthquakes 

o Produced by the explosion of chemical or nuclear devices 

 

1.3. The Causes of Earthquakes 

In 1891, a Japanese seismologist, Prof. B. Koto, after careful study of the Mino-Owari earthquake 

noted, 
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“It can be confidently asserted that the sudden faulting was the actual cause (and not the effect) 

of the earthquake.” 

This finding was the start of common acceptance that fractures and faults were the actual 

mechanism of the earthquake and not its results, and was the basis of the development of the 

seismology. 

 

 

In ancient Japanese folklore, a giant catfish (Namazu) lives in the mud beneath the earth.  It is 

guarded by the god Kashima who restrains the fish with a stone.  When Kashima let his guard 

fall, Namazu thrashes its body, causing violent earthquakes.  
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Ground Failure by Lateral Fault Movement 
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• Shortly after the San Francisco earthquake of 1906, an American geologist, Harry Fielding 

Reid, investigated the geological aftermath. 

• He noticed that a displacement of nearly 6 meters had occurred on certain parts of the 

San Andreas Fault which runs under San Francisco, and he proposed the theory that 

strain had been building up over a long period of time and suddenly released in the EQ.  

 

“It is impossible for rock to rupture without first being subjected to elastic strains greater than it 

can endure.  We concluded that the crust in many parts of the earth is being slowly displaced, 

and the difference between the displacements in neighboring regions set up elastic strains, which 

Surface rupture caused by Fault dislocation
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may become larger than the rock can endure.  A rupture then take place, and the strained rock 

rebounds under its own elastic stresses, until the strain is largely or wholly relieved. 

When a fault ruptures, the elastic energy stored in the rock is released, partly as heat and partly 

as elastic waves. 

In the majority of cases, the elastic rebound on opposite sides of the fault are in opposite 

directions. 

This is known as the elastic rebound theory. 

 

1.4. Types of Faults 

 

 

Strike-slip faults are vertical (or nearly vertical) fractures where the blocks have mostly moved 

horizontally. If the block opposite an observer looking across the fault moves to the right, the slip 

style is termed right lateral; if the block moves to the left, the motion is termed left lateral. 

Dip-slip faults are inclined fractures where the blocks have mostly shifted vertically. If the rock 

mass above an inclined fault moves down, the fault is termed normal, whereas if the rock above 

the fault moves up, the fault is termed reverse (or thrust). Oblique-slip faults have significant 

components of both slip styles. 

Oblique-slip faults: Oblique-slip faulting suggests both dip-slip faulting and strike-slip faulting. It is 

caused by a combination of shearing and tension or compressional forces, e.g., left-lateral normal 

fault. 

Dip Slip (normal or thrust) Strike Slip (right or left lateral)

Four Basic Types of Faults

Fault: A fault is a fracture along which the blocks of 

crust on either side have moved relative to one 

another parallel to the fracture.
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1.5. Earthquake Rupture 

The rupture begins at the earthquake focus within the crustal rock and then spreads outward in 

all directions in the fault plane. 

The boundary of the rupture does not spread out uniformly.  Its progress is jerky and irregular 

because crustal rocks vary in their physical properties and overburden pressure from place to 

place. 

If this rupture reaches the surface (as happens in a minority of shallow earthquakes), it produces 

a visible fault trace. 

After shocks always spread along the fault line. So we can see the extent of rupture by checking 

the distribution of aftershocks. 
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Rupture on a Fault 

 

 

 

Total Slip in the M7.3 Landers Earthquake
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Surface Rupture: Strike-slip Fault Example Surface Rupture: Normal Fault Example

Dixie Valley-Fairview Peaks, Nevada earthquake. December 16, 1954

San Andreas Fault



Basic Seismology  11 

 

 

 

Surface Rupture: Thrust Fault Example

Strong ground shaking above the rupture zone
The 1995 Kobe Earthquake
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The distance from your site to ruptre plane is more important than distance from site to epicenter. 

May be the rupture propagated towards your site. 

Size of rupture is not predictable. Depends on the initial stress and rock type, which vary from 

place to place. 

The 1995 Kobe Earthquake
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Yogyakarta Earthquake (2006)

Epicenter

Bantul, Yogyakarta

Strong Ground Shaking + Unreinforced Masonry Houses

=     A Major Disaster
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1.6. Continental Drift 

In 1910 a German meteorologist and astronomer, Alfred Wegener, put forward a theory: 

At about 200 million years ago, the earth consisted of only one continent, which he called Pangaea 

(all lands), and one ocean, Panthalassa (all seas).  Eventually, for reasons which Wegener could 

not explain, this mass of land broke up in mesozoic times—about 150 million years ago—and 

started to move; firstly into N-S devisions, and then into E-W ones. 

He called the process continental drift. 

 

Initially the Wegener theory was too fanciful for many, and at the existing level of scientific 

knowledge it could not be proved.   

Wegener was roundly condemned. 

After the discovery of submarine mountain ranges and many more evidence in later years, the 

Wegener theory became a widely accepted theory. 

This was also the starting point of the theory of plate tectonics. 
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The impact of the theories of plate tectonics and continental drift was immense and was the great 

breakthrough that the earth sciences had needed for so long. 

1.7. Plate Tectonics 

The basic idea of “plate tectonics” is that the earth’s outer shell (called the lithosphere) consists 

of several large and fairly stable slabs of solid rock called plates. 
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1.8. Internal Structure of the Earth 

 

 

The thickness of each plate is about 80 km.  The plate moves horizontally, relative to neighboring 

plates, on a layer of softer rock. 
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1.9. Earth’s Tectonic Plates and their Movements 

Convergence plate boundary: subduction zone etc. 

Divergence plate boundary: Plates diverges at mid-ocean ridges 

Transform fault: Plates move laterally each other  
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Tectonic Plates 
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The rate of plate movement ranges from 1 to 10 centimeters per year. 

At the plate edges where there is contact with adjoining plates, boundary tectonic forces act on 

the rock causing physical and chemical changes in them.   

This is where the massive and radical geological changes (including earthquakes) occur. 
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Where do earthquakes occur? 

 

Three Main Types of Plate Boundaries: 

Convergent Plate Boundary: When the two plates “bump” into each other    
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Divergent Plate Boundary: When the two plates “pull away” from each other 

Transform Plate Boundary: When the two plates “slide past” each other 

 

New tectonic plate is created at mid-ocean ridges by the upwelling and cooling of magma (molten 

rock) from the Earth’s mantle.  In order to conserve mass, the horizontally moving plates are 

believed to be absorbed at the ocean trenches where a subduction process carries the tectonic 

plate downward into the Earth’s interior. 

 
Press & Siever (1986)
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An oceanic spreading ridge is the fracture zone along the ocean bottom where molten mantle 

material comes to the surface, thus creating new crust. This fracture can be seen beneath the 

ocean as a line of ridges that form as molten rock reaches the ocean bottom and solidifies.  

An oceanic trench is a linear depression of the sea floor caused by the subduction of one plate 

under another.  

 

 

This plate tectonics theory has a number of implications for our understanding of earthquakes. 

First, many more earthquakes will occur along the edges of the interacting plates (interplate 

earthquakes) than within the plate boundaries (intraplate earthquakes). 

Second, because the directions of forces on plates vary across them, the mechanism of the 

sources of earthquakes and their size differ in different parts of a plate. 

Only about 10% of the world’s earthquakes occur along the ocean ridge system.  In contrast, 

earthquakes occurring where plate boundaries converge, such as trenches, contribute about 90 

%. 

Third, the grand scale of the plate pattern and the steady rate of plate spreading imply that along 

a plate edge the slip should, on average, be a constant value over many years. 

This idea suggests that the historical patterns of distance and time intervals between major 

earthquakes along major plate boundaries provide at least crude indication of places at which 

large earthquakes might occur. 
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Three types of plate convergence 
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1.10. Tectonic Maps 

 

 

Tectonic map of Pakistan 
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Tectonic map of Pakistan 

 

Makran 

Subduction zone
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Tectonic Map of South-East Asia 
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1.11. Seismicity Maps 

 

 

 

IRIS Earthquake Browser: http://ds.iris.edu/ieb/ 
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Blue 0 – 25 km Red 25 – 50 km Green 50 – 250 km 
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Seismicity (0-25 km depth, left), (25-50 km depth, right) 

 

  

Seismicity (50-100 km depth, left), (100-250 km depth, right) 
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1.12. Hazard Maps 

 

 

Tectonic Map

Seismicity Map
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Source: Zaman S. (2016) Probabilistic Seismic Hazard Assessment and Site-Amplification 

Mapping for Pakistan  

Peak Ground 

Acceleration

10% PE in 50-years

Peak Ground 

Acceleration

2% PE in 50-years



Basic Seismology  38 

 

 

 

Peak Ground Acceleration (PGA) map for Design Basis Earthquake (DBE)

PGA (g) for 2% probability of 

exceedance in 50 years
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1.13. Seismic Waves 

Earthquakes generate many types of seismic waves in complex patterns. 

Some penetrate the earth and come to the surface in the same state, or slightly distorted.  Others 

are reflected, or refracted, or bent by something or some zone of different density within the earth 

itself.  Some travels round the circumference of the world and do not penetrate at all. 

 

 

 

There are 3 basic types of seismic waves:  

o The primary (P) waves 

o The secondary (S) waves 

o The surface waves 

P waves are compressional waves which exert a pull-push force. 

Rays of seismic shear waves from the focus  of the 1989 Loma Prieta earthquake through the crust
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The motion of a P wave is the same as that of a sound wave—as it spreads out, it alternately 

pushes (compresses) and pulls (dilates) the rock. 

These P waves, just like sound waves, are able to travel through both solid rock and liquid material 

(such as volcanic magma or the oceans). 

S waves are shear waves. 

As it propagates through the body of rock, a shear wave shears the rock sideways at right angles 

to the direction of travel. 

S waves cannot propagate in the liquid parts of the earth, such as the oceans or magma. 

 

Body Waves: 

When the body waves (the P and S waves) move through the layers of the rock in the crust, they 

are reflected or refracted at the interfaces between rock types.  Also, whenever either one is 

reflected or refracted, some of the energy of one type is converted to waves of the other type. 

P and S waves do not travel at the same speed, and these speeds vary with the substance 

through which the waves are passing.  Broadly speaking, a P wave travels faster than an S wave. 

Thus at any site, the P wave arrives first, and the S wave arrives later. 

The length of time between the arrival of the P and the S wave gives an indication of the distance 

an earthquake is away from an observer.  By using 3 or more seismograph stations, it is possible 

to pinpoint where the earthquake occurred. 

Surface Waves: 

Surface waves have their motion restricted to near the ground surface.  As the depth below this 

surface increases, wave displacements decrease. 

Seismic Waves

Body Waves

Surface Waves
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Surface waves travel more slowly than body waves. 

Surface waves in earthquakes can be further divided into 2 types: Love waves and Rayleigh 

waves 

The motion of a Love wave is essentially the same as that of S waves that have no vertical 

displacement.  It moves the ground from side to side in a horizontal plane but at right angles to 

the direction of propagation.  Love waves do not propagate through water. 

Like rolling of ocean waves, the pieces of material disturbed by a Rayleigh wave move both 

vertically and horizontally in a vertical plane pointed in the direction in which the wave is travelling. 

 

 

 

Seismic Waves

Body Waves

Surface Waves
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Seismic Wave Records at Several Seismic Stations 

 

Instrumental Record at a Seismic Station

Difference in arrival times between P and S waves: measure 

of site-to-source distance

6 km/s in crust

3 km/s in crust
H

y
p

o
c
e
n

te
r

S-wave
P-wave




The 1995 Kobe Earthquake
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1.14. Locating Earthquakes 

Although it is possible to infer a general location for an event from the records of a single station, 

it is most accurate to use three or more stations.  

• A measurement of the P-S time at single station gives the distance between the station 

and the event.  

• Drawing a circle on a map around the station's location, with a radius equal to the distance, 

shows all possible locations for the event.  

• With the P-S time from a second station, the circle around that station will narrow the 

possible locations down to two points.  
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• It is only with a third station's P-S time that should identify which of the two previous 

possible points is the real one. 
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1.15. Seismoscopes 

It consisted of a spherically formed copper vessel (about 2.4 m in diameter).  In the inner part of 

this instrument a column was so suspended that it can move in 8 directions.  



Basic Seismology  48 

 

When an earthquake occurs, the vessel is shaken, the dragon instantly drops the ball, and the 

frog which receives it vibrates vigoriously; anyone watching this instrument can easily observed 

earthquakes. 

 

 
In the year A.D. 136, a Chinese 
called Choko (also called 
Chang Heng) invented an 
instrument for indicating 
earthquakes. 

 
 

Once upon a time a dragon dropped its ball without any earthquake being observed, and people 

therefore thought the instrument of no use, but after 2 to 3 days a notice came saying that an 

earthquake had taken place in Rosei.  Hearing of this, those who doubted the use of this 

instrument began to believe in it again.   

After this ingenious instrument had been invented by Choko, the Chinese government wisely 

appointed a secretary to make observations on earthquakes. 

 

 

The earliest modern seismographs was invented by John Milne around 1880s during when he 

was Professor of Geology and Mining at the Imperial College of Engineering in Tokyo (University 

of Tokyo).  

The principal problem for constructing precise earthquake measuring devices during that time 

was how to produce a body which would remain stationary, and detached from the world around 

in order to record the relative movement of the ground on which it actually rested. 
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They decided to make use of the mechanical principle of inertia—in essence the tendency of a 

heavy body to stay put. 

Thus their seismographs relied on using a freely swinging pendulum whose movements were 

marked by pin or pen on a revolving drum of smoked glass, and later paper. 

 

 

Mechanism of Seismograph: 

An earthquake does not make the pendulum swing. Instead, the pendulum remains fixed as the 

ground moves beneath it.  

A pendulum with a short period (left) moves along with the support and registers no motion. A 

pendulum with a long period (right) tends to remain in place while the support moves. 

The boundary between the two types of behavior is the natural period of the pendulum. Only 

motions faster than the natural period will be detected; any motion slower will not.  

“Seismograph” usually refers a displacement-type seismometer. 

The damping of the pendulum was also added to suppress the free vibration response and to 

improve the performance of the seismographs. 

The Milne seismographs employed 3 devices, one for each component of ground motion (up-

down, north-south, east-west components). 
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Modern Seismographs: 

The general principle behind the early seismographs is still the basic idea behind the designs of 

present-day seismographs. 
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In modern seismographs the relative motion between the pendulum and frame produces an 

electrical signal that is magnified electronically thousands or even hundreds of thousands of times 

before it is recorded. 

The electrical signals can be recorded on to magnetic tapes, papers, or converted into equivalent 

digital signals and stored in computer memory. 

 

Most seismographs around the world are designed to detect small-amplitude motions (weak 

motions) and are very sensitive “ears on the world”.  They can detect and record earthquakes of 

small size from very great distances (>1000 km). 
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Short-period Seismograph Broadband Seismograph

Natural Period = 1 sec Natural Period = 120 sec
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The IRIS Global Seismographic Network (GSN): 

The goal of the GSN is to deploy 128 permanent seismic recording stations uniformly over the 

earth's surface.  

 

 

Strong-motion Seismographs: 

Strong-motion seismographs are specially designed to record the strong shaking of the ground in 

such a way that the records obtained can be directly read as acceleration of the ground. 

They are usually capable of recording acceleration of the ground greater than that of gravity. 

 

 

http://www.iris.edu/

IRIS:  Incorporated 

Research Institutions for 

Seismology 

Most strong-motion accelerometers do not 

record continuously but are triggered into 

motion by the first waves of the earthquake to 

arrive.



Basic Seismology  54 

 

 

 

 

 

76

Strong Motion Stations in Taiwan and Distribution of the 
JMA seismic intensity for the 1999 Chi-Chi EQ

Instrumental Intensity

6 +

6 -

5 +

5 -
4
3

N

Note: JMA seismic intensity is calculated from a three-
component acceleration record.
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1.16. The Size of an Earthquake 

The first scientific field study of the effects of a great earthquake was conducted by an Irish man, 

Robert Mallet, who was recognized as the first true seismologist. 

In his assessment of the effects of the Neapolitan Earthquake of 1857 in southern Italy, Mallet 

was using the oldest instruments in the world: his eyes, a compass and a measuring stick. 

Mallet’s method included detailed mapping and tabulation of felt reports and damage to buildings 

and geological movements. 

In this way he was able to measure the strength and distribution of the earthquake ground motion.  

By drawing lines on a map between places of equal damage or of equal intensity (isoseismal 

lines), he determined the center of the earthquake shaking (the epicenter).  Such maps are now 

called isoseismal maps. 

Intensity is measured by means of the degree of damage to structures of human origin, the 

amount of disturbances to the surface of the ground, and the extent of animal and human reaction 

to the shaking, not by measuring the ground motion with instruments. 

★

沖積層
洪積層
シラス分布層
礫質土
岩盤

地盤分類

高千穂( 2. 5gal )

北川( 3. 8gal )

南郷( 1. 8gal )

都農( 7. 1gal )

西都( 12. 5gal )

綾( 7. 5gal )

小林( 7. 4gal )

高崎( 20. 8gal )

宮崎( 32. 1gal )

田野( 11. 6gal )

都城( 24. 3gal )

日南( 16. 2gal )

串間( 52. 0gal )

都井岬(43. 1gal )

小林( 7. 4gal )

観測点名 最大加速度

1998. 12. 16 9: 18
M5. 5 depth=32km
N31. 3°E131. 6°

20gal

20sec0 Strong-motion Records

In Yokohama, Japan

Magnitude-5 Earthquake

December 16, 1998 
Depth 32 km
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1.16.1. Intensity Scales 

The first intensity scale of modern times was developed by M. S. de Rossi of Italy and Francois 

Forel of Switzerland in the 1880s.  It was called the Rossi-Forel Intensity Scale (I — X). 

A more refined scale, with 12 values, was constructed in 1902 by the Italian seismologist and 

volcanologist G. Mercalli. 

A modified version of it, called the Modified Mercalli Intensity (MMI) Scale, was developed by H. 

O. Wood and Frank Neumann to fit construction conditions in California (and most of the United 

States).  

Alternative intensity scales have been developed and are widely used in other countries, notably 

in Japan (the JMA Intensity Scale) and the central and eastern European countries (the 

Medvedev-Sponheuer-Karnik (MSK) Intensity Scale), where conditions differ from those in 

California. 
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Isoseismal Map of the Mandalay earthquake of 23 May 1912 (after Brown, 1914), Rossi-Forel 

Intensity Scale 
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Comparison of different intensity scales 
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JMA Instrumental Intensity in the 2000 Tottori EQ Measured by National Seismic Networks 
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Chines Intensity scale 
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1.16.2. Earthquake Magnitudes 

If the magnitudes of earthquakes are to be compared worldwide, a measure is needed that does 

not depend (as does intensity) on the density of population and type of construction.   

Such quantitative scale was originated in 1931 by Kiyoo Wadati in Japan and later on developed 

by Dr. Charles Richter in 1935 in California. 

Richter defined the magnitude of an earthquake as the logarithm to base 10 of the maximum 

seismic-wave amplitude (in micrometer) recorded on a standard Wood-Anderson short-period 

seismograph1 at a distance of 100 km from the earthquake epicenter.  

Every time the magnitude goes up by 1 unit, the amplitude of the earthquake waves increases 10 

times.  

At first the scale was intended to deal with Californian earthquakes only, but with the cooperation 

of Professor Beno Gutenberg the scale was adapted to enable earthquakes to be classified 

worldwide. 

 

The Richter magnitude scale is also called Local Magnitude (ML). 
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At the present time there are several magnitude scales.  The most used magnitude scales are 

surface-wave magnitude (Ms), body-wave magnitude (mb), and moment magnitude (Mw). 
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Ms is a world-wide scale determined from the maximum amplitude of Rayleigh waves with a period 

of about 20 seconds (between 18 s and 22 s) on a standard long-period seismograph1.  It is most 

widely used magnitude scale for large damaging shallow earthquakes (less than 70 km deep).   

It was developed in 1950s by the same researchers who developed ML (Gutenberg and Richter) 

in order to improve resolution on larger earthquakes.  

mb is a world-wide scale determined from the maximum amplitude of the first few cycles of the P 

wave motion observed on the vertical component of seismogram.  The waves measured typically 

have a period of about 1 second.  It is widely used for characterizing deep earthquakes. 

Saturation of Earthquake Magnitudes: 

It must be noted that most magnitude scales saturate, or stop increasing with increasing 

earthquake size.   

This occurs because each magnitude scale is determined using a seismic wave of a particular 

period and wave length, which at a certain level does not increase in amplitude as the earthquake 

source size and energy release increase. 
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Moment Magnitude Scale:  

A more reliable and robust magnitude scale is moment magnitude (Mw).  It was introduced by 

Hanks and Kanamori in 1979.  It is based on the seismic moment (Mo), which is a measure of the 

whole dimension of the slipped fault:   

MW    =   (2/3). (Log10 Mo -10.7) 

Where Mo is seismic moment (in N.m).  Geologically Mo is a description of the extent of 

deformation at the earthquake source.  It is simply defined as: 

Mo     =   m A D    =   2 m ES / Ds  

Where   m   is the shear modulus of the rock in the source region (typically 30 gigapascal) 

A is the fault rupture area 

D is the average dislocation or relative movement (slip) between the opposite sides of the fault. 

ES is radiated seismic energy 

Ds is stress drop 

The definition based on A D allows Mo to be derived from geological faulting parameters that can 

be easily observed in the field for large surface-rupturing earthquakes.  The definition based on 

ES / Ds allows Mo to be derived from seismological measurements.  
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Earthquake Energy 

Each unit change in magnitude corresponds to a 32 fold increase in earthquake energy. 

 

 

1.17. USGS Earthquake Event Pages 

An example of 24 September 2019 Mirpur Earthquake (M 5.4)  

USGS Event Page: 

https://earthquake.usgs.gov/earthquakes/eventpage/us60005mqp/executive 

https://earthquake.usgs.gov/earthquakes/eventpage/us60005mqp/executive
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IRIS Event Page: 

http://ds.iris.edu/ds/nodes/dmc/tools/event/11121410 

Time History Data from Wilber 3 (IRIS): 

http://ds.iris.edu/wilber3/find_stations/11121410 

 

 

  

http://ds.iris.edu/ds/nodes/dmc/tools/event/11121410
http://ds.iris.edu/wilber3/find_stations/11121410
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Chapter 2 

2. Seismic Hazard Assessment 
  

2.1. Earthquake Hazards 

• Ground shaking 

• Ground displacement along faults: surface rupture 

• Ground failures: soil liquefaction, landslide, mud slide, differential soil settlement, etc. 

• Tsunami 

• Floods from dam and levee failures 

• Fires resulting from earthquakes 

 

 

Ground Shaking Hazard: Wenchuan Earthquake (2008), China (Magnitude = 8.0) 
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Ground Shaking Hazard: Kashmir Earthquake (2005), Balakot, Pakistan (Magnitude = 7.7) 

 

 

Ground Shaking Hazard: Yogyakarta Earthquake (2006), Indonesia (Magnitude = 6.2) 
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Surface Rupture Hazard: The 1999 Chi-Chi earthquake, Taiwan 

 

 

The 1999 Chi-Chi earthquake, Shih-Kang Dam 
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Overturned building in 
Adpazari, Turkey in the 1999 
Kocaeli EQ

A building in Dagupan, 

Philippines after the 

1990 Luzon EQ

Soil Liquefaction Hazard
Loss of Bearing Capacity

Replaced Soil (Liquefied)

Lift-up Force

Crack or Residual 

Strain

Sand Boiling
Sand Boiling

Manhole Flexible Pipe

Rigid Pipe

Residual Strain

Original Soil 

(Liquefied)

Damage to Sewers
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Tokachi-oki EQ, Hokkaido  (2003) 

 

 

Underground Pipe Failure in Baguio, Philippines  (Luzon Earthquake, 1990) 
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5  

Earthquake-induced Landslide  in Wenchuan County, China (Wenchuan Earthquake, 2008) 

 

 

Dynamic Stability of Embankment
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Bhuj earthquake 2001  Irrigation Dams 

 

 

Tsunami generated by an earthquake 

Tsunami generated by an Earthquake

Generation

Propagation

Inundation
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Maximum Water Level

Khao Lak, Phang-Nga
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Fires resulting from the Earthquake (Kobe EQ, 1995) 

The 1995 Kobe Earthquake
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2.2. Basic Questions 

 
• Where will future earthquakes occur? 

• What will be their size? 

• What will be their frequency of occurrence? 

• What will be the ground shaking intensity at the site produced by earthquakes of different 

size, focal depth, and epicentral location?  

• How will the ground motion be influenced by local soil conditions and geology? 

• What will be the earthquake hazards (landslide, liquefaction, etc.) produced at the site? 

• How about the susceptibility of buildings and structures to damage from the ground 

shaking and ground failures? 

Fires resulting from the 

Earthquake (Kobe EQ, 1995)
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Seismic Hazard & Seismic risk 

• It is not possible to predict when and where earthquakes will occur and how large they will 

be, therefore, seismic hazard must be described in terms of probabilities. 

• Seismic hazard: the probability of occurrence of potentially destructive seismic ground 

shaking at given site within a given time interval. 

• Seismic risk: the “risk” depends not only on “seismic hazard” but also on the susceptibility 

to damage of structure. 

 

2.3. Seismic Hazard and Seismic Risk 

SEISMIC HAZARD × SEISMIC VULNERABILITY   =   SEISMIC RISK 

• In principle, Seismic Hazard Assessment (SHA) can address any natural hazard 

associated with earthquakes, including ground shaking, fault rupture, landslide, 

liquefaction, or tsunami.  

• However, most interest is in the estimation of ground-shaking hazard, since it causes the 

largest economic losses in most earthquakes. 

• Moreover, of all the seismic hazards, ground motion is the predominant cause of damage 

from earthquakes; building collapses, dam failures, landslides, and liquefactions are all 

the direct result of ground motion. 

• The Chapter, therefore, is restricted to the estimation of the earthquake ground motion 

hazard. 

Seismic Zone: A seismic zone is generally a large region within which, for practical purposes, the 

seismic hazard may be taken to be approximately uniform. 

Population

Urbanization and Un-

planned development

Inappropriate 

Built 

Environment

Lack of Resources 

for Communities

Natural or Man-

made 

Phenomena

Disaster Hazard ExposureVulnerability

To reduce risk of disaster and increase safety, 

we need to estimate hazard properly, 

and Reduce Vulnerability

Risk
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A seismic microzone is a small area within a region that has variations in hazard due to local soil 

conditions, topography, proximity to faults, etc. (the microzonation is not included in the scope of 

this lecture). 

 

2.4. Ground Motion Parameters 

There are many different ground motion parameters—displacement, velocity, acceleration, or 

MMI. 

Usually Peak Ground Acceleration (PGA) is considered to be the preferred ground motion 

parameter. 

Seismic Hazard  =  Ground-shaking Hazard  =  the probability of occurrence of potentially 

destructive seismic ground shaking at a given site within a given time interval. 
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2.5. Seismic Hazard Assessment 

Seismic Hazard Analysis (SHA) has been widely used by engineers, regulators, and planners to 

mitigate earthquake losses: 

 Specifying seismic design levels for individual structures and building codes 

 Evaluating the seismic safety of existing facilities 

 Planning for societal and economic emergencies (emergency preparedness) 

 Setting priorities for the mitigation of seismic risk 

 Insurance analysis 

 

Information for Seismic Hazard Analysis:  

a) Seismic Sources 

• Location, shape, activity of seismic source zones (or faults)  

• Historical earthquake record (date, time, epicenter co-or, M. focal depth) 

• Magnitude—recurrence relationship for each source zone (or fault) 

b) Ground motion Characteristics 

• Accelerograrms at many sites, observed intensities of shaking 

• Related geological information 

• Attenuation relationship  

The determination of probabilistic ground acceleration should be rationally based on all available 

information. 

 

2.6. Probabilistic vs. Deterministic 

DSHA considers the effect at a site of either a single scenario earthquake, or a relatively small 

number of individual earthquakes. 

Difficulties surrounded the selection of a representative earthquake on which the hazard 

assessment would be based. 

PSHA quantifies the hazard at a site from all earthquakes of all possible magnitudes, at all 

significant distances from the site of interest, as a probability by taking into account their frequency 

of occurrence. 

Deterministic earthquake scenarios, therefore, are a subset of the probabilistic methodology. 
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2.7. The Probabilistic Seismic Hazard Assessment (PSHA) 

Probabilities are useful in characterizing seismic hazard since earthquakes and their effects are 

random phenomena. 

Probabilistic seismic hazard analysis(PSHA) takes into account the seismic potential of the 

seismic sources, the random nature of earthquake occurrences, the random nature of the ground 

motion produced by these earthquakes, the damage potential of these ground motions, and the 

uncertainties involved at all levels of the process . 

Prior to the widespread use of PSHA for assessing earthquake hazards, Deterministic methods 

(DSHA) dominated such assessments. 

 

2.8. The PSHA Procedure 

1) Selection of site(s) 

2) Identification of all critical tectonic features (e.g. active faults, seismic source zones) likely 

to generate significant earthquakes—seismic sources 

3) Defining the seismicity of these seismic sources 
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4) Selection of a suitable attenuation relationship—an equation that estimates ground-motion 

parameters from earthquake magnitude and source-to-site distance for various site 

conditions 

5) Computation of the ground motion parameters at the site. 

 

 

 

• The analytical approach of PSHA was first developed by C.A. Cornell in 1968. 

• It was used by S.T. Algermissen et.al. (USGS) for developing a probabilistic seismic 

hazard map of US in 1976. 



Seismic Hazard Assessment  90 

 

• The map was later on used as a basis for developing the US seismic zone map in the 

Uniform Building Code (US) in 1988. 

• The analysis procedure is currently widely accepted and used all over the world. 

 

The Key Assumptions in Calculating Probabilistic Ground Motions 

1) Earthquakes occur within the defined seismic source zones or along the defined active 

faults. 

2) Within each defined seismic source zone (or active fault), earthquakes occur randomly at 

any location with an equal chance (probability). 

3) Within each defined seismic source zone (or active fault), earthquakes randomly occur in 

time, in which the average rate of occurrence is defined by its magnitude-recurrence 

relation. This random occurrence in time is modeled as a Possion process. 

4) The occurrence of an earthquake is statistically independent of the occurrence of other 

earthquakes. 

5) In any earthquake event, the ground motion parameter (e.g. PGA, SA) at the site of 

interest can be estimated from the earthquake magnitude, source-to-site distance, and 

other earthquake parameters by using the selected attenuation relationship. 

 



Seismic Hazard Assessment  91 

 

2.9. Identification of Seismic Sources 

Where active faults have been identified and mapped, they become the sources of future 

earthquakes. 

Where specific faults have not been identified or their characteristics are not well understood, it 

is common to define ‘seismic source zone’. 

Within the seismic source zone, earthquakes are typically modeled either as a single point of 

energy release (a point source) or as a rupture on a fault (a finite-size source) with a random 

location or orientation. 

In such cases, the challenge of the analyst is to identify source zones in which the seismicity is 

relatively uniform. 

Even in areas where faults are well defined, a source zone may be needed to model the random 

occurrence of small and moderate earthquakes (M < 6.5)—background seismicity. 
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Earthquakes in Thailand-Burma-Indochina Region (1910-2000) 
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2.10. Defining the Seismicity of Seismic Sources 

One commonly used parameter for defining the seismicity:  

The rate of occurrence of earthquakes larger than some lower-bound magnitude mo = 𝜈 

• mo is defined as the smallest earthquake expected to produce damage. 

• Typically mo = 4.0 

• In traditional applications of PSHA, n  is simply estimated from the historical rate of 

occurrence of earthquakes exceeding mo 

• The estimate requires historical and instrumental records of earthquakes 

• Another relatively new technique—paleoseismic investigation—has been successful in 

providing information on prehistoric fault movements and seismicity of active faults. 
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Instrumental earthquake data of Myanmar, Thailand and Indonesia 

 

Instrumental earthquake data of Myanmar, Thailand and Indonesia

Investigation of Active Faults: Fault Trenching in Taiwan
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2.10.1. Magnitude-Recurrence Relationship 

The most commonly used equation (model) to describe the occurrence of earthquakes is the well-

known Gutenberg-Richter relationship: 

Log10 N(m)   =   a -  b.m 

Geological Record found in a Fault Trench in Taiwan

Fault Trenching in Kanchanaburi, Thailand
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N(m) is the average number per year of earthquakes having magnitudes greater than m. 

a and b are constants;  they are conventionally obtained from an appropriate statistical analysis 

of historical earthquakes. 

10a  is the average number per year of earthquakes above magnitude zero. 

b  describes the relative rate of occurrence of different magnitudes. b is typically  1.0 + 0.3.  

The form of this relationship has been verified from observations of seismicity throughout the 

world. 

 

Fault Sources 

• For some faults, the occurrence rate of large earthquakes deviates from that predicted by 

Gutenberg-Richter relationship.   

• For these faults, a characteristic earthquake model is thought to represent more accurately 

the seismicity of the fault. 
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2.10.2. Magnitude-scaling relationships 
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2.11. Attenuation Relationships 

The ground motion attenuation relationships provide the means of estimating a strong-ground-

motion parameter of interest from parameters of the earthquake, such as magnitude, source-to-

site distance, fault mechanism, local site conditions, etc.  

A wide variety of empirical ground motion attenuation relationships is available for application in 

PSHA. 

The choice of an appropriate relationship is governed by the regional tectonic setting of site of 

interest, whether it is located within a stable continental region, or an active tectonic region, or 

whether the site is in proximity to a subduction zone tectonic environment. 
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Earthquake Magnitude = M

Ground Shaking Intensity

Ground Shaking
Intensity

Distance from the Causative Fault

miles

Tectonic Regions
Active Tectonic Regions

Subduction Regions

Stable Continental Regions
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Ground motion attenuation is often represented by the form: 

Log10Y  =  c1  + c2.M  + c3.Log10 R  + c4.R +  c5.F  +  c6.S  +  e 

Y is  the ground motion parameter of interest (i.e. PGA, PGV, SA, SD) 

M is  earthquake magnitude 

R is  source-to-site distance 

F is  the faulting mechanism of the earthquake 

S is  a description of the local site conditions 

e is   a random error term with a mean of zero and a standard deviation of s  (a Gaussian 

probability distribution); this term describes the variability in ground motion. 
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Random error of attenuation model 

 

Random Error of Attenuation Model
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Source-to-site distance 

Source-to-Site Distance
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Log10Y  =  c1  + c2.M  + c3.Log10 R  + c4.R +  c5.F  +  c6.S  +  e 

Coefficients c1, c2, c3, c4, c5, and c6 are normally determined by fitting the equation to actual 

ground motion data (applying statistical regression analyses).   

The term c3.Log10 R  represents the geometric attenuation of the seismic wave front as it 

propagates away from the earthquake source. 

Faulting Mechanism

Local Site Conditions
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The term c4.R represents the anelastic attenuation that results from the material damping and 

scattering as the seismic waves propagate through the crust. 

 

Ground motion database used for developing an attenuation relationship 
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Coefficients of an attenuation relationship 

 

Attenuation models for SA 

Attenuation Model for SA
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2.12. The Simplified PSHA for Beginners 

To demonstrate on how probabilistic ground motion is estimated, a simplified calculation of 

probabilistic ground motion is presented as follows:  

Let’s consider a simple case where only one seismic source (A) is located near the site of interest 

(P). 

Let’s set the PGA level of interest at the site to, say, 0.10 g. 

According to the selected attenuation relationship, earthquakes with magnitude greater than 6.6 

will produce PGA at the site equal to or greater than 0.10 g. 

 

 

According to the magnitude-recurrence relationship of the source zone A, the annual occurrence 

rate of earthquakes with M > 6.6  =  N(M=6.6) = 0.007 event per year 

Hence, the annual occurrence rate of having PGA at the site exceeding 0.10 g   =   0.007 (event 

per year)   

=   annual exceedance rate. 

P

Seismic Source 

Site



Seismic Hazard Assessment  114 

 

In the other words, the return period for PGA > 0.10 g  =  1/0.007 =  143 years. 

 

Random Occurrence of Earthquakes in Time: Poisson Process 

 

• Repeat the calculation process for many other PGA levels (0.01g, 0.05g, 0.20g, etc.). 

Time,yr

Annual exceedance rate = total number of events/time period = 0.007

=   Earthquake Event with PGA > 0.10 g at the site

Return Period = time period/total number of events = 143 yr

Given a time period of 10 years, 

the chance of having such event in this time period

=   0.007 x 10  = 0.07  =  7 %,  or

=   10/147    =  0.07    =   7 %
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• Draw the relationship between PGA and the corresponding annual exceedance rate. 

• Then, determine the PGA level with annual exceedance rate of 0.002. 

• This PGA level is equal to, say, 0.22 g.  

• The exceedance rate in one year = 0.002.  The exceedance rate in a 50-yr period = 

0.002x50 = 0.10. 

• The chance of exceeding PGA of 0.22g in a 50-yr period  =  10%. 

• Hence, the PGA level with 10% chance of being exceeded in a 50-yr period is 0.22g. 

 



Seismic Hazard Assessment  116 

 

 

P

Seismic Source 

Site

Annual exceedance rate at the site P      =

Annual exceedance rate caused by EQs in source A +

Annual exceedance rate caused by EQs in source B +   

Annual exceedance rate caused by EQs in source C

B

C

Multiple Sources
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2.13. Hazard Maps Developed using the PSHA 

Seismic hazard probability map is usually presented by a map showing contour lines of peak 

ground acceleration having a 10% probability of being exceeded in a 50-years period (which is 

equivalent to, approximately, 500-yr return period).  

The probabilistic acceleration and velocity maps are multiple-use maps: -  

 building code applications,  

 regional land use planning, 

 emergency preparedness,  

 insurance analysis,  

 Preliminary investigations of sites for critical facilities, etc.  

 

 

Seismic Hazard Map of Thailand: This map shows contours of PGA (in unit of g ) with 10% 

probability of exceedance in a 50-year exposure period. 
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Global seismic hazard map 

 

Global Seismic Hazard Map 

 

 

 

 

Global Seismic Hazard Map
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2.14. Pre-requisite Mathematical Concepts for the PSHA Process 

 

2.14.1. Basics on Earthquake Statistics 
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2.14.2. Logarithms 

if 𝑎𝑝 = 𝑁 where 𝑎 ≠ 0 𝑜𝑟 1 , then 𝑝 = 𝑙𝑜𝑔𝑎𝑁 

“𝑝” is called the logarithm of 𝑁 to the base 𝑎. 

 

Laws of Logarithms 

𝐿𝑜𝑔𝑎𝑀𝑁 = 𝐿𝑜𝑔𝑎𝑀+  𝐿𝑜𝑔𝑎𝑁 

𝐿𝑜𝑔𝑎
𝑀
𝑁⁄ = 𝐿𝑜𝑔𝑎𝑀−  𝐿𝑜𝑔𝑎𝑁 
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𝐿𝑜𝑔𝑎𝑀
𝑝 = 𝑝  𝐿𝑜𝑔𝑎𝑀 

Change of base of Logarithms 

𝐿𝑜𝑔𝑎𝑁 =  
𝐿𝑜𝑔𝑏𝑁

𝐿𝑜𝑔𝑏𝑎
 

Some useful relations: 

10𝐿𝑜𝑔10𝑁 = 𝑁 

𝐸𝑥𝑝[𝐿𝑜𝑔𝑒𝑁] = 𝑁 

𝐿𝑜𝑔10𝑒 =  
1

𝐿𝑜𝑔𝑒10
 

2.14.3. Probability Theory 

Probability: a nonnegative measure which is associated with an event 

0 ≤ 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ≤ 1 

𝑃(impossible event) = 0  ; i.e., no chance that the event will occur. 

𝑃(certain event) = 1  ; i.e., 100% sure that the event will occur. 

Conditional probability: The probability of an event may depend on the occurrence of another 

event. 

The conditional probability of 𝐸1, assuming 𝐸2 has occurred is denoted by  

It can be shown that  

𝑃[𝐸1and 𝐸2] = 𝑃 [𝐸1/𝐸2] .  𝑃 [𝐸2] 

Statistical independence: If the occurrence of one event does not affect the probability of 

occurrence of another event, the two events are statistically independent. 

Therefore, if 𝐸1, and 𝐸2 are statistically independent, 

𝑃[𝐸1/𝐸2] = 𝑃 [𝐸1] 

Then  

𝑃 [𝐸1and 𝐸2] = 𝑃 [𝐸1] .  𝑃 [𝐸2] 

Let 𝑋 be a random variable 

Suppose that we have 𝑁 sample values of 𝑋: {𝑥1, 𝑥2, 𝑥3, … . . 𝑥𝑁} 

Sample mean    𝑋̅ =  
1

𝑁
∑ 𝑥𝑖
𝑁
𝑖=1

𝑁→∞
→   𝐸[𝑋]   the expected value of 𝑋 

Sample variation 𝑆𝑥
2 =  

1

𝑁−1
 ∑ (𝑥𝑖 − 𝑋̅)

2𝑁
𝑖=1

𝑁→∞
→   𝑉𝑎𝑟[𝑋]   the variance of 𝑋 
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𝐸[𝑋] =  ∑ 𝑥

𝑎𝑙𝑙 𝑥

. 𝑃[𝑋 = 𝑥] 

𝑉𝑎𝑟[𝑋] =  ∑(

𝑎𝑙𝑙 𝑥

𝑥 − 𝐸[𝑋])2 . 𝑃[𝑋 = 𝑥] 

In this case, all 𝑥 means all possible numerical values of 𝑋 
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2.14.4. The Poisson Process and Poisson Distribution 

Suitable for the probabilistic modelling of many physical problems which involve the possible 

occurrences of events at any point in time (or space). 

Earthquake occurrences, Traffic accidents on a given highway, etc. 

The Poisson process is based on the following assumptions: 

a) An event can occur at random at any time 

b) The occurrence of an event in a given time interval is independent of that in any other non-

overlapping intervals. 

c) The probability of occurrence of an event in a small interval Δ𝑡 is proportional to Δ𝑡, and 

can be given by 𝜈Δ𝑡, where 𝜈 is the mean rate of occurrence of the event (assumed to be 

constant); and the probability of two or more occurrences in Δ𝑡 is negligible (of higher 

orders of Δ𝑡). 

On the basis of these assumptions, the number of occurrences of the event in t is given by the 

Poisson Distribution: 
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𝑃[𝑁𝑡 = 𝑛] =  
(𝜈𝑡)𝑛

𝑛!
 𝑒−𝜈𝑡 

Where 

𝑁𝑡 is the number of occurrences in time interval 𝑡 

𝜈 is the mean occurrence rate; that is, the average number of occurrences of the event per unit 

time interval. 

Therefore 

𝑃[no event occur in 𝑡] = 𝑃[𝑁𝑡 = 0] =  𝑒−𝜈𝑡 

Also, it can be proved that 

𝐸[𝑁𝑡] = 𝜈𝑡 

𝑉𝑎𝑟[𝑁𝑡] = 𝜈𝑡 

Detailed Derivation of the Poisson Distribution: 

       [𝑁𝑡+𝑑𝑡 = 𝑛] = [𝑁𝑡 = 𝑛   and no occurrence in  (𝑡,  𝑡 + 𝑑𝑡)]     or 

= [𝑁𝑡 = 𝑛 − 1  and one event occurs in  (𝑡,  𝑡 + 𝑑𝑡)]   or 

  = [𝑁𝑡 = 𝑛 − 2  and two events occur in  (𝑡,  𝑡 + 𝑑𝑡)]    or 

𝑃[𝑁𝑡−𝑑𝑡 = 𝑛] = 𝑃[𝑁𝑡 = 𝑛] 𝑃[𝑁𝑑𝑡 = 0] + 𝑃[𝑁𝑡 = 𝑛 − 1] 𝑃[𝑁𝑑𝑡 = 1] 

+ 𝑃[𝑁𝑡 = 𝑛 − 2] 𝑃[𝑁𝑑𝑡 = 2] +⋯ 

On the basis of assumption (c), we obtain 

𝑃[𝑁𝑑𝑡 = 1] = 𝜈 𝑑𝑡 

𝑃[𝑁𝑑𝑡 = 2] ≅ 0 

𝑃[𝑁𝑑𝑡 = 3] ≅ 0 

Hence, 

𝑃[𝑁𝑑𝑡 = 0] = 1 − 𝑃[𝑁𝑑𝑡 = 1] = 1 − 𝜈 𝑡 

(since there are only two possibilities: either 𝑁𝑡𝑑 = 0 or 1) 

Introducing (c7) and (c6) into (c5) yields 

𝑃[𝑁𝑡+𝑑𝑡 = 𝑛] = 𝑃[𝑁𝑡 = 𝑛] − 𝜈 𝑑𝑡 .  𝑃[𝑁𝑡 = 𝑛] + 𝜈 𝑑𝑡 .  𝑃[𝑁𝑡 = 𝑛 − 1] 

Using the notation 𝑃[𝑁𝑡 = 𝑛] ≡ 𝑝𝑛(𝑡) , Eq. (C8) becomes 

𝑝𝑛(𝑡 + 𝑑𝑡) =  𝑝𝑛(𝑡) − 𝜈 𝑑𝑡 .  𝑝𝑛(𝑡) + 𝜈𝑑𝑡 .  𝑝𝑛−1(𝑡) 
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𝑝𝑛(𝑡 + 𝑑𝑡) =  𝑝𝑛(𝑡)

𝑑𝑡
= 𝜈 .  (𝑝𝑛−1(𝑡) − 𝑝𝑛(𝑡)) 

Therefore, in the limit as 𝑑𝑡 → 0, we obtain the following differential equation for 𝑝𝑛(𝑡): 

𝑑(𝑝𝑛(𝑡))

𝑑𝑡
=  𝜈 {𝑝𝑛−1(𝑡) −  𝑝𝑛(𝑡)} 

It should be noted here that the Eq. (c10) applies for any 𝑛 ≥ 1 

For = 0 , the preceding derivation leads to 

𝑑𝑝𝑜(𝑡)

𝑑𝑡
= −𝜈 𝑝𝑜  

The general solution: 

𝑝0(𝑡) =  𝑐0 𝑒−𝜈𝑡 

The initial condition: 

𝑝0(0) = 1.0 

Therefore, 

𝑝0(𝑡) = 𝑒
−𝜈𝑡 

For 𝑛 = 1, the Eq. (c10) leads to 

𝑑

𝑑𝑡
𝑝1𝑡 = 𝜈 {𝑝0(𝑡) − 𝑝1(𝑡)}  

𝑑

𝑑𝑡
𝑝1𝑡 = 𝜈 𝑒−𝜈𝑡 − 𝜈 𝑝1(𝑡) 

The initial condition in this case is 

𝑝1(0) = 0 

The solution for (c13) and its associated initial condition (c14) is 

𝑝1𝑡 = 𝜈 𝑡 𝑒−𝜈𝑡 

Repeating the process for 𝑛 = 2,3,… .., we obtain 

𝑝𝑛(𝑡) =  
(𝜈 𝑡)𝑛

𝑛!
 𝑒−𝜈𝑡 

𝐸[𝑁𝑡] =  ∑ 𝑛

∞

𝑛=0

 𝑃[𝑁𝑡 = 𝑛] =  ∑ 𝑛

∞

𝑛=0

 .  𝑝𝑛(𝑡) 

= ∑
𝑛 . (𝜈𝑡)𝑛

𝑛!

∞

𝑛=0

𝑒−𝜈𝑡 
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= 𝑒−𝜈𝑡{0 × 1 + 1 × 𝜈𝑡 +
2 × (𝜈𝑡)2

2!
+
3 × (𝜈𝑡)3

3!
+ ⋯} 

= 𝑒−𝜈𝑡 × 𝜈𝑡 {1 + 𝜈𝑡 +
(𝜈𝑡)2

2!
+
(𝜈𝑡)3

3!
+ ⋯} 

= 𝑒−𝜈𝑡 . 𝑒𝜈𝑡 . 𝜈𝑡 = 𝜈𝑡 

𝐸[𝑁𝑡] = 𝜈𝑡 

𝑉𝑎𝑟[𝑁𝑡] =  ∑{

∞

𝑛=0

𝑛 − 𝐸[𝑁𝑡]}
2 .  𝑃[𝑁𝑡 = 𝑛] =  ∑(

∞

𝑛=0

𝑛 − 𝜈𝑡)2.  𝑝𝑛(𝑡) 

𝑉𝑎𝑟[𝑁𝑡] = 𝜈𝑡 

 

2.15. Uncertainties in the PSHA Methodology 
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2.16. The Treatment of Aleatory Uncertainties in the PSHA 
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2.17. The Seismic Source Characterization for the PSHA  
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2.18. The Treatment of Epistemic Uncertainty in the PSHA 
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2.19. The Effect of Local Site Conditions 
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2.20. The Modified Cornell Method for the PSHA 

The method was first developed by C.A. Cornell (Stanford University) in 1968. 

It was then used by S.T. Algermissen et.al (USGS) for making a probabilistic acceleration map of 

US in 1976.  

The map was later on used as a basis for the development of the US seismic zone map in the 

“Uniform Building Code” from 1988 onward. 

The analysis method is currently used world-wide. 

 

2.20.1. Basic Assumptions 

a) Earthquakes occur within the zones of seismic sources. 

b) Within a source zone, earthquake epicenters are uniformly distributed spatially, while 

earthquake focal depths are equal to a constant (this constant is usually set to average 

value of focal depths of past earthquakes within the source zone). 

c) Earthquake occurrences in different seismic source zones are statistically independent. 

d) Earthquakes are generated as “point sources”. In reality “line sources” or “area sources 

may be more realistic”, especially for large earthquakes. However for practical reasons, 

the point source-model is considered to be an acceptable model). 

e) Within a source zone, earthquakes randomly occur in time according to Poisson 

distribution ( the mean rate of earthquake occurrence is constant in time) 
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(From real observations, the occurrence of large earthquakes appear to be “Poissonian” while 

small earthquakes often are not. However, the ground acceleration associated with small 

earthquakes are, in most engineering purposes, negligible). 

f) Peak ground acceleration at any given site depends on the earthquake magnitude and 

source-to-site distance. The acceleration can be computed by an attenuation model. (in 

the following, the ESTEVA model will be used). 

g) The average rate of earthquake occurrences can be derived from the magnitude 

recurrence relationship 𝑁(𝑚), which is given by the Gutenberg-Richter model:  

    𝐿𝑜𝑔 𝑁(𝑚) = 𝑎 − 𝑏𝑚  

The model is sometimes called “the exponential model”. 

 

2.20.2. Theoretical Derivation 

Considering a seismic source zone of total area "𝑆" and a small area segment of area "𝑑𝑠" as 

shown: 

 

On the basis of the assumption (g), 

the frequency of earthquake occurrence within this source zone is given by  

𝑁(𝑀) = 𝑁0 𝐸𝑥𝑝 [−𝛽 𝑀] 

𝑁(𝑀) is the average number per year of earthquakes having magnitude ≥  𝑀 and epicenter 

located within the area of this source zone. 

𝑁0 and 𝛽 are constants; they are conventionally obtained from an appropriate statistical analysis 

of historical earthquakes. 

(The constants for a source zone are different from those for the other zones; the constant 

depends on the seismicity of the source zones. 

On the basis of the assumption (b), the average number per year of earthquakes having 

magnitude ≥ 𝑀 that occur within the area segment 𝑑𝑠, denoted by 𝜂(𝑀), is then given by 

𝜂(𝑀) = 𝑁(𝑀)
𝑑𝑠

𝑆
 

Now, suppose that an earthquake of magnitude 𝑀 occurs within the area segment 𝑑𝑠. 

Site

a source zone
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On the basis of the assumption (f), the peak ground acceleration at the site of interest, denoted 

by 𝑎, is then given by 

𝑎 =  
5600 𝐸𝑥𝑝 [0.8𝑀]

(𝑅 + 40)2
 

𝑎 is the peak ground acceleration  (unit: 𝑐𝑚/𝑠𝑒𝑐2) 

𝑀 is the magnitude of the earthquake in Richter scale. 

𝑅 is focal distance (km) 

 

𝑅 =  √𝑑2 + ℎ2 

𝑑 is the epicentral distance 

ℎ is the focal depth of the earthquake 

* In this case, where the earthquake occurs within a small area, the epicenter can be assumed 

to be located at the center of the small area with losing the accuracy. 

 

Let 𝑎̃ can be a level of acceleration of interest. 

The condition that the peak ground acceleration at the site, 𝑎, exceeds the acceleration level of 

interest, 𝑎̃ , is denoted by  

𝑎 > 𝑎̃ 

Substituting Eq. (3) in Eq. (5) yields: 

5600 𝐸𝑥𝑝[0.8𝑀]

(𝑅 + 40)2
 > 𝑎̃ 

𝐸𝑥𝑝 [0.8𝑀] >  
𝑎̃  (𝑅 + 40)2

5600
 

SiteEpicenter

Focus

(hypocenter)

Fault
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0.8𝑀 >  

𝑙𝑜𝑔10 [
𝑎̃ (𝑅 + 40)2

5600
⁄ ]

𝑙𝑜𝑔10 𝑒
 

or 

𝑀 > 𝑚  

where 

𝑚 =  
1

𝑐2
{𝑙𝑜𝑔10𝑎̃ −  𝑐1 + 2 𝑙𝑜𝑔10 (𝑅 + 40)} 

𝑐1 =  𝑙𝑜𝑔10 (5600) = 3.75 

𝑐2 =  0.8 𝑙𝑜𝑔10 (𝑒) = 0.347 

That is to say (𝑎 > 𝑎̃) is equivalent to (𝑀 > 𝑚) 

The equation (9) says that 

“If an earthquake occurs within the segment 𝑑𝑠 and its magnitude is greater than “𝑚”, then the 

peak ground acceleration at the site of interest is greater than “𝑎̃”. 

The average number per year of the events that (𝑎 > 𝑎̃) , denoted by 𝜈 , is therefore given by  

𝜈 =  𝜂(𝑚) = 𝑁(𝑚)
𝑑𝑠

𝑆
= 𝑁0 𝐸𝑥𝑝[−𝛽𝑚] 

𝑑𝑠

𝑆
 

= 𝑁0 𝐸𝑥𝑝 [
−𝛽

𝐶2
 {𝑙𝑜𝑔10𝑎̃ − 𝑐1 + 2 𝑙𝑜𝑔10(𝑅 + 40)}]  

𝑑𝑠

𝑆
 

= 𝑁0 
𝑑𝑠

𝑆
 𝐸𝑥𝑝 [

−𝛽

0.8
 
𝑙𝑜𝑔10𝑎̃

𝑙𝑜𝑔10𝑒
]  𝐸𝑥𝑝 [

𝛽 𝑐1
0.8

 𝑙𝑜𝑔𝑒10]  𝐸𝑥𝑝 [
−𝛽 2

0.8
 
𝑙𝑜𝑔10(𝑅 + 40)

𝑙𝑜𝑔10𝑒
] 

= 𝑁0 
𝑑𝑠

𝑆
 𝐸𝑥𝑝 [

−𝛽

0.8
𝑙𝑜𝑔𝑒 𝑎̃]  𝐸𝑥𝑝 [𝑙𝑜𝑔𝑒10

𝛽 𝑐1
0.8 ]  𝐸𝑥𝑝 [

−2𝛽 

0.8
 𝑙𝑜𝑔𝑒 (𝑅 + 40)] 

= 𝑁0 
𝑑𝑠

𝑆
 𝐸𝑥𝑝 [𝑙𝑜𝑔𝑒𝑎̃

−𝛽
0.8⁄ ]  . 10

𝛽𝐶1
0.8⁄  .  𝐸𝑥𝑝 [𝑙𝑜𝑔𝑒(𝑅 + 40)

−2𝛽
0.8⁄ ] 

= 𝑁0 
𝑑𝑠

𝑆
  𝑎̃
−𝛽

0.8⁄ × (10𝑙𝑜𝑔105600)
𝛽
0.8⁄ × (𝑅 + 40)

−2𝛽
0.8⁄  

= 𝑁0 
𝑑𝑠

𝑆
  𝑎̃
−𝛽

0.8⁄ ×  5600
𝛽
0.8⁄ × (𝑅 + 40)

−2𝛽
0.8⁄  

𝜈 =  𝑁0 
𝑑𝑠

𝑆
  (

5600

𝑎̃ (𝑅 + 40)2
)

𝛽
0.8⁄

 

Hence, the occurrence rate of the event (𝑎 > 𝑎̃), as denoted by 𝜈, is function of 

𝑁0 ,   𝛽  (seismicity of the score) 
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𝑑𝑠
𝑆⁄    (the area ratio) 

𝑅   (the focal distance) 

𝑎̃   (the acceleration level of interest) 

 

Assuming that the probability distribution of earthquakes in time is Poisson distribution 

(Assumption (e)), it follows that  

Ρ [no event that 𝑎 > 𝑎̃ occurs within a time period of 𝑇 years] = 𝐸𝑥𝑝[−𝜈𝑇] 

or in the other words, 

Ρ [𝑎 ≤ 𝑎̃   in a 𝑇-yr period]  = 𝐸𝑥𝑝[−𝜈𝑇] 

So far, we consider only the effect of earthquakes that occur within a small segment 𝑑𝑠, but from 

now on we will extend our analysis to integrate the effect of earthquakes that occur in the other 

segments in the source zone. 

Suppose that the seismic source zone consist of 𝐽 (Small) segments as shown. These segments 

are treated here as independent sources. 

 

Let 𝑎𝑖 be the peak ground acceleration, at the site, which is generated by an earthquake within 

the segment "𝑖" 

Let 𝑎𝑚𝑎𝑥 be the maximum value of 𝑎𝑖 for 𝑖 = 1,2,3… . , J; that is  

{𝑎𝑚𝑎𝑥 = 𝑚𝑎𝑥 [𝑎1, 𝑎2, 𝑎3, …… . . 𝑎𝑗} 

Hence, 

Ρ [𝑎𝑚𝑎𝑥 ≤ 𝑎̃ 𝑖𝑛 𝑎 𝑇 − 𝑦𝑟 𝑝𝑒𝑟𝑖𝑜𝑑] = Ρ [𝑎1 ≤ 𝑎̃ in a T-yr period 

And 

𝑎2 ≤ 𝑎̃ in a T-yr period 

And 

𝑎𝐽 ≤ 𝑎̃ in a T-yr period] 
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By treating each source segment as an independent source, Eq. (13) becomes  

Ρ [𝑎𝑚𝑎𝑥 ≤ 𝑎̃ in a T-yr period] = 𝛲[𝑎𝑖 ≤ 𝑎̃ in T-yr period] 

 

=∏  

𝐽

𝑖=1

𝐸𝑥𝑝 [−𝜈𝑖𝑇] 

=  𝐸𝑥𝑝 [−𝑇∑𝜈𝑖

𝐽

𝑖=1

] 

where the subscribe "𝑖" denotes that the parameter to which it is attached is directly associated 

with the source segment "𝑖". 

Let 𝑃𝑒 be the probability of exceedance, that is, the probability that 𝑎𝑚𝑎𝑥 will exceed 𝑎̃ in a 𝑇-yr 

period: 

𝑃𝑒 = 1 −  𝑃[𝑎𝑚𝑎𝑥 ≤ 𝑎̃ in T-yr period] 

Substituting Eq. (14) into Eq. (15) , we obtain 

𝑃𝑒 = 1 −  𝐸𝑥𝑝 [−𝑇∑𝜈𝑖

𝐽

𝑖=1

] 

−𝑇∑𝜈𝑖

𝐽

𝑖=1

= 𝑙𝑜𝑔𝑒(1 − 𝑃𝑒) 

∑𝜈𝑖

𝐽

𝑖=1

+  
𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
= 0 

Introducing Eq. (10) in to Eq. (16) we obtain: 

∑N0  (
5600

𝑎̃ (𝑅𝑖 + 40)
2
)

β
0.8⁄𝐽

𝑖=1

  
𝑑𝑠𝑖
S
+  
𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
= 0 

If the values of 𝑃𝑒 and 𝑇 are specified, then the equation (17) is merely a polynomial equation in 

terms of 𝑎̃ with non-integer coefficients, and 𝑎̃ can be easily obtained by numerical iterative 

procedures. 

In practices, the value of  𝑎̃ which corresponds to 𝑃𝑒 = 0.1 and 𝑇 = 50 yr is typically chosen for 

the design of ordinary structures; that is, an ordinary structure should be able to resist the ground 

shaking with peak ground acceleration that has a 10% chance of being exceeded in a 50- years 

period. 

This peak ground acceleration is, in fact, equivalent to the peak ground acceleration with 475-

year mean reoccurrence interval (or a nominal 500 year mean reoccurrence interval).  
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In the case where there are more than one source zone, 

 

The probabilistic peak ground acceleration can also be evaluated by the same probabilistic 

technique. The Eq. (17) will have to be changed slightly: 

∑ {∑N0 (
5600

ã (𝑅𝑖 + 40)
2
)
β
0.8⁄

𝐽

𝑖=1

  
𝑑𝑠𝑖
s
}

𝑍𝑜𝑛𝑒 𝐴,𝐵,𝐶,𝐷

+  
𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
= 0 

 

2.20.3. Example Problem 1 

Given two seismic source zones A and B and a site of interest as shown in the figure below: 

Given the sources’ characteristics 

 Zone A Zone B 

𝛽 1.6 1.4 

𝑁0 3000 300 

𝑁(5) 1 0.27 

𝑁(8) 0.008 0.004 

𝑑 150 60 km 

ℎ 20 30 km 

 

Source Zone 

A Source Zone 

B

Source Zone 

C

Source Zone 

D

Site
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Assuming that the ESTEVA’s attenuation model is applicable here. 

Determine the expected peak ground acceleration at the site in a 50-year period with 10% 

chance of being exceeded by considering 

a. The effect of earthquakes in zone A only, 

b. The effect of earthquakes on zone B only, 

c. The effect of earthquakes in both zones. 

Solution: 

Focal distance: 

𝑅𝐴 =  √1502 + 202 = 151.3 𝑘𝑚 

𝑅𝐵 =  √602 + 302 = 67.1 𝑘𝑚 

Occurrence rate: 

𝜈𝐴 =  𝑁0𝐴  (
5600

𝑎̃ (𝑅𝐴 + 40)
2
)

𝛽𝐴
0.8⁄

= 3000 ×  (
5600

𝑎̃ (151.3 + 40)2
)

1.6
0.8⁄

 

𝜈𝐴 =  
70.2

𝑎̃2
 

𝜈𝐵 =  𝑁0𝐵  (
5600

𝑎̃ (𝑅𝐵 + 40)
2
)

𝛽𝐵
0.8⁄

= 3000 ×  (
5600

𝑎̃ (67.1 + 40)2
)

1.4
0.8⁄

 

𝜈𝐵 =  
85.5

𝑎̃1.75
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𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
=  
𝑙𝑜𝑔𝑒(0.9)

50
=  − 2.107 ×  10−3 

For the case (a): 

70.2
𝑎̃2⁄
−  2.107 ×  10−3 = 0 

𝑎̃ = 182.5 cm/sec2 

For the case (b): 

85.5
𝑎̃1.75⁄ −  2.107 ×  10−3 = 0 

𝑎̃ = 429.8 cm sec2⁄  

For the case (c): 

70.2

𝑎̃2
+  
85.5

𝑎̃1.75
 −  2.107 ×  10−3 = 0 

𝑎̃2 − 40579 𝑎̃0.25 − 33317.5 = 0 

𝑎̃ = 471.6 cm/sec2 

 

 

2.20.4. Example Problem 2 

Suppose that a site of interest is located near an active fault as shown in the figure below. 

Given the fault’s characteristics  

𝑁0 = 3000 

𝛽 = 1.6 

ℎ𝑎𝑣 = average focal depth=20 km  

Assuming that the ESTEVA’s attenuation model is applicable here: 

Determine the expected peak ground acceleration at the site for 

at

= 471.6

400
500

(
𝑁(8) = 0.008

𝑁(5) = 1
) 
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a) A 50 year exposure period with a 10% chance of being exceeded, 

b) 1250 year exposure period with a 10% chance of being exceeded. 

 

 

Most equations shown in this lecture can be applied to this case provided that  

𝑑𝑠

𝑆
  is changed to 

𝑑𝑥

2𝐿
 

And discrete summation is transform into integration 
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Therefore, the Eq. (17) in the lecture is modified into 

2∫ 𝑁0 (
5600

𝑎̃ (R + 40)2
)

𝛽
0.8⁄𝐿

0

 
𝑑𝑥 

2𝐿
+  
𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
= 0 

where 

𝑁0 = 3000 

𝛽 = 1.6 

ℎ = 20  

𝐿 = 200 

𝑅 =  √𝑑2 + ℎ2 = √1502 + 𝑥2 + 202 = √𝑥2 + 22900 

Introducing Eq. (2) into Eq. (1), we obtain: 

𝑁0
𝐿

 (
5600

𝑎̃
)

𝛽
0.8⁄

×∫
1

(𝑅 + 40)
2𝛽

0.8⁄
 𝑑𝑥

𝐿

0

+  
𝑙𝑜𝑔𝑒(1 − 𝑃𝑒)

𝑇
= 0 

4.70 × 108

𝑎̃2
  ∫

1

(√𝑥2 + 22900 + 40)
4  𝑑𝑥

200

0

+  
ln(1 − 𝑃𝑒)

𝑇
= 0 

41

𝑎̃2
+
ln(1 − 𝑃𝑒)

𝑇
= 0 

 

For the case (A),  

𝑃𝑒 = 0.1,   𝑇 = 50 

41

𝑎̃2
+
ln(0.9)

50
= 0 ⇒ 𝑎̃ = 139 cm/sec2  

For the case (B),  

𝑃𝑒 = 0.1,   𝑇 = 250 

41

𝑎̃2
+
ln(0.9)

250
= 0 ⇒ 𝑎̃ = 312 cm/sec2  
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2.21. A Quick Comparison of the PSHA Methodologies 

 

  Simplified 

analysis in this 

lecture 

Algermissen’s US 

seismic zone map (1976) 

- ATC 

Pennung-Ade’s Thailand 

seismic zone map (1994) 

a) Seismicity 

model of source 

zone: 

Magnitude-

reoccurrence 

relationship 

Earthquake records 

(database) 

Number of source 

zones 

Number of 

segments 

 

 

Exponential type 

w/o upper bound in 

earthquake 

magnitude 

- 

1 

J 

 

 

Exponential type 

with upper bound in 

earthquake magnitude 

(Sharp truncation) 

Instrumental earthquake 

records,  

all records are corrected 

for completeness by the 

J.C.STEPP’s methods 

>70 

N.A 

  

 

Exponential type 

with upper bound in earthquake 

magnitude (Smooth truncation) 

80-yr instrument earthquake 

record,  

all records are corrected for 

completeness by the J. C. 

STEPP’s methods 

11 

149 

b) Attenuation 

model 

ESTEVA model Schnabel-Seed model 

(1973) 

With some modifications 

ESTEVA model 

c) Probability 

model 

Modified CORNELL 

method 

Modified CORNELL 

method 

Modified CORNELL method 

d) Results 𝑎̃ for 𝑃𝑒 = 0.1 and  

𝑇 = 50 years 

𝑎̃ and 𝑣̃ for 

𝑃𝑒 = 0.1 and  

𝑇 = 50 years 

𝑎̃ for 𝑃𝑒 = 0.1 and  

𝑇 = 50 years 

e) Seismic zoning -  Based on EPA 

Effective peak ground 

acceleration 

(see Figures) 

Based on peak ground 

acceleration (𝑎̃) 

Zone 𝑎̃ 𝑔⁄  

Zone 

Factor 

(𝑍) 

4 0.3 up 0.4 

3 0.2~0.3 0.3 

2B 0.15~0.2 0.2 
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2A 0.075~0.15 0.1 

1 0.025~0.075 0.0 

0 Below 0.025 0 

 

 

 

2.22. The Deaggregation of Seismic Hazard 

The hazard curve gives the combined effect of all the seismic sources, magnitudes and distances 

on the probability of exceeding a given ground motion level.  

Since all of the sources, magnitudes, and distances are mixed together, it is difficult to get an 

intuitive understanding of what is controlling the hazard from the hazard curve by itself.  

To provide insight into what events are the most important for the hazard at a given ground motion 

level, the hazard curve is broken down into its contributions from different earthquake scenarios.  

This process is called ‘Deaggregation of Hazard’. 

 

Example of Contributions of Various Seismic Sources to the Total Seismic Hazard 
at the Site
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Example of contributions of various seismic sources to the total seismic hazard at the site 

 

SA

Example of Contributions of Various Seismic Sources to the Total Seismic Hazard 
at the Site
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2.23. Probabilistic Ground Motions in Earthquake-resistant Design 

For ordinary structures, it is not practical to establish design criteria at such a high level that no 

damage will be sustained even in the event of the strongest possible earthquake. 

It is known that large earthquakes occur much less frequently than small earthquakes and the 

probability of experiencing the strongest possible shaking is very small compared to probability of 

experiencing moderate ground shaking at a site. 

It is cost-effective to accept extensive damage once per 500 years, “acceptable risk” 

 
The expected performance of buildings in modern earthquake-resistant design codes are: 

Resist a minor level of earthquake ground shaking (SE) without damage 

SE = Serviceability earthquake—50% probability of exceedance in 30 years (43-year return 

period) 

Resist the design level of earthquake ground shaking (DBE) with damage (which may or may not 

be economically repaired) but without causing extensive loss of life. 

DBE = Design basis earthquake—10% probability of exceedance in 50 years (472-year return 

period) 
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Resist the strongest earthquake shaking expected at the site (MCE) without collapse, but 

potentially with extreme damage. 

MCE = Maximum considered earthquake—2% probability of exceedance in 50 years (2475-year 

return period) 

 
Seismic Design Criteria of Major Dam Projects 

• According to ICOLD (International Commission of Large Dams) Bulletin 72 (1989), large 

dams have to be able to withstand the effects of the Maximum Credible Earthquake 

Shaking Level (MCE).  

• This MCE is the strongest earthquake shaking level that could occur in the region of a 

dam, and is considered to have a return period of several thousand years (typically 10,000 

years in regions of low to moderate seismicity). 

MCE = Maximum considered earthquake—0.5% probability of exceedance in 50 years (about 

10,000-year return period) 

 
Probabilistic Ground Motion Parameters: PGA, PGV, SA 

• Traditionally Peak Ground Acceleration (PGA) has been used to quantify ground motion 

in PSHA. PGA is a good index to hazard for low-rise buildings, up to about 7 stories.  

• PGV, peak ground velocity, is a good index to hazard to taller buildings. However, it is not 

clear how to relate velocity to force in order to design a taller building. 

• Today the preferred parameter is Response Spectral Acceleration (SA). 

• While PGA (peak acceleration) is what is experienced by a particle on the ground, SA is 

approximately what is experienced by a building, as modeled by a particle mass on a 

massless vertical rod having the same natural period of vibration as the building. 

• SA = The maximum acceleration experienced by a damped, single-degree-of-freedom 

oscillator (a crude representation of building response). 

• Max. Earthquake Force in the Building  =  Building Mass x  SA 

 

Response Spectrum Parameters: SA, SD, SV
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SD

SV

SA

T, sec

If we look at the displacement response, we can identify the maximum 

displacement. If we take the derivative (rate of change) of the displacement

response with respect to time, we can get the velocity response. The maximum 

velocity can likewise be determined. Similarly for response acceleration (rate of 
change of velocity) also called response spectral acceleration (SA).
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SD

SV

SA

T, sec

If we look at the displacement response, we can identify the maximum 

displacement. If we take the derivative (rate of change) of the displacement

response with respect to time, we can get the velocity response. The maximum 

velocity can likewise be determined. Similarly for response acceleration (rate of 
change of velocity) also called response spectral acceleration (SA).
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2.24. Uniform Hazard Spectra 
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2.25. Conditional Mean Spectra 
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2.26. Why PSHA and DSHA both should be performed? 
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2.27. Site-specific PSHA Report 
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2.28. Ground Motion Selection Guidelines 
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2.29. Time History Development 
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2.30. The PSHA of Pakistan 
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