Farfield Point Source

/ p-wave unit vector; P SV unit vector; ([3 SH unit vector

A

¢

oxI=p. px¢=I Ixp

The simplest way to see what is happening is to imagine a single point
source double-couple force system. Assume 0 =90°, i.e., a vertical fault; assume
A =0°, left-lateral fault; assume ¢_=0°.

u’(%,t) = sin’isin 2¢/4mp o’ JUAS (t-r/ot)1
u™ (w.t) = sin2 jsin 20/87p B'r |uAS (1-r/B) p

w' (%,1)= [sin [0S 20/4mp B’?]yA?(t—r/ﬁ)@

sin 2 [, = 2 sin [, COS I,
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Haskell & Kostrov Slip Rate

The farfield (which contributes most of the ground motion even in the
near-source region) displacement amplitude is proportional to the slip
rate on the fault.

Slip Rate Functions

6
—Haskell
5
—Kostrov
4
(<))
d
S
= 3
o
7
2
1
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)
ERI Notes: RJA S0




Near Fault Ground Motion

ERI Notes: RJA

) |ney

Slip: S
Stress Drop: Ao

Elastic Medium: o, Vg

-9
Particle Displacement

Umax=lIM¢_50=S/2 ~ (Ao/w)r
(finite)

Particle Velocity
(du/dt)max = lime_.g = (dS/dt)/2 ~ (Ac/u)Vg
(finite: Haskell, Brune; infinite: Kostrov)

Particle Acceleration
(d2u/dt?)max = limg_.q = 7?2
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Peak Ground

Motions

ERI Notes: RJA

6

ACCELERATION

(M /SEC

VELOCITY

PEAK ACC. = 7.7 6

LN\
W
S
005 SECONDS
r 1
PEAK VEL. - 46 CM/SEC
/*‘\f\a A NA oY
\A/\W\/ V A\ a4

CM

]

DISPLACEMENT

0.01

-0.01

LOG (AMP) , CM-SEC

T
S
FILTER FILTER
Q)= 17x107" cM-SEC
/ CORNER FREQ. = 20 HZ
SLOPE = -1.6

/

o ovvved o &l

NOISE—"

10 100 1000
FREQUENCY , HZ

McGarr, et al., 1981
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PGA and PGV Yucca Mountain

. y . ’
Ground Motion Hazard Results (cont’d.) Ground Motion Hazard Results (cont’d.)
1E-O1 T T T T T T T T T
1E-01 ; : - r : : T 5t ki ‘
o5ih | g
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14 . . .
Figure 3. Probability of exceedance calculations for horizontal PGA at Site A, a hypothetical, Figure 4. Same as Figure 3, but for horizontal PGYV.
reference rock outcrop site at the repository horizon (Stepp et al., 2001). From the 1998 Yucca
Mountain PSHA extrapolated to 10°/yr by Stepp and Wong (2003).
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Slip and Stress at a Point
on the Fault

100
£ |
= I
2 50 |
7 |
0 —1 | T ]
0 2 4 6 8 10 12 14 16 18 20
Time (s)
3 25
S
S
£12.5—
o
2
@ 0= T ]
0 2 4 6 8 10 12 14 16 18 20
Time (s)
® Y¥IT R
g =gl T '
2
o o _ i~ =
510 o dop=A0 =240 (static= 0,-0;
§ v \4 A
< 0
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Stress Drop and Moment

Table 2-1: Stress Drop and Seismic Moment for Three Fault Geometries

Circular (radius, r)

Strike-Slip

Dip-Ship

Ao

Tk

254 k)

Mo

(?jmﬁ

jAG WeL

MJAGWZL
A+ U
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Stress and strain are related in an isotropic, linear elastic medium by a

single relation (Hooke's Law)

Ojj = 15,]'8/(/(+ 2‘LL8,'J'

where A and 1 are Lame's parameter and the shear modulus, respectively.

Exx = &1 T & TE33
Si=1 if i=]
=0 if J = j Kroneker delta

1 8u,- auj

Ejj = +
J 2 8XJ 8XI'

In a homogeneous medium A, U are not functions of position (X1 s X2, X3).

For obvious reasons O U (I = _] ) are referred to as the shear stresses
Ojj = 2UE iji 1#J

However, if [ = J
Ojj=0ji = AE |+ 2UE;i

(No summation on /.)
ERI Notes: RJA

Linear
Elasticity
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Global Stress Drops

a) 250 : — : :
M mean: 3.85 MPa
200+ | median: 3.7 MPa |
|| # events: 1759
— 1507
C
=}
o
© 100t
50t
-2 - 0 1 2 3
b) 450 ‘ | |
mean: 3.36 MPa
——  median: 3.34 MPa
100! | —_ # events: 875
<
=}
o
(&)
50t
0 ‘
-2 - 0 1 2 3

log10 stress drop [MPa]

Figure 6. Histogram of logarithmic stress-drop estimates for a
different minimum number of required stations. a) For at least
three stations per event. b) For at least 20 stations per event.
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Figure 7. Stress-drop versus moment. The mean of 100
bootstrap-resampled median stress drops for bins of 0.4 in mo-
ment magnitude is shown by the white squares. Error bars denote
the standard errors from bootstrap resampling. Note the general
independence of stress drop and moment over the magnitude
range of the data.
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Stress Drop World Wide Eqks
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Global Stress Drops

ERI Notes: RJA
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Figure 8. Corner frequency versus seismic moment (lower scale) and moment magnitude (upper scale). The red
dashed lines show constant stress drops of 0.1, 1, 10, and 100 MPa. The gray shaded area shows the resolution limit of
our data. The vertical dashed line marks the lower magnitude cutoff of our data. The results of this study are plotted
as open black circles. All other different shaped and colored symbols show data from various other studies. The data

suggest self-similarity over a wide moment range.
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Finite Fault Parameters

Table 2.2: Average Fault Parameters (from Hasegawa, 1974)

Magnitude Mg | M, (dyne-cm) Length (km) Width (km) Slip (cm)
5.5 3 x 1024 6 5 30
6.0 1.4 x 1025 10 8 53
6.5 5x 1025 18 11 75
7.0 2 x 1026 35 15 120
7.5 4 x 1027 60 50" 400

ERI Notes: RJA

Worldwide each year follows the Gutenberg-Richter statistics:

N = 1082-Ms

where IN is the number of earthquakes per year with surface wave
magnitude greater than Mg; the b value is 1.0.

Simply apply the above formula to determine the approximate number of
earthquakes worldwide for a given magnitude.

For example, Mg 6: N=108-2 - 6= 102.2 = 158.

Magnitude Mg Number Greater than Mg per year

8.0 2 (1.6 by the formula, but eq'ks are
quantized)

7 16

6 160

5 1600

4 16000

3 160000
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o(x,t)=cH@—x/)
o(x,t)= udu / ox

Brune’s

u=0 (<0 Spectral Model

u(t)y=(c/wptr >0

The Fourier spectrum of u(t) is

Q@)= | (0/wW)Btexp ™ = —( y )(G%)

The initial particle velocity is:

{73

The inverse Fourier transform of u(t) over a finite frequency band

u@)y=( Y4 n)(“%) [ (%)2 )exp(ia)t)da)
i(t) = (%77:)(6%) :j:s exp(iot)dw
ii(t) = (%.C)(G%)G)s (sinw%)st)

For w, =10Hz and o =10MPa, ii(f =10)=2g

ERI Notes: RJA
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u(x=0,0)=(c/w)Pr(l—e"")

w(x=0,t)=(co/u)Be"”

The Fourier transform of displacement is

Q)= (c/wpo™ (0 +77)"

where T=0(r/ )

The farfield displacement is proportional to slip rate

and the effect of diffraction from the finite size (r) of

the fault is approximated by multiplying by e .

Of course we now have to consider the reduced time
”=t-R/B and we will multiply by a factor f+(r/R)

u(R,t)= fo(r/R)(c/u)Bt"e ™"

w(R,t)= fo(r/R)(c/w)B att’=0

The Fourier transform of the displacement u(R,t) is

Q(w)= fo(r/R)(oB/u) @’ +a*)"

fand o are determined by requiring the long-period

limit of the spectral density agrees with that from a

double-couple determined from a dislocation.

_ Rey M,
Q. (@)="% (4mpB°R)

ERI Notes: RJA

Brune’s
Spectral Model
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Brune’s Spectral Model

ERI Notes: RJA

The average spectrum is given by:

(Q,(@))=(Rps)(0B/ t)(r/ R)(@* +(2.34B/r)*)"

The corner frequency f, = (1/2r)(2.34B/r)=0378/r

At zero frequency, the spectrum must be the same as that from

the double-couple dislocation.

(Res ) M,
(€2.(0) (47pB°R)

or

_(47pB R){Q,(0))
Mo = %em

Brune: f.=037B/r
Madariaga(1976)f. =0.218/r
Madariaga(1979)f. =0.288/r
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Brune Spectrum

ERI Notes: RJA

Spectra
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Computing Corner Frequency and
Seismic Moment from Spectrum

£ normalized amplitude o

relative log amplitude
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Figure 5. a) Windowed normalized time series of one example trace with strong depth phases (black). The computed
stick seismogram is shown in bold grey. b) Computed EGF-corrected source spectra for the example trace (black).
The best-fitting theoretical model (dashed grey) has a corner frequency of 0.48 Hz and a stress drop of 14.5 MPa. ¢)
Demeaned spectrum of the stick seismogram. d) Sum of best-fitting theoretical model and spectrum of stick seismo-
gram (black). The dashed grey line shows the new best-fitting model. Note the small difference in f. compared to

b).
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Brune Spectrum with Kappa

K =1 = travel time/Q

multiply by exp(-pi*f*k) (k=t*=TT/Q)
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§+21 / \\\ T~ AN
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ERI Notes: RJA

67




Acceleration: Gold Mine
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Brune Spectrum with Kappa

k=1 =travel time/Q

multiply by exp(-pi*f*k) (k=t*=TT/Q)

\lJ

/

LE+22 b———| —

—
L= ~
~N

T
/ — \\\ \\\
\\

|
/

//

H
o
N
o
/
/
/

Kappa 0.0

“Spec¢tral Amplitude!
+

|
m
+

=
(o]

1.E+17

1.E+16
0.1 1.0 Frequency (HZ) 10.0 100.0

ERI Notes: RJA

69




Slip and Stress at a Point
on the Fault
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Brune’s Spectral Model

ERI Notes: RJA

M, =(16/7)or’

f.=037B/r

M, =(16/7)c(0.378/ £.)’
o= (7/16)1/0.37B)" |M,f’
Brune: f.=037B/r
Madariaga(1976)f. =0.218/r
Madariaga(1979)f. =0.288/r

Thus the difference in stress drop between Brune and Madariaga
is (037/021)° =55
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Stress and Energy (1)

E

0, =MU—— : Apparent Stress
M

o,<Ac/2

E,=3(0y+0,)DA-0 DA : Elastic energy - Frictional Energy

Orowan's model: 0 =0,

E,=%(0y—0;)DA : Only the stress difference is measured
E,=3(Ac)DA

DA=M,/u

E
3(A0) =37

ERI Notes: RJA
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Stress and Energy (2)

Following Randall, BSSA, 1973: The spectral theory of seismic
sources

ERI Notes: RJA

Qs (0)=(Ros )M, / (47pS°R)=(Ros ) M, / (4TUBR)

|QS ((U)| =

J_W u(t)e_iwtdt‘ < f’ u(t)| e dt = Q4(0) provided that

the displacement pulse does not change sign.

Following Randal (1972)

let x=w/21tf, Q5(®)=|(Rey) M, ! (47pB°R) | F(x)

where F(x)=(1+x")"" for Brune's Model

Note: for P waves Qp (@) = [(Rw > M, /(47rpa3R)]F(x)
andf. =0370/r

Ex(PorS)=(1/ 2)(<R9219> Mi )/ (pc )J:szz (x) where c = o or B

R /RO

/3




Stress and Energy (3)

Thus the total radiated energy is

Ex = (11/9)(47/ S)(Rey) M3 £/ (pB*) |, ¥ F* (%)

This is valid for any choice of spectral model.

Assuming the stress drops from 6° to 6': 6=0"—-0'

The energy available for seismic radiation from a circular fault
W=>1/2) (oM, /1)

Using My =(7/16)cr =0 =(16/T7) (M, /r’)

Substitute o this into the expresssion for W

W=(7n"M; f2)/4pB°k> where 2nf. =kB/r

W =E;

(77°M3 £2)[4pBK = (111 9)4r I SY(Ray M3 £2) 1 (pB)] x*F* (x)
which leads to an expression for k

k= 17.3/ [ F ()

ERI Notes: RJA

74




Stress and Energy (4)

For Brune's spectral model one finds
k =2.80 as opposed to what Brune derived 2.34 (correction, 1971)
f.=0448/4 which is 20% larger.

Many different models including simple @™ (k=2.35) and

even simple @~ models (k=2.96) or spherical models (0> ) with values

of k~2.7 allow one to estimate Ey

s 2ol Mif
Er 3'0( pﬁS)

Recall that we started with an energy for a circular fault

_ _p s Mof’
W=(1/2)(GM, | 1) = Ex = 3.0 :
(172)(cM, /1) ( B j

o=2 ‘LL(E%%) twice the "apparent stress" (Wyss and Molnar, 1972)

Gé6.O(M0fC3/'B3)

ERI Notes: RJA
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Fraction of Energy in Source Spectrum

Fraction of Energy

ERI Notes: RJA

Fraction of Source Energy as a Function of
Normalized Corner Frequency
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From Singh ar1d Ordaz, BSSA, 1994

10
Fraction of Corner Frequency (f/fc)
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Representation Theorem

¢.,,V;0G, (X, t—T;'g',())/agq dX

upq " J

Aki and Richards, (3.2)

Slip Rate , \
Time Function Change in isochrone
Velocity--acceleration

Stress Drop

: - __ of the the rupture front
(spatial derivative of slip)

ERI Notes: RJA Spudich and Frazer, BSSA, 1984 77




“Seismic Displacements Near a Fault”
Keiiti Aki ( J. Geophys. Res., 1968

sin X

U'(Q.0) = DARAI| A(0) < exp(—iwr/a—iX, —il/v) + B(ew) X

exp(—iwr/b—iX, —ia)l/v)}

X, =w(Al/2)] (1/v)—(cos8/c) |

(hz_Zz)%

D =D, 0<Z<h

Total Motion at Q
UQ.t)=FFT™'| Y U'(Q.0)]




Finite Fault—Kinematic (Haskell, 1964)

r
* Fault Geomeiry:
Length, Width 2

(72]

e Slip

e Rise Time

* Rupture Velocity
9
O
oz
e
n

Time
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Haskell Model

Haskell Model: A rupture front radiates out from the
hypocenter at constant speed. Each point on the
fault has the same slip and the same rise time. The
time at which a point starts to slip is determined by
the distance of that point from the hypocenter

divided by the rupture speed.

Length of fault

ERI Notes: RJA 80




Imperial Valley Slip and Rupture

Imperial Valley: Strike—Slip—Offset

1. E
3.t
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A 7
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ERI Notes: RIA From Archuleta, 1984, JGR
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1) Haskell's (1969) ramp

£
0 t - T <0
- 0 g]
RN T-:t 0<t-—<Ty (1.4.)
5
% Tpe t - 2
2) Exponential shape (Brune, 1970)
0 4
t ‘T( 0
3 -t/T £
3 = Q00 F)  nct-der s
5
0° TR <t - v
3) Elliptical (Hartzell, 1978)
1
& “
0 t - T <0
¢ 1 Haskell
HERIE DOJI - )12 0ct-—der, 2 Brune
R . N 3 Hartzell
]
Do TR<t°T 2 /-3 4SUd°
(1.4.58) i y \
4) Sudo's model (X. Sudo, 1972) L7 \ ‘\\ |
g
0 t-—<o ! ™
v
- 0 &
a(g,t) = -2°- (V-cos~ Tt;) D<t - —v]- < TR
£
D, Tp<t- T' (1.4.7)
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Displacements from

f L Kinematic Ruptures with
N : Different Slip Functions
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[ ; s Displacements from
Kinematic Ruptures with
Different Slip Functions

>
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r

Station 2
—— Haskell ==== JUCO
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