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CIE 619 Earthquake Engineering and Structural Dynamics II
Instructor: Andrew Whittaker


SECTION 1. ENGINEERING CHARACTERIZATION OF EARTHQUAKES

1.1 Introduction

This section presents information on engineering seismology and engineering characterization of earthquakes. The key references for this module are Bolt (1988), FEMA (2000), and Kramer (1996). The objective is to introduce the reader to 

· Sources and effects of earthquakes, 

· Basic concepts and terminology, 

· Factors that influence earthquake shaking at a site

· Characterization of earthquakes for structural engineers

· Attenuation relationships

· Seismic hazard analysis

· Generation of earthquake histories

The following section in this module provides an overview of hazard characterization per the 2000 NEHRP Recommended Provisions (FEMA 2000) so that the reader is familiar with the state-of-practice in the United States. 

1.2 Sources and Effects of Earthquakes

Earthquakes are generated by natural and man-made sources, including

· Tectonic movement

· Plate boundaries (e.g., San Andreas fault), termed inter-plate earthquakes

· Mid continent (e.g., New Madrid fault), termed intraplate earthquakes

· Mid-ocean ridge

· Volcanoes (e.g., Mammoth Lakes, Sierra Nevada mountain range, California)

· Reservoir induced

· Nuclear explosions (e.g., Nevada Test Site)

Earthquakes can damage the built environment a number of ways, including

· Earthquake shaking

· Fault rupture

· Liquefaction or soil failure

· Tsunami (sea) or seiche (lake)

· Flooding

· Fire

Some examples of earthquake-induced damage are presented below.
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	Earthquake shaking (Kobe, Japan, 1995)
	Earthquake shaking (Kobe, Japan, 1995)
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	Earthquake shaking (Izmit, Turkey, 1999)
	Earthquake shaking (Izmit, Turkey, 1999)

	[image: image5.jpg]



	[image: image6.jpg]




	Ground failure (Izmit, Turkey, 1999)
	Tsunami (Alaska, USA, 1964)

	[image: image7.jpg]



	[image: image8.jpg]




	Flooding (Izmit, Turkey, 1999)
	Fire (Izmit, Turkey, 1999)
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	Landslide (Northridge, USA, 1994)
	Liquefaction (Kobe, Japan, 1995)


1.3 Basic Concepts in Seismology

1.3.1 Elastic Rebound Theory

The elastic rebound theory proposes that as two plates move relative to the other along a fault segment, elastic strain energy develops in the rock along the plate boundaries, and that rupture occurs once the shear stresses in the rock exceed the shear strength of the rock. This is illustrated in the figure below from Bolt (1988). Because fault planes are generally highly fractured, substantial strain energy can be stored before rupture. If the shear strength of the plate boundary is known, the length of the fault is known, the rate at which the plates are moving relative to one another (termed the slip rate) is known, the time required to build up sufficient strain energy to produce an earthquake and the probable magnitude of that earthquake can be estimated.

The illustration of Bolt is of a road running at right angles to the fault. Immediately following construction of the road, the line (ADB) is straight. After time, the line bends with the left side moving with respect to the right side, with the deformation constrained to a relatively narrow width (10s to 100s of meters). Once the strength threshold of the interface is reached, the fault ruptures and each side of the fault rebounds, that is, point D moves to D1 on the left-hand-side of the fault and D2 on the right-hand-side of the fault.
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The figure below shows the effect of fault rupture on a farm fence following the 1906 San Francisco earthquake.
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1.3.2 Faulting

Following Bolt, fault displacements can be classified into one of two types: strike-slip and dip-slip.  The figure below from Bolt illustrates strike slip and dip-slip (normal and reverse) faulting. Faulting is often a combination of strike-slip and dip-slip.

· Strike-slip

· Faulting that produces only horizontal displacements along the strike of the fault

· The direction from north of the line of the plane of the fault at the surface is termed the strike.

· The arrows on the strike-slip fault below show left-lateral faulting. To determine whether the fault is left-lateral or right-lateral, imagine that you are standing on one side of the fault line looking across the fault. If the offset on the other side of the fault line is from right to left, the faulting is left-lateral. Vice-versa for the other direction.

· Dip-slip

· Faulting that produces vertical displacements along the strike of the fault

· 90º dip is vertical

· Two types of dip-slip faults: normal fault and reverse fault

· Normal fault: when the rock on that side of the fault hanging over fracture (the hanging wall) plane slips downward

· Reverse fault: when the hanging wall moves upwards over the footwall.

· A thrust fault is a special type of reverse fault in which the dip of the fault is small (shallow). Subduction zones (e.g., Cascadia in the Pacific North West) are the sites of many thrust earthquakes. Additional information is presented in the figure at the bottom of the page.
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Faults can rupture over substantial lengths and generate large magnitude earthquakes. Sample data are presented below for selected earthquakes. The reader should complete the table.

	Earthquake
	Magnitude
	Rupture Length (miles)
	Horizontal Offset (ft)

	1857 Fort Tejon
	
	
	49 

	1906 San Francisco
	8.3
	250
	21

	1960 Chile
	9.5
	600
	

	1964 Alaska
	9.2
	
	

	1971 San Fernando
	
	15
	3

	1999 Izmit
	7.4
	
	

	1999 Chi-Chi
	7.6
	
	


The best-known fault in the United States is the San Andreas fault in California. Information on the fault is available at a number of web sites including SCEC at http://www.scecdc.scec.org/sanandre.html and the USGS at http://earthquake.usgs.gov/. Consider the image below from the USGS web site that shows the extent of the San Andreas fault. This fault is composed of many segments or combinations o9f segments: 14 by the count of USGS, with various slip rates, maximum moment magnitudes, and return periods. See http://www.consrv.ca.gov/dmg/shezp/shaking/snandrea.htm for details.
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	· Pacific plate sliding against North American plate

· Fault type is

· Length of 1200 km

· Fault zone width up to 1 km

· Part of plate motion is compressional

· Los Angeles basin

· Last major ruptures

·  January 1857, Mojave segment

· April 1906, Northern segment

· Slip rate: 20 to 35 mm per year

· Intervals between ruptures

· 140 years on Mojave segment

· Probable magnitudes: MW 6.8 to 8.0


The distance from the site of a building or recording station to the fault or fault projection is described by a number of terms, which are illustrated below. All of these terms should be used with care.
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Solution Taking the site as the center of a local x~y coordinate system, the coordinates of the
source zone boundaries (in kilometers) are given in parentheses. Source zone 1 is a 111-km-
long linear source zone that can produce a maximum magnitude of 7.3 at any point along its
length. Source zone 2 is an areal source zone of 4800 km? capable of generating a magnitude 7.7
earthquake anywhere within its boundaries. Source zone 3 is a point source that can produce a
maximum magnitude of 5.0. Following the four-step procedure described earlier:

1. The problem statement provides the location and maximum magnitude of each source
zone. In real DSHAES, this is often an extremely complex and difficult task.

2. The source-to-site distance can be represented by the minimum between the site and any
part of each source zone. On that basis, the distances are:

Distance, R
Source Zone (km)

1 23.7
25.0
3 60.0

3. If the level of shaking is assumed to be adequately characterized by the peak horizontal
acceleration, an appropriate attenuation relationship can be used to select the controlling
earthquake. Using the relationship of Cornell et al. (1979), developed with data from
M = 3.0 to 7.7 earthquakes at distances of 20 to 200 km in the western United States,

InPHA (gals) = 6.74 + 0.859M - 1.80In (R + 25)
the PHA values generated by each of the source zones would be:



[image: image139.png]Source Zone M R (km) PHA
1 7.3 23.7 0.42¢
2 7.7 25.0 0.57¢g
3 5.0 60.0 0.02¢

On this basis, the source zone 2 event would be selected as the controlling earthquake.
(Note: Though currently out of date, the Cornell et al. relationship is used here because
of its simplicity which will make a subsequent example on probabilistic seismic hazard

analysis much easier to understand.)

. The hazard would be taken as that which would result from a magnitude 7.7 earthquake
occurring at a distance of 25 km. This motion would produce a peak acceleration of
0.57g; other ground motion parameters could be obtained from the predictive relation-

ships described in Chapter 3.
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	SA
	Epicentral distance

	SB
	Distance to fault trace

	SD
	Hypocentral distance or slant distance

	SC
	Distance to rupture


1.3.3 Factors Influencing Earthquake Shaking at a Site

The key factors that influence the characteristics of earthquake shaking at a site are

· Seismicity

· Source mechanism

· Travel path (source to site)

· Local soil conditions

· Soil-structure interaction

Seismicity

· Tectonic features

· Maximum magnitude: function of fault length

· Recorded events

· Frequency of occurrence (characteristic earthquakes)

Source mechanism

· Type of fault (strike-slip, normal, reverse)

· Rupture process

· Continuous and regular or multiple and irregular (series of dislocations)

· Directivity effects

· Consider the figure below from Singh (1985), which models the rupture as a series of point dislocations: 0, 1, 2, 3, 4, 5, and assume that the velocity of rupture, 
[image: image12.wmf]r
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, is nearly as large as the shear wave velocity, 
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 (= 2,500 ft/sec. to 5000 ft/sec for most rock)

· Compression of the wavefront in the direction of propagation

· Large intensity, short duration shaking in the forward azimuth direction

· Modest intensity, long duration shaking in the backward azimuth direction


· See the figure below from Somerville et al. (1997) that illustrates the differences in ground motion (velocity histories) in the forward and backward azimuth directions. Data are from the 1992 Landers earthquake in Southern California.


· See the figures below from Somerville et al. (1997) that further illustrates the differences in ground motion in the fault-(strike) normal and fault-parallel directions. Data are from the 1992 Landers earthquake.

· Fault-normal: double-sided velocity pulse; small (no) permanent displacement

· Fault-parallel: single-sided velocity pulse; large permanent displacements

· Differences in spectral displacements?


Travel Path
· Seismic wave propagation

· Body waves

· P waves: compression waves, generally not damaging; (a) below from Kramer

· S waves: shear waves, cause damage to structures; (b) below from Kramer

· SV waves in the vertical plane; SH waves in the horizontal plane

· Geologic materials stiffest in compression; P waves travel faster than S waves and arrive first at a site

· P waves: velocity ~ 5 km/sec. in hard rock; 1.5 km/sec. in water

· S waves: velocity ~ 3 km/sec. in hard rock; 0 km/sec. in water (no shear stiffness)


· Surface waves

· Result from interaction between the body waves and the surface and surficial layers of the earth

· Travel along the earths surface with amplitudes that decrease with depth

· Can dominate peak ground motions at distances greater than about twice the crust thickness (50 to 80 kms from the epicenter)

· Important?

· Raleigh waves and Love waves

· Source-to-site travel

· As distance from source to site increases

· Intensity of shaking is reduced (attenuation)

· Duration of shaking increases

· Predominant period of shaking increases
Local Soil Effects

· Soil acts like a dynamic oscillator and greatly affects the ground motions that a structure atop the soil column experiences.


· Softer and deeper soils will have (shorter, longer) predominant frequency content


Soil Structure Interaction

· Kinematic Effect

· Flexibility of the soil influences the overall response of the soil-structure system

· Affects flexible, light buildings on soft soil sites. Examples?

· Inertial Effect

· Mass of the structure influences the overall response of the soil-structure system

· Affects stiff, heavy buildings on soft soil sites. Examples?

1.3.4 Characterizing Earthquake Size Using Engineering Parameters

The size of an earthquake can be described in terms of intensity, magnitude, and energy release. Each of these descriptors is introduced below.

Intensity

Earthquake intensity is a qualitative (and thus subjective) descriptor of the size of the earthquake and serves to record the level of damage and the response of people to the earthquake shaking. 

· Oldest measure of earthquake size

· Function of the distance from the epicenter or rupture plane. 

· Intensity measures cannot be used for design.

The modified Mercalli scale (MMI) is widely used in English-speaking countries; the scale ranges from I (not felt) to XII (total damage). Intermediate points include III (felt by people) and X (major damage). MMI data are presented as isoseismal maps as shown below for the 1994 Northridge earthquake; such maps show the distribution of damage following an earthquake.


Other intensity scales are used in Japan (JMA; 1:VII) and Central and Eastern Europe (MSK; 1:XII). A comparison of the scales is presented in Kramer (Section 2.9).

Magnitude

Instruments such as the seismograph and accelerometer have made it possible to accurately measure earthquake ground motions. Several magnitude scales are used to report earthquakes but the best scale for scientific and engineering purposes is the moment magnitude. The commonly used scales are listed below. Kramer provides much additional information.
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	Richter magnitude
	Log of the pendulum displacement of a Wood-Anderson seismometer located 100 km from the epicenter. Traditional measure of magnitude.
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	Moment magnitude
	Based on the seismic moment, 
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, and is a measure of the work done by the rupture. 
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 is the rupture strength of the material along the fault, A is the rupture area, and D is the average amount of slip.
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	Surface wave magnitude
	Amplitude of Raleigh waves with a period of 20 seconds. Used for distant earthquakes (>1000 km).
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	Body wave magnitude
	Based on the amplitude of the first few cycles of P waves. Used for deep-focus earthquakes. 


Ground-shaking characteristics do not proportionally increase with the total amount of energy released during an earthquake.

· Saturation

Only moment magnitude does not saturate. See the figure below from Kramer.


Wells and Coppersmith (1994) proposed an equation to estimate the earthquake potential of a fault of a given length, namely,
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where SRL is the surface rupture length in kilometers and 

	Fault type
	a
	b

	Strike slip
	5.16
	1.12

	Normal
	4.86
	1.32

	Reverse
	5.00
	1.22

	All
	5.08
	1.16


Wells and Coppersmith also developed equations to relate magnitude and average displacement, maximum displacement, rupture area, and subsurface rupture length.

Energy

The total seismic energy released during an earthquake is often estimated using the following equation that applies also to moment magnitude:
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where E is measured in ergs. 

· A unit increase in magnitude corresponds to a 
[image: image24.wmf]1.5
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or 32-fold increase in seismic energy.

· Energy release from a M7 event is 1000 times greater than that from a M5 event.

1.3.5 Characterizing Earthquake Histories Using Engineering Parameters

An earthquake history can be described using amplitude, frequency content, and duration. Each of these descriptors is introduced below. Much additional information is presented in Kramer.

Amplitude

The most common measures of amplitude are

· Peak ground acceleration (PGA, ZPA, PHA, PVA)

· Effective peak acceleration (EPA): Newmark and Hall (1982), ATC-3-06 (1978)



· Peak ground velocity (PGV, PHV, PVV)

· Effective peak velocity (EPV)

· Peak ground displacement (PGD)

Frequency Content

The frequency content of an earthquake history is often described using Fourier Spectra, Power spectra, and response spectra. Details on the derivation of these spectra can be found in Kramer.

Fourier Spectra

A periodic function (for which an earthquake history [with a tail of zeros] is an approximation) can be written as
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where 
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 and 
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 are the amplitude and phase angle, respectively, of the nth harmonic in the Fourier series. The Fourier amplitude spectrum is a plot of 
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 versus 
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 and shows how the amplitude of the motion varies with frequency. 


· Narrow band: implies a dominant frequency (or period), smooth sinusoidal-type motion

· Broad band: rich (broad) frequency content

The Fourier phase spectrum is a plot of 
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· Phase angles control the times at which the peaks of harmonic motion occur

· Fourier phase spectrum influences the variation of ground motion with time

· No characteristic shapes from earthquake histories

Power Spectrum

The power spectrum density (PSD) function is defined by the following equation and is closely related to the Fourier amplitude spectrum:
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where 
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 is the duration of the ground motion. The power spectrum is a plot of 
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. The PSD function is used to characterize an earthquake history as a random process. [The PSD by itself can describe a stationary random process, that is, a process whose statistical parameters do not change with time. An earthquake history is not such a process because the intensity builds to a maximum value, remains constant for a period, and then decreases from the maximum value: a nonstationary random process.]

Response Spectrum

Response spectra are widely used in earthquake engineering. Procedures for calculating spectral quantities were discussed in CIE 519 and are not repeated here. The response spectrum describes the maximum response of a SDOF oscillator to a particular input motion as a function of frequency and damping ratio. Consider the spectra below from two sites: one rock and the other soil.

· What are the key differences?


Other descriptors that describe both amplitude and frequency content are used to describe earthquake histories. Kramer provides much information on some of these descriptors, including RMS acceleration, Arias Intensity, and Housner Intensity.

RMS Acceleration

The RMS acceleration is given by
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where a(t) is the acceleration history, 
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 is the duration of the ground motion, and 
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 is the average intensity (or mean-squared acceleration).

Arias Intensity

The Arias Intensity is closely related to the RMS acceleration and is defined as
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Housner Intensity

The Housner or response-spectrum intensity was proposed as a measure of the damage potential of an earthquake, recognizing that most structures have a fundamental period in the range from 0.1 to 2.5 seconds.
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where PSV is the pseudo-velocity response spectrum.

· Why pseudo-velocity?

Duration

The duration of an earthquake history is somewhat dependent on the magnitude of the earthquake. Consider the figure below from Kramer that shows accelerograms from six earthquakes off the Pacific coast of Mexico. The epicentral distance was the same for all six earthquakes.

· What do you conclude?


Two definitions of strong-motion duration are widely used in earthquake engineering

· Bracketed duration: the time between the first and last crossing of a threshold acceleration, say 0.05g; the figure below provides some information on how this duration is calculated. Proposed by Bolt.

· Interval between the times when 5% and 95% of the total energy is recorded. Proposed by Trifunac and Brady.


1.4 Attenuation Relationships

1.4.1 Introduction

Attenuation relationships relate ground motion parameters to the magnitude of an earthquake and the distance away from the fault rupture. Relationships have been established for many ground motion parameters including

· Peak ground acceleration

· Peak ground velocity

· Peak ground displacement

· Spectral quantities

Attenuation relationships are developed by statistical evaluation of a large set of ground motion data

· Relationships developed for different regions and fault types (strike-slip versus subduction) and interplate versus intraplate.

· Relationships only as good as the data set upon which they are based

· The greater the size of the data set, the more robust the relationship

Abrahamson and Shedlock (1997) provide a most useful summary of key attenuation relationships. Some of the relationships are listed in the table below that is based in part on the notes of Mahin (1999).

	Model
	Calculated1
	Site Conditions
	Variables2
	Ranges
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	Western North America

	Abrahamson and Silva, 1997
	PHA, PVA, Sah, Sav
	Rock,  Deep Soil
	M, 
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, F, HW
	0-5
	0-100
	4-8

	Boore, Joyner, Fumal, 1997
	PHA, Sah
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	M, 
[image: image45.wmf]jb

r

, F
	0-2
	0-80
	5.5-7.5

	Campbell, 1997
	PHA, PVA, PHV, PVV, Sah, Sav
	Hard rock, Soft rock, Soil
	M, 
[image: image46.wmf]seis

r

, F, D
	0-4
	0-100
	4-9.5

	Sadigh et al., 1997
	PHA, Sah
	Rock,  Deep Soil
	M, 
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, F, HW
	0-4
	0-100
	4-8

	Sadigh and Egan, 1998
	PHA, PHV, PHD
	Rock,        Soil
	M, 
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	NA
	0-100
	4-8

	Central and Eastern North America

	Atkinson & Boore, 1997
	PHA, Sah
	Rock
	M, 
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	0-2
	10-300
	4-9.5

	Toro et al., 1997
	PHA, Sah
	Rock
	M, 
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	0-2
	1-100
	5-8

	Subduction Zones

	Anderson, 1997
	PHA
	Rock
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	NA
	NA
	NA

	Atkinson & Boore, 1997
	PHA, PHV, Sah
	Rock
	M, 
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	0-2
	10-400
	4-9.5

	Youngs et al., 1997
	PHA, Sah
	Rock,    Soil
	M, 
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, F, H
	0-4
	0-100
	4-9.5

	1. PHA = peak horizontal ground acceleration, PHV = peak vertical ground acceleration, PHV = peak horizontal ground velocity, PVV = peak vertical ground velocity, Sah = horizontal spectral acceleration, Sav = vertical spectral acceleration

2. 
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= closest distance to the rupture surface, 
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 = closest horizontal distance to the vertical projection of the rupture, 
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 = hypocentral distance, 
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 = closest distance to the seismogenic rupture zone, M = magnitude, F = fault type, H = hanging wall.


A selected subset of these attenuation relationships is presented below. Much additional information is presented in the literature. 

1.4.2 Western North America: Shallow Crustal Earthquakes

Abrahamson and Silva

The ground motion estimation equation of Abrahamson and Silva is
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where 
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 is the spectral acceleration in g, M is the moment magnitude, 
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 is the closest distance to the rupture plane in km, F is the fault type (1 for reverse, 0.5 for reverse/oblique, and 0 otherwise), HW is the dummy variable for hanging wall sites (1 for sites over the hanging wall and 0 otherwise) and S is a dummy variable for the site class (0 for rock or shallow soil and 1 for deep soil).

The function 
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 is the basic functional form of the attenuation for strike-slip events on rock sites. The function 
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 allows for a magnitude and period dependence of the style-of-faulting factor. The function 
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 is used to model differences in the motion on the hanging wall and foot wall of dipping faults. Nonlinear soil response is captured by 
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. Information on these functions and values for the coefficients are presented in the paper of Abrahamson and Silva. Some information can be found at http://overlord.eng.buffalo.edu/ClassHomePages/cie619/Lectures/AbrahamSilvaAtten.pdf. 

Boore, Joyner, and Fumal

The ground motion estimation equation of Boore, Joyner, and Fumal is
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where 
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 for strike slip earthquakes, 
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 for reverse-slip earthquakes, and 
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In the above equation, Y is the ground motion parameter (in g), and the predictor variables are: M is the moment magnitude, 
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 is distance in km, 
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 is the average shear wave velocity to 30 m, and h is a fictitious depth that is determined by the regression. The paper of Boore et al. provides a table of values for the coefficients required to solve for Y. Some information can be found at the class home page, namely,http://overlord.eng.buffalo.edu/ClassHomePages/cie619/Lectures/BooreAtten.pdf. 

Recommended values for the average shear wave velocity are 1070 m/sec (NEHRP B), 520 m/sec (NEHRP C), 250 m/sec (NEHRP D), 620 m/sec (rock), and 310 m/sec (soil).

1.4.3 Central and Eastern North America

Toro, Abrahamson, and Schneider

The ground motion estimation equation of Toro et al. is
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where 
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and Y is the spectral acceleration or peak ground acceleration, M is either Moment magnitude or Richter magnitude, and 
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 is the closest horizontal distance to the earthquake rupture (km), 
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 are coefficients that are tabulated in Toro et al., and 
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 is the epistemic uncertainty (uncertainty due to lack of knowledge) and 
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 is the aleatoric uncertainty (uncertainty due to variability). The uncertainties are assumed to follow normal distributions with mean zero. The paper of Toro et al. provides a table of values for the coefficients required to solve for Y. Some information can be found at the class home page, namely, http://overlord.eng.buffalo.edu/ClassHomePages/cie619/Lectures/ToroAtten.pdf.

1.4.4 Modification of Attenuation Relationships for Rupture Directivity

Rupture directivity causes spatial variations in the amplitude and duration of ground motions around faults. Propagation of rupture towards a site produces larger amplitudes of shaking at periods longer than 0.6 second and shorter strong-motion durations than for average directivity conditions.

Somerville et al. (1997) developed modifications to the empirical attenuation relations of Abrahamson and Silva (1997) to account for these variations. The study of Sommerville et al. is summarized below. 

Consider first the figure to the right from Somerville that shows simulations of strike (or fault)-normal and strike-parallel motions directly above a M7.2 strike-slip earthquake, and a comparison of their average horizontal motions with the empirical model of Abrahamson and Silva. What are the key observations?

· Average simulation versus average from the empirical model

· Fault normal versus average

· Fault parallel versus average

Fault rupture directivity parameters 
[image: image80.wmf]q

 and X for strike-slip faults and 
[image: image81.wmf]f

 and Y for dip slip faults, and the region off the ends of a dip-slip fault that are excluded from the model are shown below from the paper by Somerville. Somerville considered three ground motion parameters:

1. Amplitude factor: bias in average horizontal response spectrum acceleration with respect to Abrahamson and Silva (1997)

2. Duration factor: bias in duration of acceleration with respect to Abrahamson and Silva

3. Strike-normal/Average amplitude: ratio of strike normal to average (directivity) horizontal response spectrum acceleration


Somerville et al. set bounds on the range of applicability of the directivity model, namely

	Parameter
	Description
	Range of Applicability

	M
	Moment magnitude
	6.5 to 7.5 (for 1 and 2 above)

6.0 to 7.5 (for 3 above)

	
[image: image82.wmf]rup
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	Rupture distance
	0 to 50 km (for 1 and 3 above)

0 to 20 km (for 2 above)

	X
	Length ratio for strike-slip faults
	0 to 1.0

	Y
	Width ratio for dip-slip faults
	0 to 1.0
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	Azimuth angle between fault plane and ray path to site for strike-slip faults
	0 to 90 degrees (for 1 and 2 above)

0 to 45 degrees (for 3 above) 

	
[image: image84.wmf]f


	Zenith angle between fault plane and ray path to site for dip-slip faults
	0 to 90 degrees (for 1 and 2 above)

0 to 45 degrees (for 3 above) 



The empirical model of Somerville that shows the spectral amplification factor (parameter 1 above) is shown below for strike-slip and dip-slip faults. At a period of 2 seconds for a strike-slip fault, the maximum directivity response is approx. 1.8 times the average response and the minimum directivity response is approx. 0.6 times the average response.

These factors should be used as multipliers to the spectral ordinates of Abrahamson and Silva (1997) to calculate spectral ordinates for maximum average directivity.

Somerville et al. (1997) extended the presentation on directivity effects to further consider the ratio of strike-normal to average directivity motions. Two equations relating strike-normal and average directivity motions were developed: one including magnitude and closest distance, 
[image: image85.wmf]rup
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 but excluding consideration of the azimuth and zenith angles [ignoring the location of the site with respect to the epicenter], and one including magnitude, closest distance, and aximuth and zenith angles. Each formulation is presented below.

Magnitude and Closest Distance Dependence
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where y is the natural logarithm of the strike-normal to average directivity ratio at a given period, 
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 is the rupture distance in km, M is the moment magnitude, and 
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 through 
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 are period-dependent coefficients. Values for the coefficients are given in the table to the right.

To calculate the strike-normal spectral ordinate, multiply the average directivity ordinate from above by 
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. To calculate the strike parallel ordinate, divide the average directivity ordinate by 
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 Magnitude, Closest Distance, and Direction Dependence
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where 
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 is 
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 for strike-slip and 
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 for dip slip, and all other terms are defined above. Values for the coefficients are given in the table to the right.

To calculate the strike-normal spectral ordinate, multiply the average directivity ordinate from above by 
[image: image96.wmf]y

e

. To calculate the strike parallel ordinate, divide the average directivity ordinate by 
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.

1.5 Seismic Hazard Analysis

1.5.1 Introduction

Seismic hazard analysis takes one of two forms: Deterministic Seismic Hazard Analysis (DSHA) and Probabilistic Seismic Hazard Analysis (PSHA). Each type of analysis is described below. Much additional information is provided in Kramer (1996).

1.5.2 Deterministic Seismic Hazard Analysis (DSHA)

DSHA preceded PSHA as the prevalent form of hazard assessment for maximum (worst case) earthquake shaking. It involves development of a seismic scenario and characterization of that scenario. Kramer describes DHSA as a simple four-step process as enumerated and depicted below. The schematic is from Kramer. 


1. Identify and characterize (geometry and potential [
[image: image98.wmf]W

M

]) all earthquake sources capable of generating significant shaking at the site. See the figure below in which three sources are shown surrounding the site.

2. Calculate the source-to-site distance for each source identified in step 1. Distance measures can include epicentral distance and hypocentral distance: depending on the distance measure adopted in the predictive (attenuation) relationship. Step 2 in the figure below illustrates the calculation.

3. Select the controlling earthquake, that is, the earthquake that generates the greatest shaking effect (typically acceleration) at the site using attenuation relationships. Step 3 of the figure illustrates the process for the three sources and distances. The controlling earthquake is described in terms of its magnitude and distance from the site (e.g., 
[image: image99.wmf]W

M

7 at 10 km).

4. Define the hazard at the site by the controlling earthquake (spectral ordinates, maximum ground acceleration, maximum ground velocity, maximum ground displacement).

Positive features of DHSA

· Simple to apply

· Often conservative where the tectonic features are well defined (line sources)

· San Andreas fault, Hayward fault

· Maximum earthquake assumed to occur at point on fault closest to the site

Negative features of DHSA

· Difficult to apply to distributed sources close to the site

· What distance to use?

· How about distributed sources far from the site?

· Does not treat uncertainty well

· Incorporate rudimentary statistics into the calculation by taking one standard deviation above the mean at every step in the process (magnitude, PGA, etc)

· Produces a big (and perhaps unrealistic) answer

· No information on the likelihood of the controlling earthquake

· No information on the level of shaking that might be experienced in the lifespan of the structure at the site.

One example of DHSA that is developed in Kramer is shown below to illustrate the process.


1.5.3 Probabilistic Seismic Hazard Analysis (PSHA)

PSHA rectifies a number of the problems inherent in DSHA by quantifying uncertainty and the probability of earthquake occurrence. As noted by Kramer, PHSA follows similar steps to DSHA but uncertainty is quantified by a probability distribution at every step in the process. Probability distributions are determined for the magnitude of each earthquake on each source, 
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.Kramer describes PHSA as a four-step process as enumerated and depicted below. The schematic is from Kramer. 


1. Identify and characterize (geometry and potential [
[image: image103.wmf]W

M

]) all earthquake sources capable of generating significant shaking at the site. See the figure above in which three sources are shown surrounding the site. For each source, develop the probability distribution of rupture locations within the source. [A uniform probability distribution is generally chosen, which means that earthquakes are equally likely of occurring at any point along or in the source.] Combine these distributions with the source geometry to obtain the probability distribution of source-to-site distance. [Contrast this with DSHA that assumes that the probability of occurrence is 1 at the points in each source zone closest to the site and 0 elsewhere.]

2. Develop a seismicity or temporal distribution of earthquake occurrence. 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. [The recurrence relationship may accommodate the maximum earthquake but is not limited to that earthquake, as DSHA often does.] 

3. The ground motion produced at the site by earthquakes of any possible size (magnitude) occurring at any possible point in each source zone must be determined with the use of predictive (attenuation) relationships. [The uncertainty inherent in the attenuation relationship is also considered explicitly in PSHA unlike DSHA.]

4. The uncertainties in earthquake location, size, and ground motion prediction are combined to obtain the probability that the ground motion parameter (e.g., PHA, spectral acceleration) will be exceeded in a particular time period (say 10% in 50 years).

A detailed treatment of PSHA is beyond the scope of this course. Refer to Kramer for a detailed presentation on the subject.

1.6 Design Earthquakes

1.6.1 Response Spectra and Earthquake Histories

The presentations of the previous sections facilitate the determination of maximum earthquake ground motion characteristics (acceleration, velocity, displacement) and spectral response quantities. Maximum ground motion characteristics are of interest but of little use to the earthquake engineer: earthquake (ground motion) histories and spectra are needed for analysis of structures.

An elastic response spectrum presents the relationship between maximum responses of elastic single-degree-of-freedom oscillators of differing frequencies to one earthquake history. The shape of a single spectrum is often jagged and of little use in analysis and design. Generalized smoothed spectra are needed. Response spectra from recorded ground motions and design spectra are shown in the figures below from Chopra (2000). The generation and use of inelastic response spectra are presented in later modules in this class.



The smoothed spectrum (similar to what appears in codes of practice and design guidelines) is often termed

· Design spectrum

· Target spectrum

Earthquake ground-motion histories are often selected to match or fit the elastic design (target) spectrum. Such histories provide a full description of the earthquake motion

· Amplitude

· Frequency content

· Duration

Earthquake histories are used for analysis and evaluation but not design. The number of histories to be used for analysis of a structure is somewhat code-dependent but the number generally ranges between 

· Three: maximum of maximum values of response used for checking

· Seven: average of maximum values of response used for checking

1.6.2 Selection of Earthquake History Records

Ground motions proposed for the response-history analysis of a structure should be selected to adequately represent potential ground motions at the site. Consideration should be given to magnitude, source mechanism, source-to-site distance, local soil conditions, and directivity, among others. Archives such as http://peer.berkeley.edu/smcat/ can be searched online for historical records. In many cases, sufficient and appropriate historical records are unavailable and artificial earthquake histories must be generated.

There are several methods or techniques for generating artificial or synthetic earthquake histories, including

· Modifying existing records by

· Amplitude scaling

· Frequency scaling

· Addition of records

· Time domain procedures

· Filtered white noise

· Wavelet addition (by Abrahamson)

· ARMA (autoregressive moving average) methods

· Frequency domain procedures

A discussion of these methods is beyond the scope of this course.

SECTION 2. hazard characterization per the 2000 nehrp provisions

2.1 Introduction

The 2000 NEHRP Recommended Provisions provides a simple strategy for estimating the maximum and design earthquake hazard. Standard spectral shapes and mapped values of spectral acceleration at 0.2 second and 1.0 second are used to characterize the elastic design response spectrum. Summary details are presented below.

2.2 General Procedure for Characterizing the Maximum Earthquake

The general procedure for characterizing the maximum earthquake is straightforward. Maximum earthquake shaking is defined for a uniform probability of exceedance of 2% in 50 years (a return period of about 2500 years). The maximum earthquake is characterized first for a rock site and then modified to account for local soil effects. The rock-site characterization is based on spectral accelerations at 0.2 second (
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) and 1.0 second (
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). These accelerations are made available through maps prepared by the USGS. The USGS web site http://geohazards.cr.usgs.gov/eq/ contains the requisite information.

The maximum earthquake spectral response accelerations for short periods (
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) and at 1 second (
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), adjusted for site effects are calculated as


[image: image108.wmf]11

and

MSaSMv

SFSSFS

==


where site coefficients 
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 are defined in Tables 4.1.2.4a and b, respectively, of 2000 NEHRP. Values of these coefficients vary as a function of 
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 and 
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 and soil type (A through F).

· Why?

· Range of soil multipliers?

· Deterministic limit (see Section 4.1.3.2)

2.3 General Procedure for Characterizing the Design Earthquake

In past editions of the NEHRP Recommended Provisions, the design earthquake was characterized by a return period of 475 years. This characterization has changed in the 2000 NEHRP Provisions wherein the design earthquake spectral ordinates are determined as follows unless a site-specific hazard analysis is undertaken as described in the previous section of this module. In the 2000 NEHRP Provisions, the design earthquake response accelerations are determined as follows
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The figure on page 38 shows the shape of the design earthquake spectrum.



In this figure, the design earthquake ordinates, 
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, completely define the spectrum. The period 
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 is the corner period in the spectrum and 
[image: image117.wmf]0

T

 is defined as 20 percent of 
[image: image118.wmf]S

T

.
















































































































































































































































































































Soft soil





Firm soil





Rock





PSa (g)





Period (seconds)





Rock





Good site or bad?





Surface trace of fault





Surface trace of fault

















Equivalent to





B





C





D





A





S





B





S





A





Epicenter








Site





Surface trace of fault





B





A





B





D





A








Module 02






Page 37

_1074337946.unknown

_1074341634.unknown

_1074411809.unknown

_1074521778.unknown

_1074524021.unknown

_1074525004.unknown

_1074525035.unknown

_1074525055.unknown

_1074525076.unknown

_1074525015.unknown

_1074524117.unknown

_1074524532.unknown

_1074524107.unknown

_1074523965.unknown

_1074523984.unknown

_1074521896.unknown

_1074523831.unknown

_1074523850.unknown

_1074521914.unknown

_1074521874.unknown

_1074509822.unknown

_1074519380.unknown

_1074521696.unknown

_1074519219.unknown

_1074519361.unknown

_1074518806.unknown

_1074505148.unknown

_1074507727.unknown

_1074507737.unknown

_1074505178.unknown

_1074411861.unknown

_1074456882.unknown

_1074456925.unknown

_1074457127.unknown

_1074411947.unknown

_1074451524.unknown

_1074411822.unknown

_1074368667.unknown

_1074407490.unknown

_1074408071.unknown

_1074411687.unknown

_1074411753.unknown

_1074411459.unknown

_1074407802.unknown

_1074407900.unknown

_1074407732.unknown

_1074405770.unknown

_1074407181.unknown

_1074407449.unknown

_1074406129.unknown

_1074406177.unknown

_1074406305.unknown

_1074406105.unknown

_1074405381.unknown

_1074405726.unknown

_1074368808.unknown

_1074366386.unknown

_1074368475.unknown

_1074368546.unknown

_1074368629.unknown

_1074366896.unknown

_1074368292.unknown

_1074366868.unknown

_1074366427.unknown

_1074366807.unknown

_1074341806.unknown

_1074338501.unknown

_1074341357.unknown

_1074341540.unknown

_1074338899.unknown

_1074338758.unknown

_1074338836.unknown

_1074338238.unknown

_1074328096.unknown

_1074331256.unknown

_1074337826.unknown

_1074337931.unknown

_1074331298.unknown

_1074328352.unknown

_1074329414.unknown

_1074328153.unknown

_1074327502.unknown

_1074327754.unknown

_1074328039.unknown

_1074327722.unknown

_1074327604.unknown

_1074077295.unknown

_1074077319.unknown

_1073119942.doc
[image: image1.png]






