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Tectonic Earthquakes
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Tectonic Fault
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Seismic Waves
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Earthquake Hypocenters and
Epicenters
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Ground Motion Records
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Ground Motion Records
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Characteristics of Earthquake
Ground Motion
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Ground Influencing Ground Motion
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The Scale of Earthquakes
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Intensity Scale
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Earthquake Magnitude
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Seismicity of the Arab Region
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Seismicity of the Arab Region
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The global magnitude-frequency relationship:
Gutenberg-Richter with b=1

1976-2005 Global CMT catalog

_~ Slope =b=1.0

N = No. earthquakes = M

6 7 8 9
Magnitude (M)
log(N) = a - bM




Cumulative Number

Hutton et al. (2010) obtained
b=1.0 for Southern California

104—" 3

10%3 3 .
: ‘ Figure 13,
[ Hutton et al.
1 Maximum Likelihood Solution :
1 b-value = 1.01 +/- 0.04, S E

] a value = 6.99, avalue (annual) = 523
10° Magnitude of Completeness = 4.2

T T T T ' 3
25 3 35 4 45 5 55 6 65 7 75 8
Magnitude




Lower b values are often reported because it is
easy to use a vaIue of Mc that Is too small

50% complete o Earthquakes recorded in So Cal 1995—2000
I ! —— Simulation with incompleteness model

-

Probability of
earthquake detection =
1-C10-V

b=0.9 s

97% complete g

10; b=1.0

cumulative number of earthquakes = M
o
w

%5 1 15 2 25 3 35 4 45 5 55 6 65 7.
magnitude (M)
Setting the catalog completeness threshold by eye can lead to b

value underestimation by 0.1 to 0.2.




Magnitude error can also cause miscalculation

of b values

1984 1999 Southern Cahfornla Catalog

" b value mflated by

1.2F  magnitude error
= e ?3‘ ity bl o
s 1 = — T ]
Sos O S

08, °

°Tis 2 25 3 a5

min

« Larger magnitude errors for smaller earthquakes inflate b
* bis best fit at the largest reasonable minimum magnitude




Erroneous b values also frequently result
from data sets that are too small

1.8
n b range

1.6 —population b value * )
% —98% range of calculated b value 30 0.7-1.74
5 50 | 0.5-1.49
8.,
I 100 | 0.86 - 1.20
f _—————
e — 500 | 0.91-1.12

0.8

30 500 1000 1500 2000

Number of earthquakes (n)

>2000 good quality earthquakes are required for 98%
confidence errors < 0.05




Declustering reduces b value in routines
where the smaller earthquakes in a cluster
are preferentially removed

Borry, but according
to our b value you
didn’t have an
earthquake!

e ;
& o P b o he
- ' L5
p f /
A / . .4 3
- Bl o | =

Christchurch,
M6.3




Does b value vary with location?



The Wiemer and Schorlemmer method uses b value
asperities and is #2 in the RELM test

[ | o=@ Magnitude  Rater |
g : 0.05
- 0.04 |
0.03
0.02 |
¢ 0.01
X Q] . 0.00

@ ~ o

Weimer and
Schorlemmer 5
year forecast




The Helmstetter et al. forecast uses uniform b value
and is #1 in the RELM test

7 ! ' << | Magnitide  RateA |
§ 0.05
- 0.04 |
0.03
0.02 |
§ 0.01
0.00 -

@ ~N oo,

Helmstetter et
| al. 5 year
forecast
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Case study: Wiemer and Schorlemmer
(2007) argue that they see a lot of b value
variability at Parkfield

anjeA-q
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We can recover similar “variability” with a

simulated catalog with a uniform b value, and
the incompletness and rounding found in the
Parkfield catalog

o

5_

il |

5k : ) ‘ v ‘ 1 ! 1

10 20 30 40 50 60 70 80 90 100 110
Two random simulations

5 ¢ 1

0.

Stk ‘ ! * 1 ‘ I ' ‘

10 20 30 40 50 60 70 80 90 100 110

distance along strike, N-S (km)
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Taking a statewide survey, we find little b value

40
38
36
34

32
—1

earthquakes/calculation

variationin 1° x1° bins

1984 - 2004

e b=1 (75%)
.1.5 o5l * 0.9=<bs=1.1(23%)

* 0.8=<b=1.3 (4%)

25 -120 -115

Minimum of 30 0 10 20 30 40
bin number

Assuming no magnitude error and uniform catalog
completeness to M 2.6, all values are 0.9 < b £1.1. Same

for0.5 ° x0.5° ,025° x025°,01° x0.1° bins




Is the magnitude-frequency distribution
different on and off of major faults?




Quiz!
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|dentify the distributions taken from
major fault zones™

10°

= = =
A 102 I\ 102 A 103
o 3 2
® 10 ®10 ® o 1
o %o o Y S 10
Z 10° | (A) o Z 410° | (B) | < (C)

2 3 4 2 3 4 2 4 6

' Magnitude (M)

Magnitude (M) Magnitude (M)

(D) °o

2

(E) o

2 3 4
Magnitude (M)

No.egqs=M
- 8[\) 5&0

%
(F) L

2 3 4 5
Magnitude (M)

Magnitude (M)
*Fault zonaegnllﬂ%elém from entire surface trace of mapped fault.

All data from California, 1984-2004




|dentify the distributions taken from
major fault zones™

10
= 5 Hayward = 5 Random | = SAF
n 10 n 10 N 10°
W w w
O 1 (@n 1 O
© 10 ® 10 (-8 ®
g - e g | S 10
10° | (A) " Z 40° | (B) o| < (C)
2 3 4 2 3 4 2 4 6
Magnitude (M) Magnitude (M) Magnitude (M)
3
= 10° SAJ S 102 Random = 10 Random
» 102 & 5 10°
1
g g 10 o 3 10’ @,
s 10 S % S . 2
2 2 3 4 2 3 4 5
Magnitude (M) Magnitude (M)

Magpnit d
*Fault zone: nl-IEJ- m from entire surface trace of mapped fault

All data from California, 1984-2004
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|dentify the distributions taken from
major fault zones

2

10

> 10’

No. eqs= M
3 3
®
No. eqs=M

0 [« ]

o |(A) ° o 10° |(B) o

2 4 6 2 4 6
Magnitude (M)

- 10 - 102

A 102 3; 1

& S 10

8-_101 ® %
o o
=

0 % 2 10° | (D)

10° [(C) o 10 -
2 4 6 2 4
Magnitude (M) Magnitude (M)

All distributions are purposely chosen around a large
earthquake. All data from California, 1984-2004




|dentify the distributions taken from
major fault zones

Random
% 102 Calaveras % 102
7p) (7p)
3 10 . & 10’
o o)
A “10°® %o
2 4 6 2 4 6

Magnitude (M) Magnitude (M)

10 2
= Random < 10 Garlock
A 102 3; 3
w
3 10" g. 10 Co
o
=

o o
Z 10° | (D) o

2 4
Magnitude (M)

' o
10° 1(C) % 8

2 4 6
Magnitude (M)

All of these earthquake distributions are purposely centered
around a large earthquake in the catalog




The San Andreas fault at Parkfield has

I:’arkfield M = 1.8 earthquakes, 1967-2006
s 10 — ' ‘ - -
Al
w
@O
"
©
-
O
£
©
()
©
)
O
=
-
pa

2 3 4 5 6
Magnitude (M)
M 6 Parkfield earthquakes are simply an expected part of the
G-R distribution (Jackson and Kagan, 2006)




Conclusions

« Seismicity in most of California follows the
Gutenberg-Richter magnitude frequency
relationship with b=1.

* There is no evidence for significant b value
variation with location or on/off of major faults.

* The b value should generally be solved for with
>2000 earthquakes that are clearly above the
completeness threshold and that have minimal
magnitude errors or rounding.




The historic record along the full SAF
102 1812-2906 eqgs, + 10 km from SAF

Incomplete

Number of earthquakes = M
S

0

5.5 6 6.5 7 7.5 8
Magnitude (M)

Catalog is too incomplete, short, and error-prone, but

Gutenberg-Richter is suggested

10







Common Errors in b value Calculation

. Fitting data with linear least squares (LSQ)
rather than the simple maximum likelihood
(MLE) method (read Aki (1965))

. Data set is too small

. Using earthquakes smaller than the
catalog completeness threshold

. Using data with magnitude errors




Two Important Questions

 Does b value vary with location? (Wiemer and
Wyss, 1997; Schorlemmer and Wiemer, 2004...)

* Does the magnitude-frequency distribution

vary on and off of major faults? (Wesnousky et
al. 1983; Schwartz and Coppersmith, 1984...)




Error #1: Fitting with least squares rather
than MLE

b value solved from 100 trials with 500 simulated
earthquakes each; true b=1.0.

10 ' 30 ~
& LSQ _c—‘_ﬁ MLE
= solutions = o0l solutions |
@) _ O
g ° £ 10|
- &
= =
0 0 '
0.8 1 1.2 0.8 1 1.2
Calculated b value Calculated b value

« MLE solutions are closer to the true value of b




Why the value of b is important

Hazard Analysis: Small changes in b => large changes
in projected numbers of major earthquakes

Example
A0 10M=7eqgs

10,000 M = 4 earthquakes ;

=09 20M 27egs

Earthquake Physics: The magnitude distribution
reflects fundamental properties of how earthquakes grow
and stop.




Error #1: Fitting with linear least squares
(LSQ) rather than MLE

o

|
—| LSQ assumes the error at each point is
Gaussian rather than Poissonian

LSQ assumes the error on
each point is equal

No. earthquakes = M

4 5 6 7
Magnitude (M)

LSQ is disproportionately influenced by the largest
earthquakes

MLE weighs each earthquake equally







The Gutenberg-Richter magnitude
frequency relationship

1976-2005 Global CMT catalog

.~ Slope = b =1.0

N = No. earthquakes = M

Magnitude (M)
log(N) =a - bM




Why the value of b is important

Hazard Analysis: Small changes in b => large
changes in projected numbers of major earthquakes

Example
b"'\'o 10 M = 7 egs
10,000 M = 4 earthquakes

=09 20M > 7 eqs

Earthquake Physics: The magnitude distribution
reflects fundamental properties of how earthquakes
grow and stop.




(G-R) magnitude-frequency relationship (MEFR).




|. Assume log =a-bM has been determined from observations over | year and as expected
b~1. Then a gives the maximum expected magnitude 1n | year mterval.

The largest (1.¢. 1 earthquake) will have the magnitude

logl=a-M
0=a-M
a=M gives the max. expected earthquake magnitude in one year,

[f b differs from [, then

logl =a-bM
0=a-bM and M, =a/b



). Assume the relation log=a-bM, with b~1. From data of one year we obtain
log'=3.5 - M and for earthquakes of magnitude 3.5 we have
logN=3.5-3.5=0 16 N=1or m words one event with =3. per year.

[ we now consider a magnitude 4.5 then

logV=3.5-4.5=-1 and N=0.1, which means one event (M=4.5) in 10 years.



Gutenberg-Richter Law

e In 1930s, Gutenberg & Richter
proposed a frequency-magnitude eq.

logioN(M )=a—-bM
N(M):. number of EQs per year
having magnitudes greater than M
a and b: regression constants

e Return Period with a magnitude > M

TR :i:IObM—a

N



Thus the probability that during ¢, a; will be exceeded at
least once 18

| -exp(-At).

Designating ¢ as D, the design life of any structure or the
return pertod of earthquake or total time period considered
for seismic hazard estimation, and R the seismic risk or
seismic hazard defined as the probability that a; 1s exceeded
at least once during D years can be written as:

R=1-exp(- AD).




(viir) To estimate PGA for a prescribed exceedance
robability, a value of n 1s determined as follows:

The above equation can be written as

exp(-AD) = 1 - R
~AD =In(1 - R)
J=-1In(1-R)/D
n/T=-1In(1 - R)/D

n=—(T/D)In(1 = R),
where D 1s the total time period for hazard estimation and

T’ the period over which the earthquake data are known.
(1x) From the set of values of PGAs at each grid point,

that PGA 1s determined which 1s exceeded n times.
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The global magnitude-frequency relationship:
Gutenberg-Richter with b=1

1976-2005 Global CMT catalog

_~ Slope =b=1.0

N = No. earthquakes = M

6 7 8 9
Magnitude (M)
log(N) = a - bM




Cumulative Number

Hutton et al. (2010) obtained
b=1.0 for Southern California

104—" 3

10%3 3 .
: ‘ Figure 13,
[ Hutton et al.
1 Maximum Likelihood Solution :
1 b-value = 1.01 +/- 0.04, S E

] a value = 6.99, avalue (annual) = 523
10° Magnitude of Completeness = 4.2

T T T T ' 3
25 3 35 4 45 5 55 6 65 7 75 8
Magnitude




Lower b values are often reported because it is
easy to use a vaIue of Mc that Is too small

50% complete o Earthquakes recorded in So Cal 1995—2000
I ! —— Simulation with incompleteness model

-

Probability of
earthquake detection =
1-C10-V

b=0.9 s

97% complete g

10; b=1.0

cumulative number of earthquakes = M
o
w

%5 1 15 2 25 3 35 4 45 5 55 6 65 7.
magnitude (M)
Setting the catalog completeness threshold by eye can lead to b

value underestimation by 0.1 to 0.2.




Magnitude error can also cause miscalculation

of b values

1984 1999 Southern Cahfornla Catalog

" b value mflated by

1.2F  magnitude error
= e ?3‘ ity bl o
s 1 = — T ]
Sos O S

08, °

°Tis 2 25 3 a5

min

« Larger magnitude errors for smaller earthquakes inflate b
* bis best fit at the largest reasonable minimum magnitude




Erroneous b values also frequently result
from data sets that are too small

1.8
n b range

1.6 —population b value * )
% —98% range of calculated b value 30 0.7-1.74
5 50 | 0.5-1.49
8.,
I 100 | 0.86 - 1.20
f _—————
e — 500 | 0.91-1.12

0.8

30 500 1000 1500 2000

Number of earthquakes (n)

>2000 good quality earthquakes are required for 98%
confidence errors < 0.05




Declustering reduces b value in routines
where the smaller earthquakes in a cluster
are preferentially removed

Borry, but according
to our b value you
didn’t have an
earthquake!

e ;
& o P b o he
- ' L5
p f /
A / . .4 3
- Bl o | =

Christchurch,
M6.3




Does b value vary with location?



The Wiemer and Schorlemmer method uses b value
asperities and is #2 in the RELM test

[ | o=@ Magnitude  Rater |
g : 0.05
- 0.04 |
0.03
0.02 |
¢ 0.01
X Q] . 0.00

@ ~ o

Weimer and
Schorlemmer 5
year forecast




The Helmstetter et al. forecast uses uniform b value
and is #1 in the RELM test

7 ! ' << | Magnitide  RateA |
§ 0.05
- 0.04 |
0.03
0.02 |
§ 0.01
0.00 -

@ ~N oo,

Helmstetter et
| al. 5 year
forecast




Depth [km]

— —

O o 0 O

Case study: Wiemer and Schorlemmer
(2007) argue that they see a lot of b value
variability at Parkfield

anjeA-q



depth (km)

—r

depth (km)

—r —h

We can recover similar “variability” with a

simulated catalog with a uniform b value, and
the incompletness and rounding found in the
Parkfield catalog

o

5_

il |

5k : ) ‘ v ‘ 1 ! 1

10 20 30 40 50 60 70 80 90 100 110
Two random simulations

5 ¢ 1

0.

Stk ‘ ! * 1 ‘ I ' ‘

10 20 30 40 50 60 70 80 90 100 110

distance along strike, N-S (km)

-
-

"

1.4

g

0.8

0.6

1.4

1.2

11

0.8

0.6



Taking a statewide survey, we find little b value

40
38
36
34

32
—1

earthquakes/calculation

variationin 1° x1° bins

1984 - 2004

e b=1 (75%)
.1.5 o5l * 0.9=<bs=1.1(23%)

* 0.8=<b=1.3 (4%)

25 -120 -115

Minimum of 30 0 10 20 30 40
bin number

Assuming no magnitude error and uniform catalog
completeness to M 2.6, all values are 0.9 < b £1.1. Same

for0.5 ° x0.5° ,025° x025°,01° x0.1° bins




Is the magnitude-frequency distribution
different on and off of major faults?




Quiz!

0




|dentify the distributions taken from
major fault zones™

10°

= = =
A 102 I\ 102 A 103
o 3 2
® 10 ®10 ® o 1
o %o o Y S 10
Z 10° | (A) o Z 410° | (B) | < (C)

2 3 4 2 3 4 2 4 6

' Magnitude (M)

Magnitude (M) Magnitude (M)

(D) °o

2

(E) o

2 3 4
Magnitude (M)

No.egqs=M
- 8[\) 5&0

%
(F) L

2 3 4 5
Magnitude (M)

Magnitude (M)
*Fault zonaegnllﬂ%elém from entire surface trace of mapped fault.

All data from California, 1984-2004




|dentify the distributions taken from
major fault zones™

10
= 5 Hayward = 5 Random | = SAF
n 10 n 10 N 10°
W w w
O 1 (@n 1 O
© 10 ® 10 (-8 ®
g - e g | S 10
10° | (A) " Z 40° | (B) o| < (C)
2 3 4 2 3 4 2 4 6
Magnitude (M) Magnitude (M) Magnitude (M)
3
= 10° SAJ S 102 Random = 10 Random
» 102 & 5 10°
1
g g 10 o 3 10’ @,
s 10 S % S . 2
2 2 3 4 2 3 4 5
Magnitude (M) Magnitude (M)

Magpnit d
*Fault zone: nl-IEJ- m from entire surface trace of mapped fault

All data from California, 1984-2004
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|dentify the distributions taken from
major fault zones

2

10

> 10’

No. eqs= M
3 3
®
No. eqs=M

0 [« ]

o |(A) ° o 10° |(B) o

2 4 6 2 4 6
Magnitude (M)

- 10 - 102

A 102 3; 1

& S 10

8-_101 ® %
o o
=

0 % 2 10° | (D)

10° [(C) o 10 -
2 4 6 2 4
Magnitude (M) Magnitude (M)

All distributions are purposely chosen around a large
earthquake. All data from California, 1984-2004




|dentify the distributions taken from
major fault zones

Random
% 102 Calaveras % 102
7p) (7p)
3 10 . & 10’
o o)
A “10°® %o
2 4 6 2 4 6

Magnitude (M) Magnitude (M)

10 2
= Random < 10 Garlock
A 102 3; 3
w
3 10" g. 10 Co
o
=

o o
Z 10° | (D) o

2 4
Magnitude (M)

' o
10° 1(C) % 8

2 4 6
Magnitude (M)

All of these earthquake distributions are purposely centered
around a large earthquake in the catalog




The San Andreas fault at Parkfield has

I:’arkfield M = 1.8 earthquakes, 1967-2006
s 10 — ' ‘ - -
Al
w
@O
"
©
-
O
£
©
()
©
)
O
=
-
pa

2 3 4 5 6
Magnitude (M)
M 6 Parkfield earthquakes are simply an expected part of the
G-R distribution (Jackson and Kagan, 2006)




Conclusions

« Seismicity in most of California follows the
Gutenberg-Richter magnitude frequency
relationship with b=1.

* There is no evidence for significant b value
variation with location or on/off of major faults.

* The b value should generally be solved for with
>2000 earthquakes that are clearly above the
completeness threshold and that have minimal
magnitude errors or rounding.




The historic record along the full SAF
102 1812-2906 eqgs, + 10 km from SAF

Incomplete

Number of earthquakes = M
S

0

5.5 6 6.5 7 7.5 8
Magnitude (M)

Catalog is too incomplete, short, and error-prone, but

Gutenberg-Richter is suggested

10







Common Errors in b value Calculation

. Fitting data with linear least squares (LSQ)
rather than the simple maximum likelihood
(MLE) method (read Aki (1965))

. Data set is too small

. Using earthquakes smaller than the
catalog completeness threshold

. Using data with magnitude errors




Two Important Questions

 Does b value vary with location? (Wiemer and
Wyss, 1997; Schorlemmer and Wiemer, 2004...)

* Does the magnitude-frequency distribution

vary on and off of major faults? (Wesnousky et
al. 1983; Schwartz and Coppersmith, 1984...)




Error #1: Fitting with least squares rather
than MLE

b value solved from 100 trials with 500 simulated
earthquakes each; true b=1.0.

10 ' 30 ~
& LSQ _c—‘_ﬁ MLE
= solutions = o0l solutions |
@) _ O
g ° £ 10|
- &
= =
0 0 '
0.8 1 1.2 0.8 1 1.2
Calculated b value Calculated b value

« MLE solutions are closer to the true value of b




Why the value of b is important

Hazard Analysis: Small changes in b => large changes
in projected numbers of major earthquakes

Example
A0 10M=7eqgs

10,000 M = 4 earthquakes ;

=09 20M 27egs

Earthquake Physics: The magnitude distribution
reflects fundamental properties of how earthquakes grow
and stop.




Error #1: Fitting with linear least squares
(LSQ) rather than MLE

o

|
—| LSQ assumes the error at each point is
Gaussian rather than Poissonian

LSQ assumes the error on
each point is equal

No. earthquakes = M

4 5 6 7
Magnitude (M)

LSQ is disproportionately influenced by the largest
earthquakes

MLE weighs each earthquake equally







Ground motion prediction and
intensity



Cairo — Intensity prediction

2 2
1=086-M, —3.01-log(h)+5.33-1.90 -log \/Rh# —0.0035 -(\/R2 +h* - h)

10 7.6 25.227 39.243 141050.7 19 12 1981
5 6.5 31.271 38.573 71128.41 3 2 2002
o olbserved]
mean model
7 ———68.3% prediction bounds

intensity

150 200 250 300 350 400
rupture distance



Great Circle Distances With Decimal Degrees Coordinates

To calculate the Great Circle Distance between Location 1 and Location 2,
where the coordinates are in decimal degree format, use the following
formula:

=RadiusEarth*((2*ASIN(SQRT((SIN((RADIANS(D71)-
RADIANS(D72))/2)"2)+
COS(RADIANS(D71))*COS(RADIANS(D72))*
(SIN((RADIANS(E71)-RADIANS(E72))/2)"2)))))

Here, cells D71 and E71 contain the latitude and longitude of Location 1
and cells D72 and E72 contain the latitude and longitude of Location 2. For
readability, the formula is split over several lines. In Excel, of course, the
formulais in a single line in a single cell.

radians = (degrees/180) * PI
RadiusEarth = 6371



Earthquake shaking capable of
causing damage to structures

Strong ground motion
(Engineering Seismology)




The release of the accumulated elastic strain energy by
the sudden rupture of the fault is the cause of the
earthquake shaking

. Fault scarp.

Woave fronts




Horizontal motions are of most importance
for earthquake engineering

« Shaking often strongest on horizontal component:
— Earthquakes radiate larger S waves than P waves

— Decreasing seismic velocities near Earth’s surface produce refraction
of the incoming waves toward the vertical, so that the ground motion
for S waves is primarily in the horizontal direction

« Buildings generally are weakest for horizontal shaking



Questions

* What are the most useful measures of ground
motion?

* What factors control the level of ground
motion?



Measures of ground-motion for
engineering purposes

PGA (peak ground acceleration)
PGV (peak ground velocity)

Response spectral acceleration (elastic,
Inelastic) at periods of engineering
Interest

Intensity (Can be related to PGA and
PGV.)




Peak ground acceleration (PGA)

easy to measure because the response of most
iInstruments is proportional to ground acceleration

liked by many engineers because it can be related to the
force on a short-period building

convenient single number to enable rough evaluation of
Importance of records

BUT it is not a measure of the force on most buildings

and it is controlled by the high frequency content in the
ground motion (i.e., it is not associated with a narrow
range of frequencies); records can show isolated short-
duration, high-amplitude spikes with little engineering
significance



P wave arrives before S
wave. S-Trigger time = 3.2
sec, hypocentral distance
between approx. 5*3.2= 16
km and 8*3.2= 26 km

P-motion much higher

frequency than S, and
predominately on vertical
component.

Is the horizontal S-wave
motion polarized?

1994 Northridge Earthquake, Sylmar Hospital Free-field site

NS Component
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File: C:\rose\ch09\sylm_3comp_acc.draw; Date: 2003-09-15; Time: 19:06:50



Peak ground velocity (PGV)

* Many think it is better correlated with damage than
other measures

* |tis sensitive to longer periods than PGA (making it
potentially more predictable using deterministic
models)

 BUT it requires digital processing (no longer an
important issue)



* 994 Northridge Earthquake, Syimar Hoapllal Froo-flokd sho

NS Component
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Figure 4. Acceleration, velocity and displacement time-series from the north-south
horizontal component of the Sylmar record.



Velocity, cm/sec

Large Recorded Ground Velocities

Ground-Motion Velocity from Large Earthquakes
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Peak ground displacement (PGD)

* The best parameter for displacement-based design?

 BUT highly sensitive to the low-cut (high-pass) filter
that needs to be applied to most records (in which
case the derived PGD might not represent the true
PGD, unlike PGA, for which the Earth imposes a
natural limit to the frequency content).



Acceleration Response Spectra at
Periods (or frequencies) of
Engineering Interest



Elastic response spectra (many
structures can be idealized as

SDOF oscillators)

x(t)

PERIOD = 2rnt/w,
DAMPING = {,,



At long periods, oscillator
response proportional to base

displacement
5 Tosc = 80 sec
0 _ Ground displacement (cm)
-5 5 ;—
5 T, = 40 sec E '
0
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Relative Displacement (cm)

convert displacement spectrum into acceleration
spectrum (multiply by (27/T)?). For velocity spectrum,
multiply by 211/T.

100' Lol 1 Ll 1 1 AN | 1 R |
100 3 E
10
— 10 -
1 N(\,, 3
e
o
0.1 IS
T 13 3
IS ]
8
0.01 (@]
<
1999 Hector Mine Earthquake (M 7.1) 013 3
0.001
station 596 (r= 172 km), transverse component
10-4| LI B B B A | T T g T T g T T T T T 001 T T T T T T T T
0.1 1 10 100 0.1 1 10 100
Period (sec) Period (sec)

Acceleration or velocity spectra usually used in
engineering



Frequencies of ground-motion for
engineering purposes

10 Hz --- 10 sec (usually below
about 3 sec)

Resonant period of typical N story
structure ~ N/10 sec

Corner periods forM 5, 6, and 7 ~ 1,
3, and 9 sec



| T e i A o 2
~— [M=6.5; R=25 km; D=5 km| |

Frequency Response oo o o
of Structures |

0.1

Horizontal Spectral Acceleration (g)




What Controls the Level of Shaking?
» Magnitude

* Directivity

— Larger fault, more energy released and over a larger area

 Distance from fault

— Shaking decays with distance

* Local site response (rock or soil)

— amplify the shaking
— Strongest shaking in rupture direction
— Pockets of higher shaking (lens effect)



Earthquake Magnitude

» Earthquake magnitude scales originated
because of

— the desire for an objective measure of earthquake
size

— Technological advances -> seismometers



Modern Seismic Magnitudes

« Today seismologists use different seismic waves to
compute magnitudes

* These waves generally have lower frequencies than
those used by Richter

 These waves are generally recorded at distances of
1000s of kilometers instead of the 100s of kilometers
for the Richter scale



Teleseismic Mg and m,

wo commonly used modern magnitude

scales are:

Mg, Surface-wave magnitude (Rayleigh Wave)
m,, Body-wave magnitude (P-wave)

M

meanelzred measﬁre;_\
here here
R | WIWIVF -
- 1000 1800 2000 2500 ‘30‘00' o



The Modern Standard: Moment Magnitude

Seismic Moment

My = unUA
@ = modulus of rigidity
U = slip over fault area

A = area of fault

Moment Magnitude

2
M = 3 log My — 10.7

A simple mapping,
nothing more




Why use moment magnitude?

It is the best single measure of overall earthquake
size

t does not saturate

t can be estimated from geological observations
t can be estimated from paleoseismology studies

t can be tied to plate motions and recurrence
relations
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Fourier Spectrum
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Ground Motion

Important Factors

* Source effects
— Magnitude or moment Bay Mud
— Rupture directivity

/

 Path effects

— Attenuation with distance:
geometric, scattering, and
anelastic

— Critical reflections off Moho
Discontinuity

Site effects
— Local amplification




Damage in Oceano
2003 San Simeon Earthquake

Cracking in river levee

Failed foundation




Effect of Distance

Ground motion generally decreases
with increasing epicentral distance



Peak Ground Acceleration, ¢

2003 San Simeon Earthquake
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Amplitude and Intensity
M7.6 Pakistan earthquake 2005

Seismic waves lose
amplitude with distance
traveled - attenuation

So the amplitude of the waves
depends on distance from the
earthquake. Therefore unlike
magnitude, intensity is not a
single number.

USGS Community Internet Intensity Map (58 miles NNE of Rawalpindi, Pakistan)
ID:dyae_05 03:50:38 GMT OCT D& 2005 Mag=7.6 Latitude=N34.43 Longitude=E73.54

40°N

35N LRt
2o

- SR il -
iy N N e
2 o e rys Tangd Pali
g el a1 L LW o ~ . S&hi Kéa
] o e i Uddpur |, #
| e S— - - ! Sagar
1| 356 responses in 67 City areas. Max intensity: IX ;
— = s o et —— - T T
B85°E 70°E 75'E 80°E 85°E

Map last updated on Mon May 15 07:45:32 2006

NTENSTY | 1 [l v | v | vi | vEl Vi | X | X |

SHAKING Notidl | Wesk Lght | Moderate | Srong | Verysvong Seveae Vident Exreme

DAMAGE nome none none Very hght Light Modearam= |ModamelHaawy | Heswy |Vey Heavy




Site Amplification

* Ground shaking is amplified at “soft soil”
(low velocity) sites

« Shear-wave velocity is commonly used to
predict amplification
— Vg3 ( time it takes for a shear wave to travel

from a 30 m depth to the land surface, i.e.,
time-averaged 30-m velocity)




Ground Motion Deconvolution
1989 Loma Prieta - Capitola

= Source * Path * Site

"Reference Sites?"
Fvy . .
o Soil Sites
FYVVvy A

- A A
Soil Layers [l [l

Bedrock

Source




Amplification of PGA
as a function of Vg4,
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Velocities of Holocene and
Pleistocene Units — Oakland, CA

Holocene Pleistocene

Velocity, m/s



Damage distribution during the 1989
M6.9 Loma Prieta earthquake
correlated quite well with Vs30.
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Summary of Strong Ground Motion
from Earthquakes

 Measured using PGA, PGV, pseudo-spectral
acceleration or velocity PSA or PSV, and intensity.

* |Increases with magnitude.

« Enhanced in direction of rupture propagation
(directivity).

* Generally decreases with epicentral distance.

* Low-velocity soil site gives much higher ground
motion than rock site. Vs30 is a good predictor of site
response.



Ground-Motion Parameters




Ground Motion Parameters

SMDBE station: CAK

cm/sec/sec

Measured by triaxial accelerographs
2 orthogonal horizontal components
1 vertical component

o
]
S
o 0
£
s

Digitized to time step of 0.005 - 0.01 sec
e s For 60 sec record,
N=3x60/0.01 = 18,000 values

36.508, -120.326

cm/sec/sec




Ground Motion Parameters

Amplitude Parameters

Peak ground acceleration (PGA)
Peak ground velocity (PGV)
Peak ground displacement (PGD)




Ground Motion Parameters

Amplitude parameters
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Ground Motion Parameters

Frequency content parameters

Fourier spectrum

Plot of ¢, vs o, gives Fourier spectrum

Cn
Example from

ProShake




Ground Motion Parameters

Frequency content parameters

Response spectrum

7 zzzxppzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz;zzyz;zzzzz>zy;»>zzzz;z’zz2Zz?2z

O

Examples from
ProShake




Ground Motion Parameters

Frequency content parameters

Spectral parameters
Predominant period

Bandwidth




Ground Motion Parameters

Duration

Bracketed duration

Trifunac duration
95%




Ground Motion Parameters

Other ground motion parameters

rms acceleration

Arias intensity All are influenced

by amplitude,
frequency content,

_ , and duration
Spectral intensity




Secomic Scte Response tnalysis

Local Site Effects




Local Site Effects

Ground surface motions are affected by local site conditions

Site effects can influence:
» Amplitude - may amplify or de-amplify motion
* Frequency content - may shift to higher or lower o
 Duration - may extend duration of strong shaking




Important Aspects of Earthquake Motion

Earthquake damage is influenced by ground motion:

* Amplit

ude

* Frequency content

* Duration

/

\

Low amplitude

A A"\ P AV p—, >
AVAL WA/ e e >

High amplitude




Important Aspects of Earthquake Motion

Earthquake damage is influenced by ground motion:
- Amplitude
* Frequency content
* Duration

/

FAS
Low frequency motion

.
>

\ ®

High frequency motion

>




Important Aspects of Earthquake Motion

Earthquake damage is influenced by ground motion:
- Amplitude
* Frequency content
* Duration

A

Short duration

v‘V e

Long duration




Site Response

Problem:

Predict the response of a soil deposit due to earthquake
excitation

Source




Site Response

Soil response depends on:
* Type of soil
* Thickness of soll
« Stiffness of soill

Results:
» Some soil deposits amplify bedrock motion
« Some soil deposits de-amplify bedrock motion
« Some soils do both




Site Response

1985 Mexico City Earthquake
M= 8.1
Over 200 miles away

Depth to botto
of soft clay
in meters




Site Response Soft clay amplified

1985 Mexico City Earthquake motions at periods of ~2

M= 8.1 sec. even more
Over 200 miles away

East—-—Wgst acceleration
UNAM Rock —0.03g

scTt Soft clay — 0.15¢

~Building damping = 5%

cm/se o8|

| |

Soft clay amplified
bedrock motions by

I l
40 50

sec)

Period (sec)

factor of 5




Site Response

1989 Loma Prieta Earthquake
M=7.1
Over 60 miles away

Yerba Buena Island
Treasure Island

ITLFASUDE 161 AND

st wl




Site Response

1989 Loma Prieta Earthquake
M=7.1
Over 60 miles away

Yerba Buena lsland (E-W)
Rock — 0.06g

Time (sec)

Treasure Island (E-W)
Soft soil - 0.15g

s

Soft SOI| amplified
bedrock motions by
factor of 2-3
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Spectral acceleration (g)

Amplification is even
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spectrum at some
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Evidence

1957 San Francisco Earthquake (M = 5.3)
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Evidence

Compilation of data from multiple events
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For low loading levels, strong amplification can occur
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Evidence

Compilation of data from multiple events

Soft to medium
clay and sand

t Deep cohesionless

soils

~ Stiff soils

Period (sec)




Summary

Local site conditions can strongly influence:

- Amplitude
* Frequency content
* Duration

Shown by:

* Measured surface motions

« Compilations of data on local site effects
» Measured amplification functions
 Theoretical analyses




Adopt V4, site term from Campbell and Bozorgnia (2008) for
use in large-scale earthquake waveform simulations.

Functions are frequency dependent and account for non-
linear soil response

Use of Vs30 based approach is attractive
— Readily available (or estimated)
— Easy to compute and apply on large-scale




Motivation

« Large-scale EQ simulations produce ground motion waveforms at
>100,000 sites, e.g. ShakeOut

* Incorporation of low velocity near surface material within the FD/FE
simulation model can be extremely costly (prohibitive?) and requires
special handling to account for soil non-linearity

* Need efficient site correction
implementation scheme

« Based on readily available
parameters

ShakeOut: M, 7.8 San
Andreas Scenario

www.Shakeout.org




Vs category

H B

Wills et al
(2000)

Yong et al. (2009):
Terrain-based

Vs30
Wald and Allen
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Deterministic Seismic Hazard Analysis

CEE 431/ESS465



Deterministic Seismic Hazard Analysis

 Earliest approach taken to seismic hazard analysis
* Originated in nuclear power industry applications
« Still used for some significant structures

- Nuclear power plants

- Large dams

- Large bridges

- Hazardous waste containment facilities

- As “cap” for probabilistic analyses



Deterministic Seismic Hazard Analysis

Corps of Engineers Regulation 1110-2-1804 (1995)
Sec. 5.h.2.a

Deterministic seismic hazard analysis (DSHA).

The DSHA approach uses the known seismic sources sufficiently near the
site and available historical seismic and geological data to generate
discrete, single-valued events or models of ground motion at the site.
Typically one or more earthquakes are specified by magnitude and
location with respect to the site. Usually the earthquakes are assumed to
occur on the portion of the site closest to the site. The site ground motions
are estimated deterministically, given the magnitude, source-to-site
distance, and site condition.



Deterministic Seismic Hazard Analysis

Consists of four primary steps:
1. Identification and characterization of all sources

2. Selection of source-site distance parameter
3. Selection of “controlling earthquake”
4. Definition of hazard using controlling earthquake



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

|dentification
All sources capable of producing significant ground
motion at the site
Large sources at long distances
Small sources at short distances

Characterization
Definition of source geometry
Establishment of earthquake potential



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Which sources are capable of producing significant
motion at the site of interest?
What is significant motion?
Parametric definition
Peak acceleration - usually ~0.05¢g
Spectral acceleration - at fundamental period,
iIf kKnown
Other parameters
Use predictive (attenuation) relationship to determine
distance of interest



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Estimate maximum magnitude that could be
produced by any source in vicinity of site
Find value of R, _, - corresponds to M., at threshold

value of parameter of interest, Y.

max

\

InY

min




Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Characterize geometry

Point source
Constant source-site distance -\ Source
Volcanos, distant short faults et

-
-
-

z -

Linear source
One parameter controls distance
Shallow, distant fault

Source



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Characterize geometry

Areal source
Two geometric parameters control distance
Constant depth crustal source

Site

Volumetric source
Three parameters control distance

Source



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Establish earthquake potential - typically M.,
Empirical correlations
Rupture length correlations
Rupture area correlations
Maximum surface displacement correlations
“Theoretical” determination
Slip rate correlations



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Slip rate approach
Recall seismic moment

M,=pAD

where
u = shear modulus of rock
A = rupture area
D = average displacement over rupture area



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Slip rate approach
If average displacement relieves stress/strain built up
by movement of the plates over some period, T, then

D=SxT

where S is the slip rate



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Slip rate approach
Then

M,=uAST
and the “moment rate” can be defined as

M, = MJT = nAS

o) 0]



Deterministic Seismic Hazard Analysis

Ildentification and characterization of all sources

Slip rate approach
Knowing the slip rate and knowing (assuming) values
of m, A, and T, the moment rate can be used to
estimate the seismic moment as

M, = M T
Then
M,, = log M_/1.5 - 10.7



Deterministic Seismic Hazard Analysis

Select source-site distance parameter

Define source-site distance
Must be consistent with predictive relationship
Should include finite fault effect

Select source-site distance

Distance to surface projection of

closest point on rupture surface Epicentral

/ distance

Distance to closest

point on rupture /

surface

Hypocentral
distance




Deterministic Seismic Hazard Analysis

Select source-site distance parameter

Distance measures

Vertical Faults

Seismogenic
depth




Deterministic Seismic Hazard Analysis

Select source-site distance parameter

Distance measures

Dipping Faults




Deterministic Seismic Hazard Analysis

Select source-site distance parameter

Typically assume shortest source-site distance
(“worst case” scenario)

/‘—\/Source

-
-
-

Point source

-
-
-

Site

Linear source

Site



Deterministic Seismic Hazard Analysis

Select source-site distance parameter

Typically assume shortest source-site distance
(“worst case” scenario)

Areal source




Deterministic Seismic Hazard Analysis

Select controlling earthquake

Decision based on ground motion parameter(s) of
greatest interest

e Consider all sources

* Assume M occurs at R..... for each source

max min

« Compute ground motion parameter(s) based on
M. .« and R,

* Determine critical value(s) of ground motion

max

parameter(s)



Deterministic Seismic Hazard Analysis

Select controlling earthquake

Source 3

Source 1
ws
O

|\/|1 Site

(o \

Source 2



Deterministic Seismic Hazard Analysis

Select controlling earthquake

A
In'Y Source 2 controls
Combination of M, and

v M, M= M, R, produces highest

2

\I\/I value of Y
3

Y3 \\\P\\\
Y1




Deterministic Seismic Hazard Analysis

Define hazard using controlling earthquake

Use M and R to determine such parameters as:

A

Peak acceleration

Spectral accelerations =
Duration

n amax

log R

S
>

Y



Deterministic Seismic Hazard Analysis

Comments

DSHA produces “scenario” earthquake for design
(design earthquake)

As commonly used, produces worst-case scenario

DSHA provides no indication of how likely design
earthquake is to occur during life of structure

Design earthquakes may occur every 200 yrs in
some places, every 10,000 yrs in others

DSHA can require subjective opinions on some
Input parameters

Variability in effects not rationally accounted for




Deterministic Seismic Hazard Analysis
Corps of Engineers Regulation 1110-2-1804 (1995) Sec. 5.h.2.a

The DSHA approach uses the known seismic sources sufficiently near the
site and available historical seismic and geological data to generate
discrete, single-valued events or models of ground motion at the site.
Typically one or more earthquakes are specified by magnitude and
location with respect to the site. Usually the earthquakes are assumed to
occur on the portion of the site closest to the site. The site ground motions
are estimated deterministically, given the magnitude, source-to-site
distance, and site condition.

DSHA calculations are relatively simple, but
implementation of procedure in practice involves

numerous difficult judgements. The lack of explicit
consideration of uncertainties should not be taken to imply
that those uncertainties do not exist.




Ground-Motions for Regions Lacking
Data from Earthquakes in M-D Region
of Engimeerimg Interest




Types of simulations

e Deterministic
— Deterministic description of source
— Wave propagation in layered media
— Used for lower frequency motions

» Stochastic
— Random source properties
— Capture wave propagation by simple functional forms
— Can use deterministic calculations for some parts

— Primarily for higher frequencies (of most engineering
concern)




Types of simulations

* Hybrid
— Deterministic at low frequencies, stochastic at
high frequencies

— Combine empirical ground-motion prediction
equations with stochastic simulations to
account for differences in source and path
properties (Campbell, ENA)

« Empirical Green'’s function




Stochastic simulations

 Point source

— With appropriate choice of source scaling, duration,
geometrical spreading, and distance can capture some
effects of finite source

* Finite source

— Many models, no consensus on the best (blind
prediction experiments show large variability)

— Often incorporate point source stochastic model




Time-domain simulation




Step 1: Generation of random white
noise

Aim: Signal with random
phase characteristics

Probability distribution for
amplitude

— Gaussian (usual choice)
— Uniform

Array size from

— Target duration

T =Toee + T

source path 10 15

— Time step (explicit input Time (sec)
parameter)




Step 2: Windowing the noise

* Aim: produce time-series that
look realistic

* Windowing function
— Boxcar
— Cosine-tapered boxcar

— Saragoni & Hart
(exponential)




Step 3: Transformation to frequency-

domain
 FFT algorithm

c) Fourier amplitude
of windowed noise

=
=
y -4
E 10
T
o =
-
o
L

0.01 0.1 1
Freq (Hz)




Step 4: Normalisation of noise
spectrum

d) normalized spectral

 Divide by rms integral amplitudes

* Aim of random noise
generation = simulate
random PHASE only

0.001
0.001 0.01 0.1 1 10
Freq (Hz)

Normalisation required to keep energy content
dictated by deterministic amplitude spectrum




Step 5: Multiply random noise spectrum by
deterministic target amplitude spectrum

) model and
shaped-nois= spectra
b -

Normalised amplitude
spectrum of noise with

o random phase
characteristics

)
@
-
>
3
= N
—
a
=
-
o
(T

D D

SIE
response

D

Propagation
path

Instrument
or ground

Earthquake
motion

source




Step 6: Transformation back to

time-domain

 Numerical IFFT yields
acceleration time series f) acceleration (cm/s/s)

* Manipulation as with
empirical record

1 run = 1 realisation
of random process

— Single time-history not necessa
realistic
19 ' 15‘
— Values calculated = Time (sec)

average over N simulations
(50 < N< 200)




Steps in simulating time series

» Generate Gaussian or uniformly
distributed random white noise

* Apply a shaping window in the time
domain

« Compute Fourier transform of the
windowed time series

* Normalize so that the average
squared amplitude is unity

* Multiply by the spectral amplitude
and shape of the ground motion

* Transform back to the time domain

a) noise

b) windowed noise

10 15 20
Time (sec)

0 5 10 15 20 25=%

Time (sec)

—_
T

?c) Fourier amplitude
[ of windowed noise

0.1
0.001 0.01 041 1 10

10000

—
o
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o
o
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Fourier amplitude (cm/s
S

6

Freq (Hz)

d) normalized spectral
[ amplitudes

0.001
100 0.001 0.01 0A1 1 10 100

Freq (Hz)

-
T

e) model and
| shaped-noise spectra

0"
0.001 0.01 01 1 10

Freq (Hz)

100

400

200

-200

-400

f) acceleration (cm/s/s)

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

10 15
Time (sec)




Effect of shaping
window on
response spectra

100

20

psv (cm/s)
S
|

o hHox window

® exponential window

M=7, R=10 km

Acceleration (cm/sz)

-200

200

Using box window

Using exponential window

30 40 50
Time (sec)
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Acceleration,
velocity,
oscillator
response for
two very
different
magnitudes,
changing only
the magnitude
in the input
file

Acceleration (cm/s ?)

PRSP

M=7,R=10
Velocity (cm/sec)

Response of Wood-Anderson seismometer (cm)

Acceleration (cm/s ?)

Velocity (cm/sec)

Response of Wood-Anderson seismometer (cm)

|
20
Time (sec)

File: C:\metu_03\simulation\AS47WA_4ppt.draw; Date: 2003-09-18; Time: 22:16:44




M=4.0 at 10 km

Warning: the /

spectrum of any one
simulation may not
closely match the
specified spectrum.
Only the average of
many simulations is
guaranteed to match
the specified
spectrum

©
—

File: C:\metu_03\simulationitdfa_4ppt.draw; Date: 2003-09-19; Time: 09:17:37

Fourier acceleration spectra (cm/sec)

target
last simulation of 640
E(FAH)Y2 n = 640 sims

-
©
N

10
Frequency (Hz)




Stochastic method

* To the extent possible the spectrum is
given by seismological models

« Complex physics is encapsulated into
simple functional forms

« Empirical findings can be easily
Incorporated




Target amplitude spectrum

Deterministic function of source, path and site characteristics
represented by separate multiplicative filters

Y(My, R, )= EM,, [)OPR, f)OG(f)D1(f)

.

Earthquake Propagation Site Instrument

source path response  f ground
motion




Source Function




Source function E(M,,, f)
EM,,f)=CxM xS§(M,,[)
= | N

Scaling constant Seferife TR Source
DISPLACEMENT

* near-source crustal properties
Spectrum

* assumptions about wave-type
considered (e.g. SH)

Measure of earthquake
Size

Scaling of amplitude
spectrum with earthquake
size




Scaling constant C

*B, = near-source shear-wave velocity
*p, = near-source crustal density

*V = partition factor

*(Ry,) = average radiation pattern

F = free surface factor

‘R, = reference distance (1 km).




Brune source model
e Brune’s point-source model

— Good description of small, simple ruptures

— "surprisingly good approximation for many large events". (Atkinson
& Beresnev 1997)

« Single-corner frequency model




Semi-empirical two-corner-frequency
models

« Aim: incorporate finite-source effects by refining the
source scaling

 Example: AB95 & AS00 models

f,, T, and € determined
empirically (visual inspection
& best-fit)

* Keep Brune's HF amplitude scaling

N 1/3 2/3




The spectra can be

more complex in shape
and dependence on
source size. These are

some of the spectra

proposed and used for

simulating ground

motions in eastern North

America. The

stochastic method does
not care which spectral

model is used.
Providing the best

model parameters is
essential for reliable

simulation results

(garbage in, garbage

out).

RN
o

Fourier Acceleration Spectrum (cm/s

AB95
HO96

Fea96 (no site amp)

BC92
Jo7

Frequency (Hz)

10

/

_motion\FAS_XCA.draw; Date: 2003-09-15; Time: 14:49:29
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Scaling of the source spectrum
« Based on Aki's (1967) w?*-model

— Single corner frequency
— For acceleration:
 LF: w?increase
proportional to M,
« HF: constant amplitude,
depends on M,, Ac as shown

— Self-similar scaling

3 _ T . 3
M, f,° = constant (similarity: Aki, 1967) (M) (AG)E! :

-_—

o
N
o

w-square spectra: Aki (1967)
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©
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Q
(@]
<

AG = 100 bars
AG = 200 bars

M ,fS =ct ~ Ao
 The key is to describe how the
corner frequencies vary with M. - 1 equency (Hz)

Even for more complex sources, often try to relate the high-
frequency spectral level to a single stress parameter




Source duration

» Required to define array size (both TD & RV)
* Determined from source scaling model via:

T — Wfa

source

— For single-corner model, {,= f, = {,
— Weights w, and wy, should add up to the distance:—

1nr]aﬂonf affiriant 1n the avnraccol on
uvpuiin COcCIIICICt 1N 1nhc CAPL

duration




Path Function




Path function P(R, 1)

Geometrical
Spreading (R)

Point-source => spherical wave

.>>>

Loss of energy
through spreading of
the wavefront

Anelastic
Attenuation (R, f)

Propagation medium is
neither perfectly elastic nor
perfectly homogeneous

Loss of energy through
material damping &
wave scattering by
heterogeneities




The overall behavior of complex
path-related effects can be
captured by simple functions,
leaving aleatory scatter. In this
case the observations can be fit
with a simple geometrical

spreading and a frequency-
dependent Q operator

Southern California

]
e ]

Log Amplitude

40 80
Distance (km)

Log Amplitude

40 .. 80
Distance (km)




f=1.0 Hz

ppt.draw; Date: 2003-09-18; Time: 10:22:23
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In eastern North America a more complicated geometrical
spreading factor is needed (here combined with the Q operator)




Geometrical Spreading Function

Often 1/R decay (spherical wave),
at least within a few tens of km

At greater distances, the decay is
better characterised by 1/R* with
a <1

SMSIM allows n segment
piecewise linear function in log -
(amplitude) — lOg (R) space | 1170 (130/R) °°

=)
£
k=
©
o
It
S
(2]
©
L
=
5
7}
IS
o
o}
o

Magnitude-dependent slopes
possible : allows to capture finite-
source effect (Silva 2002)

200 300

Example: Boore & Atkinson 1995
Eastern North America model




Path-dependent anelastic attenuation

Form of filter:

— Q(f) = « quality factor » of propagation medium in terms
of (shear) wave transmission

— ¢,= velocity used to derive Q; often taken equal to 3s
(not strictly true — depends on source depth)

— N.B. Distance-independent term (kappa) removed since
accounted for elsewhere




L1l
T T TTT]

T

T

Surface
Waves

File: C:\metu_03\simulation\aki_q_4ppt.draw; Date: 2003-09-18; Time: 10:21:39
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Observed Q from around the world, indicating general dependence
on frequency




Wave-transmission quality factor Q(f)

 Form usually assumed:

« Study of published
relations led Boore to
assign 3-segment
piecewise linear form (in
log-log space)

1
Frequency (Hz)




Empirical determination of Q(f)

e Assuming simple functional forms for source function

and geometrical spreading function (e.g. Brune model
& 1/R decay)

— Source-cancelling (for constant Q)

— Best fit for assumed functional form (Q=Q,")

e Simultaneous 1inversion of source, path and site effects

— One unconstrained dimension => additional assumption
required (e.g. site amplification)

» Trade-off problems




Path duration

observed - source

ReqUIred for array S|Ze 0 mean in 15-km wide bins

Usua”y aSSumed ||near — used by Atkinson & Boore (19'95)
with distance

SMSIM allows
representation by a
piecewise linear function

Regional characteristic,
should be determined
from empirical data

Example: AB95 for ENA

duration (sec)
o

distance (km)




Site Response Function




Site response

 Form of filter:

G(f)=A(f)®D(f)

V2N

Regional distance-independent
attenuation (high frequency)

Linear

amplification for

GENERIC site » Near-surface anelastic attenuation?
* Source effect?

 Combination?




Site amplification

Attenuation function for GENERIC
site

Modelled as a piecewise linear
function 1n log-log space

Soil non-linearity effects not
included

Determined from crustal velocity &
density profile via SITE  AMP

— Square-root of impedance
approximation

— Quarter-wave-length approximation (f — Froquene ()
dependent)

Amplification




Site attenuation

e Form of filter:

» Reflects lack of consensus about representation
— 1t .. (Hanks, 1982) : high-frequency cut-off
— K (Anderson & Hough, 1984) : high-frequency decay




Cut-off frequency 1,

max

* Hanks (1982)

— Observed empirical spectra exhibit cut-off in log-log space
— Value of cut-off in narrow range of frequency
— Attributed to site effect

e Other authors (e.g. Papageorgiou & Aki 1983)

consider f_.. to be a source effect
e Boore’s position:
— Multiplicative nature of filter allows for both approaches

— Classification as site effect = « book-keeping » matter

— Often set to a high value (50 to 100 Hz) when preference 1s
given to the kappa filter




Kappa factor

* Anderson & Hough (1984)

— empirical spectra plotted in semi-log axes exhibit
exponential HF decay

— rate of this decay = k (varies with distance)

e Treatment in SMSIM

— similar determination, but with records corrected for path
effects and site amplification

— parameter used = K, = zero-distance intercept

— allowed to vary with magnitude
« source effect (at least partly)

« trade-off with source strength (characteristic of regional surface
geology)




Combined effect of generic rock amplification and diminution
(diminution = e ™% )

Site response is
represented by a
table of frequencies
and amplifications.
Shown here is the
generic rock
amplification for
coastal California (k =
0.04), combined with
the k diminution
factor for various
values of k

2

3

-
]
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Amplification, relative to source
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Combined
amplification and
diminution filter
for various
average site
classes

Ky = 0.035 s, except = 0.003 s for very hard rock

Vi, = 255 m/s (NEHRP class D)

V3, = 310 m/s (generic soil)

V3, = 520 m/s (NEHRP class C)

V3, = 620 m/s (generic rock)

V3, = 2900 m/s (generic very hard rock)

1 10
Frequency (Hz)

File: C:\metu_03\simulation\AMPK_FAS_4ppt.draw; Date: 2003-09-18; Time: 11:31:37




Instrument/Ground motion filter

* For ground-motion simulations:
n=0 displacement
n=1 velocity
n=1 acceleration

— Vf 2 f =undamped natural frequency

I(f) =

PN & = damping
(f _fr )_ZZﬁrrf V = gain

(for response spectra, V=1).




A few applications

» Scaling of ground motion with magnitude

« Simulating ground motions for a specific M,
R

« Extrapolating observed ground motion to
part of M, R space with no observations




Stochastic model s
point source mode]

hown to this point 1s based on a
| of the earthquake source. But

we know finite-faul

t effects are important for large

carthquakes.....

Theretore need to extend stochastic model to
account for main finite fault effects, such as

geometric

effects and directivity
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