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Evaluation and Implementation of an Improved Methodology for

Earthquake Ground Response Analysis
Uniform Treatment of Source, Path and Site Effects

Final Report

Abstract:

Shortly after the 1994 Northridge Earthquake, Caltrans geotechnical engineers charged with
developing site-specific response spectra for high priority California bridges initiated a research
project aimed at broadening their perspective from simple geotechnical site response analyses to a
more comprehensive seismological approach. The project was centered on a series of seminars on
seismological theory and analyses using a pair of stochastic numerical ground motion models that
allowed uniform treatment of uncertainties in recognized earthquake source, path, and site effects.
The project was not intended to produce a “report” per se, but rather, was meant to strengthen the
knowledge and perspective of practicing engineers. Nevertheless, hard copy of seminar notes and a
portion of the analyses have now been recovered, scanned and compiled into this volume for their
archival and educational value.

Seven sets of seminar notes and two application examples are presented. Two seminars provide
an overview of site-specific specification of ground motion from a seismological perspective. Another
seminar provides background on seismological instrumentation and processing of strong-motion
recordings. A pair of seminars addresses empirical attenuation models and outlines the variety of
numerical ground motion modeling approaches. The final pair of seminars systematically explore
source, path and site effects on ground motion and various strategies employed to capture these
effects for purposes of prediction. The two application examples use the stochastic model to explore
the impacts and uncertainties of geotechnical site effects within the context of the broader
seismological problem.
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Seminar 1

(6/30/94, 127 p.)

Site Specific Specification of Ground Motion: An Overview, Part 1

a) Introductory Comments
b) Seismological Background
1) Seismic Source Theory
2) Point Source Ground Motion Model
a) Source Effects
b) Path Effects
c) Site Effects
3) Magnitude Scales
c) Measures of Strong Ground Motion
1) A, V, D, Response Spectra, Fourier Spectra
d) Features of Strong Ground Motion: lllustrations from Recordings
1) Rock vs. Soil
2) Magnitude Effects
3) Effects of Damping at Rock Sites
4) Nonlinear Soil Response
5) Directivity, Near-Source Effects



CALTRANS

SEMINAR ON STRONG GROUND MOTION

Seminar 1; June 30, 1994

Site Specific Specifications of Strong Ground Motions: An Overview
a) Introductory Comments

1) Purpose of seminar series: provide technology transfer to enhance in-house capability
in characterizing strong ground motion for engineering design.

2) Planned ten 3 hour seminars approximately bi-weekly: = 2% hr presentation, Y2-1

hr discussion sessions (question/answer?).

3) Seminar to concentrate on fundamental aspects of strong ground motion as well as
recent developments (stable, state—of—practice).v Cover everything from deﬁnitioﬁ of an
earthqﬁake (dislocation in a homogenous elastic solid) to numerical modeling of complex sources
with' an emphasis on factors which control strong ground motions. Concentrate on stable
features of strong ground motions, how predictaﬁle they are (empirically or through modeling),
and which aspects or parameters of the source, path, br site exert controlling influences.
Additionally, we’ll relate these source, path, and site‘parameters to physical concepts and
investigate how best to determine their median values and uncertainties.

4) Last seminar will concentrate on a case study: implement our approach in
characterizing strong ground motions as well as uncertainty for an actual project.

5) Appendix 1 shows the tentative seminar outline and schedule.

6) General References:

1990 Reiter: Earthquake Hazard Analysis, Issues and Insights. Columbia
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University Press.
1981 Kasahara: Ea_rthquake Mechanics. Cambridge University Press.
1958 Richter: Elementary Seismology. W.H. Freeman and Co.
1985 Bullen and Bolt: An Introduction to the Theory of Seismology
1980 Aki and Richards: Quantative Seismology. W.H. Freeman and Co.

EERI Monograph Series. Seed and Idriss, Hudson, Newmark and Hall.

- b) Seismological Background

1) Seismic Source Theory

Earthquake Definition: Broad definition; process within the earth 'which generates elastic
wave energy (large number of sources of elastic wave energy, Table 1). Restricted deﬁniﬁon
for us. Tectonic Earthquake: Seismicity associated with tectonic or other natural forces and
whose rates are unaffected by human activity (induced seismicity: mining, reservoir, thermal
load). |

Earthquake Model: Dislocation (crack) in a homogenous elastic medium under uniform

shear strain. Introduction of crack results in a reduction in strain Ae and

LAV

stress Ag (static stress drop) where Ae = k% , D is displacement and « depends on crack

geometry.

D
Ao =2p Ae =2 k—h— , p = shear modulus

=~ 3 x 10" dyne/cm? for the crust
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A more general relation

Ao = kp ([—?]) where 1 is a characteristic rupture or fault (crack) dimension. The

term D] is a strain change averaged over a scale length. Static stress drop then depends on

the shear strength, fault slip, and "size" of the fault as well as geometry through the constant
K.

For oo SS rectangular fault Ao

B — , w = fault width 0))
w

For circular fault Ao = —17-6— T R o] , a = fault radius 2)
a

Circular fault relation applied to finite rectangular faults: L « W = 7 a?

_ 1 [D]
Ao = T TR (__L_'}_V_)llz | 3).
T

The circular fault equation (using L and W) is a common relation used to evaluate static

stress drop. From observations, Ao appears to be independent of magnitude with a an average

value of about 30 bars for California earthquakes (inter-plate). This value may be higher for
intra-plate events.

Constant A¢ implies that the term ([—Il)]) or strain drop is also constant. To see this,

we introduce the seismic moment

-Mo =u A [D], A = fault area. @

This is a force (1 A) times a distance or length ([D]) and describes the strength of a

caltrans\reports:June22,1994




double couple (zero torque) shear dislocation force system. The seismic moment and stress drop

are directly related to the energy released

w=—M . ®)

For circulate faults from (2)

=7 [D]
Ag = 1—6'75i1 (14_)1/2 | (6)
T

using M, = u A [D]

16
7 w32

giving M, = ( ) Ag A% Q)

16
7 w3

orlog M, = log ( ) +log Ao +321log A ' ®)

Then M, o< A%? for Ao = constant.

Figure 1 shows plot of log A verses log M, for inter- and intra-plate earthquakes.
Inter-plate:  Earthquakes which occur along or parallel to major plate boundaries: includes

subduction and transform fault thrust earthquakes.

Intra-plate:  Earthquakes which occur clearly within a plate boundary: fault planes not along

caltrans\reports;June22,1994 ’ 4




plate boundary (San Fernando, Kern County).

From Figure 1, the linearity of log S (area) verses log M, with a % slope is clear. Most
earthquakes have stress drops between 10-100 bars. The average stress drop is about 60 bars.
Inter-plate = 30 bars
Intra-plate = 100 bars

This result is one of the most fundamental observations in seismology.

Radiation Pattern. Near And Far Field Terms

For a slip D (X, t) distributed on a surface X, the displacement 1 in spherical co-ordinates

can be written as:

é(’,. | P’W
‘Q@ s SV - npne
&tﬁ f//—m

4 %3

caltrans\reports:June22,1994 5




A
4;(#,6,¢/1'} - 4 740:»‘2@4(/;.24 '/f
D

s -3 s - = .
be ( o A 20 A2 G| p (3, ') dr ol
&(ﬂ( ) o '64‘“chr/>a2¢
- A
sta
L
4 Y256 s
r S 220 2, -
b 77 og* ] 2 [/ D(”,I“I‘) d5
"R O oo ) -
s‘f
2
N 1 E:"M’o sei2ep (
9775";2- 2 26 4iad Va D(,z/ 7 f;_) AS
7%‘91%-&?

M\

b7

[ )

{ E»L"g D) & . ’
3
r)

b7 A

4"*\9 € AP
/

-
1
* Ja-«womup/' gD(Y/J‘—}‘)/j (7)
=z
2

caltrans\reports:June22,1994




The 5 terms behave rougilﬂy as

Atnsionr

{ /
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~
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Features of interest:
1) 1* 3 terms are "near-field" and attenuate as r2
2) Near-field terms mix P- and S-waves
3) Near-field terms are proportional to slip D
45 Last 2 terms are "far-field" and attenuate as r’
5) Far-field terms separate P- and S-waves (some of us would have chosen another field
if this were not the case!)

6) Far-field terms are proportional to slip velocity D

% 2

7) Amplitﬁde of S-waves > P-waves by = 5, for Poisson solid o = (0.25)

8) Radiation pattern in 4, @ for far field terms: Figure 2
9) M, contained in far-field fED ds term. Ignoring‘coéfﬁcients
u= p f D ds and consider
f i u(t) dt’ or average value of

-Co

displacement: same as f=0 or zero frequency part of Fourier amplitude spectrum.

C“a’:/‘g gf?(?,f’{‘)/&'/r -
| o 2
4
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Important results: seismic moment

equivalently, the D.C. term in the Fourier amplitude spectrum computed from earthquake
recordings (corrected for radiation pattern and damping (material and radiation). It is therefor

a true measure of the gross size only and the measurement is done at very low frequencies where

M, is the average surface displacement or,

material damping and wave scattering are minimal.

To look at how ground motion should behave at frequencies other than DC, we need a

source model: a function (time or frequency) showing the characteristics of D(X, t) in the far

field.

2) Point-Source Ground Motion Model

a) Source Effects

caltrans\reports:June22,1994
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Character of dislocation time history

D (+)

T

v b
:

Effects of source finiteness

another sinc function

multiplies spectrum

S o T
2
o T e
2

due to diffraction effects

results in another corner: ;c_
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A
. N )
ramp + finiteness 2 -
D» \
-l
' —‘\ ¢ t -
4L AR
e o
look at T¢ term : e« Z S~ - - L .

1

7
g=0 directivity toward site, increase in spectral content
= directivity array from site, decrease in spectral content

Effects of directivity for simple model: shift in corner frequency due to

diffraction of a finite source.

For real earthquake at strong motion frequencies 0.1 - 50 Hz, éffects of finiteness are
much more complicated due to

1) presence of asperities (non uniform slip)

2) nonuniform rupture velocity

3) variable rise time

4) path and site effects (difficult to compare recordings at two different sites to isolate
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source effects).

For strong motions, directivity effects appear to be most significant at low frequencies:

< 1 Hz.

Brune Source: circular fault, effects of rise time and finiteness combined
N
O /M o ’1
Do) - (&) M -2
1+ [£ )“
Se

2 parameter source model: M,, Ao completely and uniquely describe source spectrum.

M, related to magnitude

Ao = constant, Brune stress drop related to effective stress: Difference between |
dynamic fractional stress and stress just prior to an earthquake. Sometimes referred to
as dynamic stress drop. Unfortunately static (computed from area) A¢ and Brune stress

drops are not the same in concept or value.
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Ao static = 30 bars California

Ao Brune (Dynamic, RMS) = 100 bars California (Table 2)

From the equation for fc and the spectral shape, the high frequency source strength is

very sensitive to Ao as fc ~ (Ao) V5. For California earthquakes, assuming Ao = 100 bars

fc = 300 e'"™, M = moment magnitude
M fc (Hz)

300
9
1
0.3
0.1
0.03

00 ~JONWn WO

For the Brune source, the Fourier amplitude spectrum of acceleration looks like

A
FJ/Mv | /\T-/-‘/ £ ool
-+ 4 afct ("“’)

1+ ) | 2/ ’

so high frequencies depend strongly on Ag. For the Brune source, the fault radius, a, is given

by
a = 0.37 B/fc
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From the scaling relation fc (Ao, M,) we can see how the source spectrum changes with

earthquake size (M,).

Cm,

1
(@)

b) Path Effects
1) Damping

The Brune source acceleration spectrum is flat in acceleration at high frequencies. As

* the seismic radiation propagates, material damping through scattering and intrinsic absorption

roll off the source spectrum

ar g doFare
T RzAL

- %/g?.;

term- to represent material damping
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- THR
e ',Pq/fff/

R = hypocentral distance

H

Q(f): frequency dependent deep crustal damping Q = 2,

~ 150 f* - WNA

500 £ ENA

2) Geometric attenuation (radiation damping)

.:%Z- , CQ /0944)

can also accommodate post—critiéal reflections through a generalized G(R) term.

c) Site Effects
a) Rock sites: the site term (for rock sites) generally has the forms
A(f) €™ where
A(f) is amplification due to the velocity gradient from source depth to the site.

High frequency asymptote is
gh 1req y asymp A,% 2. s

Fo A~ \);?% = 2.3 AT Zyrone

A~
X7y : A 4,,é... ne
for soft rock (WNA) and o /"04"’&
Heoee)
~1

for hard rock (ENA).
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x: kappa, frequency independent shallow crustal damping 1-2 km
= 0.04 sec WNA
Table 3
=~ (.008 sec ENA

and is strongly correlated to rock strength.

Figure 3 shows kappa values plotted verses average shear-wave veiocity over
about 100 ft at rock sites which recorded the 1989 Loma Prieta earthquake. The
average values is about 0.04 sec.

Figure 4 shows soft and hard rock velocity gradients. -

Figure 5 shows soft and hard rock site terms.

For rock sites, the point source model takes the form

~7FR .

Z(¢)> M, £ v - T kF
(f-C_Mt C 749 | atge (4)

1+ @F_—)J R \

W.v/»qum

c - L A 0,&7

RS
zbw-o
3
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where: 2 = free surface effect
0.63 = average radiation pattern ‘ —_

1/A/2 = partition of energy onto one component

zgzﬁ)/, | | L

e fo(ra bz, ms) —’/%/:

Figures 6,7 shows Fourier amplitude spectrum computed from recordings compared to model

Table 4 shows model predictions at R = 10 km for WNA and ENA parameters.
~b) Soil Sites:
The effect of a soil column on strong ground motion is identical to that for rock sites:
amplification through a velocity gradient competing with deamplification through
damping (material and scattering). Because soils are generally softer than rock, liklehood

is greater for nonlinear response.

Currently the distinction between rock and soil sites is becoming less clear. Figures 8
and 9 show shear-wave velocity profiles for "rock” and "soil" sites. 'Interes_tingly, over .
shallow portions of the profiles, rock and soil sites have similar velocities. Also of note:

the variability of rock velocities appears to be greater than for soil. This suggests that

caltrans\reports:June22,1994 17




variability of ground motions should be higher at rock sites at high frequencies. If the
increased variability exists to greater depths, this inference extends to lower frequencies

as well.

The general effect of a soil column (> 20 ft) dn strong ground motions is to amplify at
low frequencies by about 2-3 (5% damped response spectfa_) and to deamplify at high
frequencies (= 0.6) relative to rock. The spectral shape (response spectra) must then
be different for rock and for soil. Additionally, nonlinear material response will cause

changes in the frequency range of the amplification to deamplification crossover.

Figure 10 shows deep soil-to-rock 5% damped response spectral ratios from regression
analyses on the empirical strong motion data base. The Figure shows excellent evidence

of nonlinear material response as the amplification decreases as rock motion increases.

The classical approach to specifying site effects is the vertically propagating shear-wave

model using the rock outcrop motion as control or input motion.

Examples of computed site effects for a generic soil profile (Figure 11) are shown in
Figures 12 and 13 for 5% damped response spectra as functions of profile thickness.
Figure 12 demonstrates nonlinearity at an oscillator frequency of 2.5 Hz and Figure 13

shows amplifications for various frequencies for a control motion level of 0.5g.

In general, site effects, apart from earthquake size, represent the greatest source of

caltrans\reports:June22,1994 1 8




variability in strong ground motions.

3) Magnitude Scales
Magnitude scales have the general formula
M =log A + f(d, h) + C5 + Cy
where A = amplitude measured on some instrument (corrected for instrument response)
f = correction function of distance and depth
Cs= station correction

Cr= regional correction.

Magnitude scales such as these are measures of the source spectrum over a narrbw
frequency band roughly corresponding to the maximum magnification of the particular recording
system. Because the shape of the source, spectrum changes with earthquake size, magnitude
scales defined in this way do not give the same number for the same size earthquake. There at
least 18 different magnitude scales of this type plaguing the seismological community and all of
them, being based on nmow—bmd measures of amplitude, will saturate; under-estimate

earthquake size.

To show this, Figure 14 shows a sketch of the Brune source spectra (Ac = 100 bars)

along with bandwidth of the M; and M scales. M, begins to saturate around 6.5 and Mg around
7.5. Figure 15 shows relationships between several scales and Appendix 3 gives definitions of

several common scales. Table 5 lists period ranges for various scales.

caltrans\reports:June22,1994 . 19




From Figure 14, it is. apparent that only seismic moment, M,, scales properly with size
because it is at zero or very low frequency, away from any corners. As a result moment
magnitude was introduced and defined as

M = (log M, - 16.05)/1.5

or

logM, = 1.5M + 16.1 .

The seismic moment is generally measured at periods exceeding 10 sec for large
earthquakes (> M 5) from the low frequency portion of the displacement spectra computed from

recordings by inverting Equation 14.

EXAMPLE OF SATURATION

| M, M

1906 SF 8.3 7.8
1960 Chile 8.3 9.5

d) Measures of Strong Ground Motion

1) Time Domain: Ground motions due to eaﬁhquakes recorded on seismographs which
are sensitive to ground acceleration over a wide bandwidth (accelerographs) are referred to as
strong ground motions. In géneral; the gains are low factor of 10-100 compared to sensitive
seismographs (= 10%). Typical instrument acceleration sensitivity:

- AL G 1 i\"" fe 2 20 #a

The accelerograph passes ground accelerahon without distortion up to its corner

frequency. Beyond that it acts like a low-pass filter.
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Figures 16 and 17 show 3 component acceleration time histories recorded at deep soil
sites located at about the same rupture distances (= 25 km) from the M 7.4 Landers earthquake.

These records are uncorrected for instrument response (removal of the acceleration sensitivity).

Of interest, the vertical motions show higher frequencies than the horizontal with larger

motions earlier in the records. These observations suggest that these verticals are dominated by

P-waves (o< > (3) and that P-waves have significantly less soil damping than S-waves.

Additionally, the Yermo site (Figure 16) has a shorter duration of strong motion than

Desert Hot Springs (Figure 17). This is a result of directivity and our 7, from Equation 11.

For velocity and displécement, the acceleration time histories are integrated either in the
time or frequency domains (Appendix 2). Figures 18 and 19 show A, V, and D time histories
for the Yermo and Desert Hot Springs sites. Note for Yermo, the effects of rupture directivity
(toward Yermo) not only shortens the duration but results in much larger velocity and
displacement time histories. Interestingly, directivity has less of an effect on the acceleration
amplitude, suggesting a predominatelyklow frequency phenomena.

2) Frequency Domain: |

a) Fourier spectra
Complex representation of a real time history a(t):

a) = ["a (¢ eV df

-0
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This equation assumes that any time history can be decomposed into harmonics of
frequency f of near zero spacing df. The weighting function for continuous f
(frequencies) is the complex function a(f).

7 i = f o @ e dt

-8

The modulus of &(f) is the Fourier amplitude spectrum and describes how the energy

contained in a(t) is distributed with frequency.

The phase of a(f) is the Fourier phase spectrum and describes how the energy contained

in a(t) is distributed in time.

& = agH + i &

~2 ~2 i
=(az (O + &7 () MO

|a(f)] = Fourier amplitude spectrum

energy o |a(h|*

a
o) = tan™)( ~1(f) )
ayn
®(f) = Fourier phase spectrum

= gpecifies relative delay between spectral components |4(f)|. (Appendix 2).
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Figures 20-24 illu.strate some interesting features of Fourier spectra for the Landers (M
7.4) earthquake at the site Lucern (D = 2 km). Figure 20 shows Fourier amplitude spectra
computed 1) from recorded motions and 2) point source model including a 20 ft thick stiff

generic soil profile. Both data and model have filters (HP 2 pole at 0.1 Hz, Lp 4 pole at 30

Hz).

4

1) spectra looks like our sketches

/évr} ale

2) point source does very well for M 7.5, D = 2 km.

Figure 21 shows corresponding response spectra.

Figures 22-24 show recorded A, V, D and computed A, V, D by adding phase spectrum

from recording to model a(f).

1) recorded and computed motions appear very similar,

2) ®(f): phase spectrum describes how energy distributed in time,
3) easy way to generate synthetic time histories if ®(f) is available from recordings or

a suitable model.
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b) Response Spectra: Simple harmonic oscillator subjected to a force (ground

acceleration).
v
z
yAN absolute motion of ground
X: absolute motion of mass
y = x-z, relative mass motion (positive for spring extension)

For dynamic equilibrium Zf = 0

mX+cy+Ky=0
X=y+ 1z

.'vmj(y+;z')+cy+ij=0
¥+ 2wy + Wy = -Z

1 = fraction of critical damping

Taking Fourier transforms or assuming y ~ sin w.t, z ~ sin w.t, where w, is the earth

or ground radial frequency we have

0 () + 2000, 5() + 0 IF) = o ()
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rearranging and looking at modulus (and neglecting 2 7 terms)

V(%) - ;; L () e pl

K + (2},6{,)‘]"

H(;J,Fc 14/ (’Z(Fe)) /”‘7/%
f ' P
1 T
W W,{ Jﬂa:euﬂ é@, ﬁ..
F. o 7;"“’"%“ : £r
| e - L2 tr) - “larin

Look at transfer function and F.S. of absolute ground displacement

1
24 X
A.‘z . Ml

“.

Af, = width of resonance peat at % amplitude
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2Vias 2 M5
¢

F‘,} v » _1-72

Aﬁ(_ Vi A Vi 24

L

where A = logrithimic decrement
Important points:
1) For fixed frequency, f;, as damping 7 increases Af, increases

2) For fixed damping, 7, as frequency f; increases Af, increases

Figure 25 shows H(f, f,, h) for f = 1, 10, 30 Hz

Relative displacement F.S. is a product of the absolute ground displacement F.S. and

oscillator transfer function whose window Af, increases in width with increasing f; (oscillator

4

frequency). {[ "F |
| : q % 22 4 Hs

Mo .
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At low f,, because Af, is very narrow §(f,) windows Z(f;) near f;

At high £, because Af, is very wide y(f,) windows Z(f,) over a wide range of f..

Deﬁniﬁons of Response Spectrum

’l'/',c'f; . |
$p = /‘/(ﬁlr ?(,C,)'ze ‘;(g g, -
| -2 .
Ay
r r
s |y 2004 £, -
SV= Y| - 276 T75) 7 ',7;/( o .
Pray | | | 5
- | ey
| » o
. /A ~ 27/'4.&1“
a: | X0 kff‘) e (V(£)+ z(,c,))c AL, LA
RS -
"y
- \
Y i
AT Y

_ Why not relative acceleration |§(t) |’

Actually of no use: interested in inertial force on structure m %. Mass times absolute
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acceleration.

¢y , Vviscous force

Ky , spring force

SV not of much interest either. Real interest is in SD because of spring force: strain

energy in structure & y>. Also SD provides an additional and convenient way of

evaluating SA.

To see this the "pseudo" spectra are introduced

PSV = 27f; SD pseudo relative velocity

PSA = (2m)* f? SD pseudo absolute acceleration

' SD: relative displacement is &< to maximum strain energy in the structure (spring)

1
BO = 5 %70
£ - Lo 5@ = L ) 0P
max_"Zij max—_z_j /

5 sy = 1 @rpy D7 = 5 @Y
J
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SA: absolute acceleration o maximum inertial forces on structure m;X. Convenient to
h.ave a relationships between SA and PSA.
Recall the oscillator equation
¥+ 2wy + oy = -3

for a small ¥ term

2

y+i=-wy

y+il =SA , ] = 8D,

max max

PSA = -Q27)* f? y]|
max

’. SA = PSA , for small y term
Recap:
y : relative displacement between mass and ground with the

governing equation

¥+ 29wy + wy = -Z

SD = y(t)| relative displacement

max
SV = fr(t) | relative velocity

max
SA = y(t) + i(t) | absolute acceleration

max

PSV = w; SD | pseudo relative velocity
PSA = w?SD = SA pseudo absolute acceleration =~ absolute acceleration
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Asymptotic values for response spectra; look at the transfer function representation

T() - L (%)
[6; - 5+ @st5) ] ,

FJ o T = oo

},’\.[F,_) = - 1 ‘ E/’Ctj

ey
Comnede, SV arel Prv
A /N
27 f V(k) = - 2% , Z (%)

-- F.s. 7 W ,vvevwli? "
SV (§m0) ¢ V| e 4, :

Pri(g »e) = 22 & 5D = O

caltrans\reports:June22,1994 30




W YA et Psa

Y L Vi) - -0 L Z (&)

2 L (T Zer)) = 2 '
F 5. o ebnbrn ascelonze. ¥
$9(50) = Gvx | 20 |
r7ray

Pra(fj=>s) = @z) !-f £y =0

Figure 26 shows an example of SD (a), SV and PSV (b), and PSA (c) on log-log axes.
Note SD = z,,, at f; = 0 and the general shape of the spectrum looks like &(f)/f.?, Fourier

amplitude spectrum of our w? model. For spectral velocity SV = z,,, at f; = 0 and PSV = 0.

The PSA plot (c) looks like our a(f,) and saturates to Z,,, at high frequency.

The variability of the spectral ordinates appears to decrease with increasing £ due to the

accompanying increase in Af,: the wider window in the transfer function has a smoothing effect.

PSA saturates to PGA at high f;, i.e. when f; exceeds the dominant energy in a(f),

Figure 27 shows a conventional "tripartite" plot of PSV along with peak values of % 2,
and z. The PSV increases with a 1 slope in the low frequency range, has a mid frequency range
flat in velocity, and then decreases with = 1 + slope at high frequencies. The PSV spectrum

is anchored at low frequency to z,,, and at high frequency to max Z,,.

2t o
caltrans\reports:Junc22,1954 y__\ . 3 1*% pfﬁ i s 1
=1 iy A '

—> Gy f i
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d) Features of Strong Ground Motion
The following figure sets illustrate:
1) Motions on rock sites compared to motions on soil sites,
2) Effects of magnitude on Fourier amplitude spectra and on 5% damped response
spectra, ’
3) Effects of damping (kappa) at rock sites,
4) Nonlinear soil response,

5) Rupture directivity and near-source effects.
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Table 1 Earth Disturbances Recorded by Seismographs*

A. Continvous disturbances
1. Artificial
Traffic
Machinery
2. Natural (microseisms)
Meteorological: storms, wind, frost
Water in motion: surf, streams, waterfails
Voleanic tremor
B. Single disturbonces
1. Artificial {chiefly explosions)
vBlcsting: quarry or road work, geophysical exploration
Explosives tests
Demolitions
Bombing and bomb tests
Gunfire
Accidental large detonations
2. Notural (including earthquakes)
l. Minor causes "
Collapse of caves
Large slides and slumps
Rockbursts in mines
Meteorites
ll. Volcanic shocks
Superficial, explosive
Magmatic or eruptive
lll. Tectonic shocks
Shallow or normal {depths not over 60 kilometers)
Intermediate (depths 70 to 300 kilometers)
Deep (depths 300 to 720 kilometers)

* This table, and the following discussion, show the problems involved in defining the term "earthquake.”
Authors have differed extremely, Some have practically restricted the meaning to tectonic shocks, others
occept only volcanic shocks In addition; some include artificial shocks, and a few have framed deﬂnmom

0 broad as to include mlcromsms




Table 2
STRESS DROP SUMMARY

ACTIVE REGIONS
Ao (Bars) Oy,
M M Range Inversion | RMS2 | Inversion { RMS2 N
. 4 (3
3.5 3.3-3.7 52.0 18.1 0.42 0.64 14 (11)°
4.0 3.8-4.2 66.1 48.9 0.84 0.85 19 (17y
4.5 4.3-4.7 71.2 58.4 0.65 0.84 11
5.0 4.8-5.2 121.3 109.4 0.84 0.79 12
5.5 53-5.7 104.9 118.4 0.58 0.55 8
6.0 5.8-6.2 77.6 92.3 0.74 0.57 9
6.5 6.3-6.7 88.4 100.6 0.37 0.30 7
7.0 6.8-7.2 107.0 112.5 0.33 0.21 3
1.5 7.3-17.7 143.7 176.3 0.26 0.41 2
3.0-7.5 2.8-7.17 71.4 58.9 0.82 1.08 90
All ' :
5.0-7.5 4.8 -7.7 101.2 108.2 0.68 0.60 41
Main ]
5.0-7.5 4.8-7.7 108.2 118.0 0.50 0.44 23
After - | '
5.0-7.5 4.8 -7.7 92.9 96.8 0.85 0.74 18
STABLE CONTINENTAL INTERIORS
All 2.1-7.2 88.8 . 0.99 36
~ Main 3.0-7.2 89.3 1.00 20
After 2.1-5.4 88.1 0.97 16

"Number of earthquakes available for RMS stress drops.




TABLE 3

KAPPA VALUES FOR "AVERAGE" SITE CONDITIONS IN WNA AND ENA

Tectonic "Average" Site N Median Kappa Oy Range Of Kappa For
Regime Condition (sec) This Site Condition (sec)
WNA  Hard rock 11 0.026 0.58 0.010-0.060
Weathered hard rock. 9 0.035. 0.52 0.015-0.100
Soft rock 15 0.045 0.51 0.015-0.080
Sheared rock 4 0.062 0.41 0.040-0.120
Combined 39 0.037 0.59 0.010-0.120
ENA Hard rock 16 0.007 0.42 0.004-0.016
Soft rock 3 0.017 0.09 0.015-0.018
Sheared rock 1 0.025 0.025

Combined 20 0.008 0.55 0.004-0.025

Note: In WNA, The Parkfield, EPRI soil sites are excluded from this table. In ENA, the Painesville,
Ohio soil sites are excluded from this table.

*"Average" Site Condition is defined as;

Hard Rock: WNA as granite, schist, carbonate, slate
ENA as granitic pluton, carbonate, sites in Canadian Shield region (Saguenay, New
Hampshire).

Weathered Hard Rock: WNA as weathered granitic rock and tonalite

Soft Rock: WNA as sandstone and breccias
ENA as sandstone and claystone

Sheared Rock: WNA as site near fault zone (Gilroy #6) or greenstone site in Franciscan (Redwood City,
Hayward). '
ENA as site near fault zone (Nahanni River Site #1)




TABLE 4

MOMENT MAGNITUDE, CORNER FREQUENCY,
PEAK ACCELERATION, AND PEAK PARTICLE VELOCITY AT R = 10 KM
FOR STANDARD WNA AND ENA PARAMETERS '

WNA
M £EH AR £EH)  Vims) fHED Vl/Adem/se)
25 17.59 0.003  15.03 0.05  9.93 15.73
35 5.563 0.020  10.47 0.43 637 21.46
45 1.759 0.072  7.84 250 391 34.80
5.5 0.556 0.178  6.86 . 973  2.45 54.52
6.5 0.176 0378 656 3217 155 85.00
7.5 0.056 0756 - 648 8795 113 116.40
ENA
M fc(Hz) Ar(®)  fiHz)  Velem/s) £(Hz) Vp/Ax(cm/s/g)
2.5 19.244 0017 3870  0.09  25.54 5.49
3.5 6.084 0055 3115 051 1455 9.28
4.5 1.924 0.133 2743 217 192 16.37
5.5 0.608 0283 2598 822  4.32 29.07
6.5 0.152 0.567 2547  28.63  2.44 50.46
7.5 0.061 1.104 2532 8176  1.67 74.03

“"Predominant frequencies estimated from random process theory




TABLE 5

MAGNITUDE SCALES

Scale T Anax Related scales
(sec) (km)

ML O.l ~ 3 10 m blg

M, -20 . 70 MGR' MR' MD‘ Mz. Mv. MJMA

mg 0.5~12 - 70 ¢

my ) ~ 1 10 mbLs

Moment magnitude 10 ~o0 o0 My, M, Mg, M,

Mc - - ,

M[ - - MK M

Notation

T Period

A Maximum wave length

max

M,  Local magnitude, Richter (1935)

M,  Surface-wave magnitude, Gutenberg (1945a)

. mg  Body-wave magnitude, Gutenberg (1945b), Gutenberg and Richter (1956)

my  Short-period body-wave magnitude reported in *Earthquake Data Reports™ ‘and “Bulletin of
International Seismological Center”

my, . Lg-wave magnitude, e.g., Nuttli (1973)

Mg Magnitude used in Gutenberg and Richter (1954)

Mg Magnitude used in Richter (1958)

My Magnitude used in Duda (1965)

M,  Surface-wave magnitude determined from the vertical-component seismograms (e.g., Earthquake
Data Reports)

M,  Surface-wave magnitude defined by Vanék et al. (1962)

M\ A Magnitude scale used by the Japan Meteorological Agency

My, Moment magnitude by Brune and Engen (1969)

M, Kanamori (1977)

Mg Purcaru and Berckhemer (1978)

M,  Tsunami magnitude regressed against M,,, Abe (1979)

M& Coda (or duration magnitude), e.g., Bisztricsany (1959), Tsumura (1967), Real and Teng (1973)

M,  Magnitude determined from intensity data and macro-seismic data, e.g., Nuttli and Zollweg (1974).
Nuttli et al., (1979), Utsu (1979).

My Kawasumi (1951)
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Figure 1. Relation between S (fault surface arca) and M, (scismic moment). The straight lines give thie’
relations for circular cracks with constant Aa (stress drop).




0=90°

6 = 180°

(@)

Fault normal

(b)

Figure 2.
Diagrams for the radiation pattern of the radial component of displacement due to a
double couple, i.e., sin 20 cos ¢f. (a) The lobes are a locus of points having a distance
from the origin that is proportional to sin 2. The diagram is for a plane of constant

" azimuth, and the pair of arrows at the center denotes the shear dislocation. Note the
alternating quadrants of inward and outward directions. In terms of far-field P-wave
displacement, plus signs denote outward displacement (if Mt ~ r/x) is positive), and
minus signs denote inward displacement. (b) View of the radiation pattern over a sphere
centered on the origin. Plus and minus signs of various sizes denote variation (with 6, ¢)
of outward and inward motions, The fault plane and the auxiliary plane are nodal lines
(on which sin 26 cos ¢ = 0).




0=90°

0 =180°
{a)

Fault normal Auxiliary plane
v

(b)

Figure 2. (cont.)

Diagrams for the radiation pattern of the transverse component of displacement due to
a double couple, i.e., cos 20 cos ¢ — cos 8 sin ¢. (a) The four-lobed pattern in plane
{¢ = 0,¢ = =}. The central pair of arrows shows the sense of shear dislocation, and
arrows imposed on each lobe show the direction of particle displacement associated with
the lobe. If applied to the far-field S-wave displacement, it is assumed that Myt — r/f)

is positive. (b) Off the two planes 0 = n/2 and {¢ = 0, ¢ = =}, the ¢ component is
nonzero, hence (a) is of limited use. This diagram is a view of the radiation pattern over
a whole sphere centered on the origin, and arrows (with varying size and direction) in the
spherical surface denote the variation (with 6, ¢) of the transverse motions.
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Figure 4. Comparison of average shear-wave velocity profile for WNA (Boore; personal
communication, 1988) (solid line) with quadratic fit to ENA well log profile (Moodus) (dotted

line).
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Figure 5. Upper set of curves: comparison of amplification factors computed by response
analysis using WNA shear-wave velocity profile (Table 2-5) and Q, = 0.007 * 8; (Qs = 6)
(dash-dotted) with Boore’s (1986) amplification factors combined with a kappa operator (x =
0.04 sec) (long-dashed). Lower set of curves: amplification factors computed by response
analysis using ENA shear-wave velocity profile (Table 2-6) and Qs = 0.029 * 8, compared
to unity with a kappa operator (x = 0.006 sec).




MODEL DEVELOPMENT

SIGNIFICANT OBSERVATIONS
la) FOURIER ACCELERATION SPECTRAL DENSITY APPROXIMATELY CONSTANT
BETWEEN LOW-AND HIGH- FREQUENCY CUT OFFS (HANKS, 1982)

.SRN FERNANDO ERRTHOURKE FEB g, 1971 - 0600 PST
o JICOHY 71,001.0, PACOIMA Dnd, CAL,  COHP SIEE

T I ST R R S S S E) SR R S R BN Y SR U R R

LOG Of FOUAICR AnPLITUDE SPECTAUM - CH/SEC
i

Rt o . 0 1 2
*LOG OF FREQUENCY - CPS

Figur e 6. Whole-record spectrum of the Sen Fernando earthquake (9 February 1971; M, = 6.4) at-
P'aecoima Dam (S16E component). fo and fuu: are estimated as indicated. Modified from Trifunac et al.

(197d),




2) HIGH-FREQUENCY CUTOFF DUE TO NEAR SURFACE (1-2 km) DAMPING IN

CRUSTAL ROCKS (ANDERSON AND HOUGH, 1984).

CUCAPAH 85° .
June 9,1980 03:28 GMT

102
101 .

100 b

10-!

T

10-2 1 1 t1ep14t 1 1 1 i1ty 1t p gttt 1 ¢ 114811
© o 10~2 10-! 100 10} 107
LOG OF FREQUENCY

'_102~ . B

10!

SPECTRAL AMPUTUDE (CM/SEC)

]00 -

10-1

. 1072 '
0 20 40 60 80 100

FREQUENCY (H:)

Figure 7. Fourier amplitude spectrum of the N85°E cbrriponent of strong ground acceleration
recorded at Cucapah during the Mexicali Valley earthquake of 9 June-1980 (M, 6.2). Accelero-
graph was a digital recorder which samples at a rate of 200/sec. (A) Log-log axies. (B) Lirear-log

axes.
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Figure 11. Standard soil profile appropriate for the Central and Eastern United States sites
(gradient). Site categories 1-5 are indicated by their respective soil column depths. Constant
shear-wave velocity profiles represent averages (over travel time) of the gradient profiles for

each site category.
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Figure 12, Plot of median 5% damped response spectral amplification factors computed for
the five site categories (Table 6-2) at a frequency of 2.5 Hz. Size of symbol indicates level of

i;\put (rock outcrop) acceleration (0.1, 0.3, 0.5, 0.75, 1 g).
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1) Figures 28 - 36 illustrating general differences in strong ground motions at typical rock and

deep stiff soil sites.
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2) Figures 37 - 43 illustrating the éffects of earthquake magnitude on strong ground motions at

rock sites.
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3) Figures 44 - 56 illustrating the effects of damping (kappa) at rock sites.
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M 6.5 earthquake at 10 km using WNA parameters, As kappa increases, the
peak shifts to longer periods and remains essentially constant in amplitude.



ip 1

10 D

Sa (g)
1 -1

10 <

10 3

-

-~

— -

1 L1 L i til

A [ RN

N TR X"‘FX\ \.'\ \\;\\ \::\ 3
L )::-"/ \x A \\:\\ AN i
el X — KT T XN ' N AN RO
N % N BN RN
. \\
- ., \.\x ‘> AN R
- ' > \ l\ NN \3’
L '|l"Il'l- \ X \. \\\:\ A o
B . ., X . \ i
e . . L l:" \ \\X \\Q. \\ -
et N\ "N ]
= "'l" \xx \' \ -
. W \ \
1 N S N U I A { { i3 1.t 11 ] ] | IS N WO I §
10 =2 10 -4 100 1o 1
Perjod (gec)
WNA AND ENAR SPECTRA
ROCK, R= 10 KM
LEGEND
—— ENA M=7.35
----- EMA :6.5
—_——— ENA M=5.5
—— ENA M=4,5
—_— X ENA M=3.S
T ENA M=2.5
E— WNA M=7.5
————— WA M=6.5
——— WA 15,5
—_—— W M=4,5
— X WNA M=3.5
80 M=2,5

54.



ip 0

L L tLlL

= ;
- /“"'—__m j
- Ty
o f N
: POttt -
: Teatsl .
.;-r"""‘- ‘—\-.._,_‘__'-\ $\::\\ -
= - — s e Y
i) T ""':\“\. \::\
7 = RN 1
. T, \\\\ 3
5 e I
v A
= ha ‘\' \:\ ]
gm \. AN \::,\
i —_ .
g XPTX A NN ‘*
X, ™\ '\
N X N
XN "N
\Xx N .
1 ) N
o Xx \ ]
= ..-.- \\X "i\. E
] '. x -
: e N\ N ]
. n. \xx \ -
- '. \ -1
wy 1{ ; .. \ x .
! )‘(. ., " X\\
E . 1 L' l'l 1. .1 11 i 1 1 1 L1l
to -€ 1p -1 1p O ip !

Perjod (sec)

WNA AND ENA SPECTRA
ROCK, R= 10 KM

LEGEND

_— EMA N=7.35
----- ENA M=6.5
———-  DAMS3
—_— ENA M=4.5
—_— X - ENA M=3.5

Tty ENA M=2.5
—— WA M=7.5
----- N M=6.5
—_— WNA M=5.5
—— e M=4.5
—_—X- WA M=3.5 Figure 55.

WA M=Z.5



.“]—1

(sec)

g
-2

Kapp
10

10 3

it 3 1.t

1 1 1 1 1 1 H 1 . O

10 3 10 4
Rverage Velocitg (ft/s)

ROCK SITES (WNR)
KAPPA VS AVERAGE (OVER 100 FT) VELOCITY

LEGEND
X DATA
LOG(KAPPA) = 2.40939 - 1.15099 » LOGIVELOCITY IN FT/8)

Figure 56.



4) Figures 57 - 60 illustrating nonlinear soil response (includes 1 table).
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FREQUENCY AND AMPLITUDE OF FUNDAMENTAL RESONANCES

Surface/20 ft
+ LSST Event Surface AVG F (Hz) Amplitude
PGA (g)
10 0.035 4.83 10.84
16 0.080 3.37 3.78
7 0.090 2.98 2.65
Surface/36 ft
10 0.035 3.37 7.16
16 0.080 2.44 3.38
7 0.090 1.71 2.01
Surface/56 ft
10 0.035 2.44 8.15
16 0.080 - 1.66 3.68
7 0.090 1.32 2.52
Surface/154 ft
10 0.035 1.22 6.57
16 0080 e R — *
7 0.090 0.78 3.58

"Recording not available

Figure 60.



5) Figures 61 - 76 illustrating directivity and near-source effects.
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Main shock 140° component of particle acceleration.
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APPENDIX 2

NOTES ON FOURIER ANALYSIS

Any function which is periodic with period 7 may be written as a Fourier series:
expressed in terms of sines and cosines which are functions of frequency componénts w. An

acceleration time history can be written as

o0
a(t) =4, +Y, Ajcos jw,t+ B; sin jw,t
. j=1

where A2 B? represent the energy contained in a(f) for discrete frequency components

.. _Ja2n
Jw, =
4 I
where A4, = — fz f(t) cos jw,t dt
T
T
4 (3 ;o
?fz f(t) sin jo, t dt
Complex Form
£(t) =Y c; et
_ 1 T -ije,t
c; =% [ £(o) e de

For continuous spectra: T = &0

jw, =jAw=w
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F(w)

modulus:

example:

phase:

example:

= _E'_ = i(a)t
£(8) = == f_,. Flw)ei®t do

Flw) =f: £(t) e~iot dt

= complex function
= |F@)] e
Modulus - Phase

.1 Imag F(w)

®(w) = tan Real F(w)

Fourier amplitude spectrum; specifies how energy is distributed in frequency

Brune source spectrum

Phase spectrum; specifies how energy is distributed in time (shape of time

history).

d(w) = -wT

phase spectrum ®(w)

To see the effect on f(t) of multiplying its complex spectrum F(w) by € w7 gtart with

£(t)

=1 [% Flw) eiot dt
27

-0
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let G(w) = F(w) &7 |

= _l_ * int
g(t) zﬂf_” Glo) eivt dt

1 ® - -
=L (" Fle) et dt
27 f-—m ( )

= f(t - 1) or delay by ©

£(t)

g

Derivative property of Fourier transform

F(£(E)) = f: £(t) eiot dt

df(E)y _ [ et 4
PSS f_” f(t). e dt

integrate by parts
= £(8) eor %+ do [T £(2) g3t dt

f(t) =0 t=1%

=1iwF (£(t))
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The inverse operation applies to integration:
F([©£(x) ax) = = FIE(D)
—co 10

D.C. component of Fourier amplitude spectrum (@ = 0)

From

CF(e) = [ £(p) etterdt
w =0

F(O) =f: £(t) dt

then @ = O component is the average of f(t).
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APPENDIX 3

MEASURES OF EARTHQUAKE SIZE (MAGNITUDE)

The most common measure of the size of an earthquake is its magnitude. This important
parameter iS one of the most misunderstood concepts of strong motion seismology. The
confusion arises because of the number of magnitude scales which the seismological community
has evolved over the years. Kanamori (1983) lists 18 distinct magnitude scales each of which
measures the source motion spectrum over a narrow frequency band that roughly corresponds
to the maximum magnifation of a particular recording system (Nuttli and Herrmann, 1982).
Because the shape of the source motion spectrum changes with earthquake size, the magnitude
scales defined in this manner do not give the same number for the same size earthquakes. In
addition, as the size of an earthquake increases, narrow bands of the source spectrum saturate
and their amplitpdes do not continue to increase. Magnitudes based upon these narrow-band

measures must then saturate as well and, at some point, under-estimate earthquake size.

The magnitude scales that are important for strong ground motion assessment are the

following:

(M,) Local or Richter magnitude (Richter, 1935), which is, strictly speaking, appropriate

to only southern California, measures displacement at frequencies between 0.3-10 Hz

(Kanamori, 1983).

(M,) Surface-wave magnitude was introduced by Gutenberg (1945a) and is a measure of

caltransireports: June22,1994 A3-1




surface-wave energy at a period of approximately 20 sec.

(mg) Body-wave magnitude was introduced by Gutenberg (1945b) to extend magnitudes
to measure the size of deep earthquakes (= 70 km) which, because of the depth of focus,
do not excite 20 sec surface waves particularly well. The body wave phases used can
be either P, PP; or S with periods ranging from approximately 0.5 to 12 sec (Kanamori,

1983). Maximum amplitudes are measured, which can be several seconds into the

wavetrain.

(m,) Body-wave magnitude. With the advent of the World-Wide Standardized
Seismograph Network (WWSSN) around 1961-1963, the body-wave magnitude was
computed from P-waves' recorded by the short-period vertical component Benioff
instrument. The seismographs have a natural frequency at about 1 Hz and the
measurement is made during the first few cycles of the recorded P-wave. Because of
this, the m, measure does not represent-the entire source (Kanamori, 1983) and
underestimates the true size for m, larger than about 5% to 6 (Kanamori, 1983; Houston
and Kanamori, 1986; Boore and Atkinson, 1987). The m, measure was adopted as a

standard by the U.S. Coast and Geodetic Survey in the 1960’s.

(m;,) This scale was introduced by Nuttli (1973) and specifically designed for eastern
North American earthquakes. The scale uses the amplitude of one-second period higher-
mode Rayleigh waves recorded on vertical component short period WWSSN

seismographs. This is the magnitude measure commonly used in performing seismic
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hazard analyses in the central and eastern United States (Atkinson and Boore, 1987) and
is also variously designated as My or m,. The scale was originally established to be
equivalent to m, (Herrmann and Nuttli, 1981) and has been shown to be equivalent to M,
over the magnitude range M, 3-5 (Herrmann and Nuttli, 1982; Kanamori, 1983). The
my, scale has been applied to records made by different instruments with predominant
periods away from the nominal 1 sec period for which it was originally calibrated
(Atkinson and Boore, 1987; Herrmann, 1987). As a result some caution is warranted
in evaluating m,, - m;; and m;, - M, (seismic moment) relationships (Atkinson and Boore,

1987, Boore and Atkinson, 1987; Herrmann, 1987; Toro and McGuire, 1987),

(M) Moment magnitude was first introduced by Brune and Engen (1969) and later
developed into a generally applicable scale by Kanamori (1977) and Hanks and Kanamori
(1979). It is the only scale fundamentally related to a physical pé.rameter of the seismic

source, the seismic moment.

The seismic moment (M,) may be thought of as a measure of the zero-frequency

amplitude of the earthquake source spectrum. It is related to static source parameters by
M,=pAD 6y

where p is the rigidity of the source volume (usually taken as 3 x 10" dyne/cm?; Hanks
and Kanamori, 1979), A is the fault area (length x width), and D is the average slip (Aki, 1967).

Because seismic moment can be related directly to the energy radiated by a seismic source, a
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magnitude scale based upon moment does not suffer the limitations imposed by narrow-band
time domain measures (Hanks and Thatcher, 1972; Kanamori, 1977). In addition, the seismic
moment can be accurately determined from seismograms directly or from spectral analyses. The

seismic moment is related to moment magnitude M through

logM, = 1.5 M + 16.1 (Hanks and Kanamori, 1979) 2).

Since its definition in 1979, moment magnitude has come into widespread use and,
because of its unambiguous nature, is the preferred scale for characterizing the size of an
earthquake. Because of the relationship involving fault area and slip, use of moment magnitude
has the additional advantage of making it easierl to relate earthquake occurrence rates to -

geologically determined slip rates.
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d) Statistical Approach

e) Numerical Modeling Approach

f) Combined Approach

g) Spectral Matching
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CALTRANS

SEMINAR ON STRONG GROUND MOTION

Seminar 2; July 6, 1994

Site Specific Specifications of Strong Ground Motions:An Overview(Continuation of Seminar 1)

a) General References:
1990 Reiter: Earthquake Hazard Analysis, Issues and Insights. Columbia
University Press. |
EERI Monograph Series. Seed and Idriss, Hudson, Newmark and Hall.
1993 1M. Idriss: NIST GCR 93-625 | |
19.87 Silva and Lee:. Waterways Experiment Station Report 24 (Paper S-73-1)

(RASCAL code)

b) Review:

‘1) Model F.S. and PAA for a rock site

Pé 4

zee Foue ) 2l Fegl 2
based- on point source, single corner frequency w-square model (Brune)
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2) Features of Strong Ground Motion

a) Rock verses soil

Figure 3 shows the empirical deep stiff soil amplification factors (5% damped
response spectra) for varying levels of control (rock outcrop) motions. For control motions,
exceeding_ =~ 10%g, deep stiff soils amplify at low frequency (due to the velocity gradient) and
deamplify at high frequency (due to damping). Figuré 4 shows a "classical” example in the spectra
computed from recordings at Gilroy 1 (rock) and Gilroy 2 (soil) from the 1989 M 6.9 Loma Prieta
earthquake. The rupture distance is about 15 km (= 15 km GL1, = 1‘7 km GL2). The soil
profile amplifies at periods from about 0.6 sec to 3 sec. - Beyond about 3 sec, the wavelengths are
greater than the profile depth (= 650 ft) and the control motions are largely unaffected by the soil
column. At periods shorter than about 0.6 sec the soil column deémpliﬁes. Figures 5, 6, and 7
show acceleration, velocity, and displacement time histories (recorded and computed) at the same
two sites. The time histories reflect the features seen in the response spectra: accelerations show
higher frequency content at the rock site and slightly higher motions, velocities show latger moﬁons
at the soil site, and displa;:ements are about the same at both sites. The displacement time histories

are associated with periods whose corresponding wavelengths are greater than the prdﬁle depth.
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b) Magnitude Effects
The time domain effects of earthquake size amplitude and duration, are shown in Figure 8.

Figure 9 illustrates the effects on 5% damped response spectfal shapes.

¢) Effects of Damping (kappa) at Rock Sites

The differences in 5% damped response spectral shapes for M = 6.5 ENA (hard rock, k
= 0.008 sec) and WNA (soft rock, k = 0.04 sec) recordings are shown in Figure 10. The

difference in shapes is attributed to kappa or freqﬁency independent damping in the top 1-2 km of
the crust. Figure 11 shows computed effects of kappa in spectral shapes for WNA motions
(includes A(f), amplification factors). Figure 12 shows pseudo absolute acceleration resporise
spectra computed for WNA and ENA and Figure 13 shows measured kappa values plotted verses
| average shear-wave velocity over about 100 ft. These are rock sites which recorded the 1989 M ,

6.9 Loma Prieta earthquake.

d) Nonﬁﬁear Soil Respdnse

Figure 14 shows change in em;;irical soil amplification with chaage in control motion (rock
outcrop) level. Table 1 lists changes in predominate frequency and amplitude of the fundamental
profile resonance peak for Lotung, Taiwan recordings of different size earthquakes. As the motions
increase, the predominate frequency and amplitude decrease: shear modulus decreases and damping

increases with increasing strain levels.

e) Directivity and Near-Source Effects

Figure 15 shows a plot of the fault trace, strong motion sites, and selected displacement time
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histories for the 1992 M 7.2 Landers earthquake. Sites YRM (Yermo) and DHS (Desert Hot
Springs) are at nearly the same fault distance (= 25 km) from the ends of the fault. Rupfure
tewards YRM (away from DHS) results in an increa.se in long period energy (reletive ;co DHS) and
is reflected in the larger displacements. Effects of rupture directivity aiso results in shorter
durations.at YRM relative to DHS (Figures 16 and 17). Site LUC (Figure 15) shows very large
-displacements (particularly on fault normal components), expected very close to 'large magnitude
earthquakes. Figure 18 shows very long period (infinite) displacements recorded from a great

earthquake (M 8.1 Michoachan, Mexico at a rupture distance of about 15 km). These represent

the near-field terms in our model (~—£—;—12? ; from Equation (9), Seminar 1) .
re o,

Another important aspect of near-source motions is the_high level of short period energy on
the vertical component. Figure 19 shows response spectra :cvomputed from recordings at site
"~ Lucerne. At periods shorter than about 0.1 sec, the vertical component exceeds the horizontal and
saturates to nearly the same PGA as the horizontal. 'I_'ﬁe figure also illustrates fhe effects of a

shallow soil (20 ft) and low kappa (k = 0.02 Sec). Figure 20 shows model prediction (point

source) which match the recorded motions quite well.

¢) Empirical Approach:
1) Distribution of Data
" The empirical strong motion data base for crustal earthquakes occurring in tectonically active
| regions is comprised of about 100 earthquakes and about 1,500 components of recordings. Figures

21 and 22 show the distributions of sites and magnitudes for rock and soil sites respectively. The

. two figures reveal:
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a) Very little data at close distances, particularly for M > 6.5,

b) Rock sites have significantly fewer recordings than soil sites.

The two figures clearly demonstrate the need for some kind of augmentation or guide in
extrapolating the empirical data base. For M 5-6.5 at distances 10-70 km, soil site motions are
vwell represented. For the same ranges, rock sites have significantly fewer recordings but are
reasonably well represented. For M > 6.5 and at distances < 10 km, relations based on the
empirical data are largely extrapolations relying almost totally on the selection of function forms

and poorly determined coefficients (those coefficients which control near source motions).

2) Functional Forms

The efnpirical approach is the fitting of some function to the recorded motions (PGA, PGV,

PGD, and response spectra).
y =£(M, D, S) : | | @
Y, ground motion | |
M, magnitude
D, some measure of distance to source

S, site conditions

The fitting process generally involves minimizing the square error term

Z 0, - yc)2
@).
Z(yo - fM, D, S)2
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The functional form is generally expressed as some variant on

Iny=C, +C,M+C,ln (D +C, %"
€)
+CD+C, S

where C; represent coefficients, S represents a site switch i.e. 0 rock site

1 soil site.

Seminar 4 will examine several functional forms in detail as well as the physical basis for

Equation (3) in the context of our point-source model.

Figures 23-28 illustrate the effects of data distribution (M, D) on several empirical

attenuation relations.

Figures 23 and 24 show PGA verses D for M 6.5 at soil and rock sites respectively. The
soil site relations (Figure 23) show much} cioser agreement particularly at closer distances where
there are significantly more soil data. Figures 25 and 26 are correspondiné plots for M 7.5. The
spreéd in the relations is larger than for M 6.5 at both rock and soil sites reflecting the effects of
the lack of data fo provide constraints. M 7.5 results are almost entirely extrapolations (Figures

21 and 22).

To examine the ranges in response spectfa, Figﬁres 27 and 28 show 5‘% damped spectral
acceleration for a M 7.0 earthquake at a 1 km fault distance at soil and rock sites. The differences
in-the predicted motions are period dependent and similar to those reflected in the PGA relations
with distance. This variability suggests that some additional guide in specification of ground
motions for M > 6.5 and at distz;.nce < 10 km is desirable.
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d) Statistical Approach

Sometimes referred to as the site dependent spectra or "method of representative data" |
approach. In this method, a suite of acceleragrams are selected that repreé‘éﬁt the magnitudes,
paths, and site conditions of the design earthquake or earthquakes. Magnitudes are generally
selected to be within 0.5 unit of the design magnitude and site conditions include attempting to have

similar shear-wave velocity profiles.

Since the design earthquake is generally at close distances (< 50 km) the effects of
propagation path differences have usually been neglected. The resulting acceleragrams are then
scaled, each by a constant factor to account for magnitude and distance differences, averaged; and -
fractiles computed. The approach is desirable in that site specific effects ‘are accommodated and
~ a statistically significant measure of dispersion is obtained. However, this naturally presupposes
that "representative data" are available and also introduces a substantial element of subjectively in
the selection of appropriate records. Questions also arise regarding appropriate scaling factors for
distancé and magnitude. As an illustrative example, Figure 29 shows a site shéar—wave velocity’
profile and Figure 30 shows profiles at representative recording sites. Figure 31, shows 2%
damped representative spectral velocities, scaled for M and D. Figure 32 shows computed fractiles
‘based on the scaled data shown in Figure 31. In Figure 32, (a) and (b) represent the median and
1-sigma spectra respectively, (c) represénts the largest component, and (d) represents a conservative

design motion based on the method of representative data.

Another, perhaps slightly less site specific but similar approach is the use of site dependent
shapes scaled to a design PGA value. Figure 33 shows an ‘example of site 'dependent 5% damped
response spectral shapes for rock, stiff, deep, and soft soil conditions. In this case, magnitude
dependencies are not included nor is the effect of damping at rock sites. Curves such as these must
only be implemented for the sam;a magnitude, distance, and site conditions as the recordings used

in producing the shapes. |
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e) Numerical Modeling Approach

1) Ground Motion Model: |

Figure 34 depicts the point-source model as well as a general finite-source model. Seminar
5 on Numerical Ground Motion Models will discuss several finite-fault models in some detail with
emphasis on the stochastic model. In the current application, only the stochastic point- and finite-
source models are considered. As a result, since the point-source model has already been

introduced, only a brief discussion of the stochastic finite source model will be presented.

Finite earthquake sources include the effects of rupture propagation and spatially variable
moment release over a rupture surface. To model these effects, small stochastic point source
models are simply distributed on a planar surface and progressively fired to simulate a propagating
rupture. In general, a number of M 5 "subevents" are added to produce M 6-8 earthquakes. This
process is depicted schem‘atically in Figufe 34. The point-source model in terms of path and site
~ components is identiéal to the point-source model, an extremely convenient feature. For both |

ground motion models, the free parameters at fixed magnitude for rock sites are:

Point : source depth, Ao, Q(f), A(), k(kappa)

Finite : slip model, hypocenter and mechanism, Q(f), A(f), k(kappa).

For soil sites additional free parameters include soil profile (shear-wave velocity and unit

weight) and, for equivélent—]inear soil response, strain dependencies of shear modulus and damping.

Region specific components of the models include A, source depth mechanism, Q(f), and

géhérally A(f). Site specific parameters are kappa, the local soil profile, and material
ndhlinearisties. Table 2 lists the models parameters and typical methods to detefmine representative

values. Seminar 5 will go into detail regarding determination of parameters and their uncertainties.
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Two ways to implement the numerical modeling approach:
1) Generate "data" to produce a region- or site-specific attenuation relation,

2) Compute response spectra for the design earthquake.

The first approach is useful in applications to probabilistic analyses where a site specific
attenuation relation is used along with several empirical relations. It can also be used to generate
region specific attenuation relations for situations where few data exist: for example, Cascadia

subduction zone earthquakes that may affect northern California.

An example of generaﬁng synthetic data and then developing a region/site specific
atténuatio_n relation is shown in Figure 35. In this application, the point-source model was used
with suites of parameters shown in Table 3. Thirteen epicentral distances were uséd from 0 fo 500
km (7,020 runs). A functional form ('Equation 3) was chosen and a weighted regression performed

(solid line in Figure 35).
The second approach will be.illustrated in the case study (Section h).

f) Combined Approach |

This approach generally involvés- combining the empirical with modeling to develop design
ground motions. The usuallprocedure is to produce responsé spectra from several empirical
relations and from numerical modeling. The suite of spectra are plotted together and a design |
spectrum judgementally drawn either to envelope the suite of predictiohs or to represenf some

average. This approach is illustrated in the case study as well.

g) .Spectral Matching
This process refers to genérating a synthetic time history whose response spectrum matches,

in some sense, a target spectrum. Several techniques are available but most do not produce realistic
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time histories (acceleration, velocity, and displacement). We’ll concentrate on the method using

the code RASCAL.

PROCEDURE
Uses an omega-square point source to compute initial fourier amplitude spectrum and RVT

(Random Vibration Theory) to estimate an initial response spectrum,

SPECIFY

Target response spectrum (0.5-10% damping) and source parameters for stochastic point

source: M, R, Ao, 83, p,

Form ratio of target to computed spectral velocity for correction factor to fourier amplitude

spectrum,
Compute new response spectrum using RVT (RVT iteratiohs, 2-4),

Extract phase spectrum from recorded motion with about same M, R, and site conditions

as dominant earthquake target spectrum,
Combine with fourier amplitude spectrum to produce "realistic" time history,

Continue iterations using response spectrum computed from time history (SDF iterations,

4-6).

Results of the RASCAL spectral matching procedure are shown in Figures 36-38. Figure
36 shows the convergence properties of the RVT iterations. Figure 37 shows a design spectrum

(target) and final spectral match ahd Figure 38 shows the resuiting time histories.
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h) Case Studies

Two Bureau of Reclamation Dams: Unity in northeastern Oregon and Spring Creek in
northern California. | :

1) Unity Dam: M 6.25 at a distance (epicentral) of about 0.3 km. Figure 39 shows a
séhematic of the model. The site is a shallow 8m (26 ft) thick stiff soil site (Figure 40). Table 4

lists the model parameters and their uncertainties.

Figure 41 shows the randomized profiles. Figure 42 shows the modulus reduction and
damping curves used along with upper- and lower- bounds for the randomization process. Figure
43 shows a suite of 20 of the 50-random degradation curves (Seminars 7, 8, and 9 will treat soil

profile and degradation curve uncertainty and randomization).

The variation in 5% damped spectral accelerations for each parameter varied separately (50
realizations) based on Table 4 distributions are shown in Figure 44-51. The parameters uncertainty

for variation of all parameters is shown in Figure 52.

| "To develop the design (SEE) response spectrum, the empirical spectra and model spectrum
.are compared in Figure 53. From the figure it is apparent the modeliﬁg has captured the site
 specific aspects of the seismic evaluatipn showing the effects of the shallow stiff soil column in the
short period peak of the spectrum. The SEE .was chosen to reflect the site specific results at short
periods and to be more enveloping at longer periods where the dam response is most significant
(about 0.8-2 sec). |
Figure 54 shows the SEE design spectrum along.with the spectral match and Figure 55 |
shows the resulting time histories. The phase spectrum forA the RASCAL match was taken from
a recording of a M 6.5 earthquake.

2) Spring Creck Dam: A rock site for a M 8.5 Cascadia subduction earthquake at a rupture

distance of about 70 km. 'Figure 56 shows a plan view of the rupture surface and site location with
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distances shown in Figure 57. In this case, the stochastic finite-fault was used and variation of slip

model and nucleation point replace the point-source variation in stress drop. Table 5 lists the

parameters and their uncertainties and Figure 58 shows three of the 50 random slip models. The

nucleation zone is defined to be the lower half of the rupture surface and to 10% of the fault 1ength
at each end. Figure 59 shows an example (different project) of random nucleation- poinfs and the

base case nucleation point at the center of the nucleation zone.

The variation of 5% damped spectral acceleration for each parameter varied are shown in
Figures 60-64. The base case slip model uséd during paraméter variations is simply taken as the
first random slip model. (Seminar 9 will discuss the method of generating slip models in some
detail). Figure 65 shows extreme cases for directivity a‘t this site with spectra computed for north,
middle, and southern foci (nucleation points). Interestingly, the middle focus results in the largest
motions. This could be related to the base case slip model and the particular distribution of

asperities.

The total parametric uncertainty (all parameters varied) is shown in Figure 66 and Figure
67, shows the median model spectrum cofnpared to empiﬁcal spectra. The Crouse (1991) spectrum
is for a soil site so the shape is quite different (Crouse (1991) only has soil spectra, it is shown
since there are so few empirical relations‘for subduction zone earthquakes). The SSE spectrum is’
conservatively chosen to follow Youngs et al. (1988) at short periods and thé modeling at long

periods.

To perform the RASCAL spectral match a phase spectrum from a M 8.5 subductiog
earthquake recorded at a rock site at around 70 km distance is needed. To supply this, the
stochastic finite fault was run to generate 50 time histories during the simulations which varied all
the parameters. - To calibrate the finite-fault code’s ability to correctly model subduction earthquake

time histories, the M 8.1 Michoacan earthquake was modeled at several sites. Figure 68 shows
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the simulated average component compared to the two recorded motions at each site (all plotted to
the same scale). Apparently the stochastic finite-fault simulates the amplitudes and durations quite
well. A suite of time histories for a M 8.5 Cascadia earthquake representihg variations of all
parameters is shown in Figure 69. The actual selection of a time history could be based on a target
duration, say 5-75% Arias Intensity but, in this case, a time history which was moderately long was
selected. The spectral match is shown in Figure 70 and the resulting acceleration, velocity, and

displacement time histories are shown in Figure 71.
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TABLE 1
. FREQUENCY AND AMPLITUDE OF FUNDAMENTAL RESONANCES

Surface/20 ft
LSST Event Surface AVG F (Hz)  Amplitude
- PGA (g)
10 0.035 483 10.84
16 0.080 3.37 3.78
7 0.090 2.98 2.65
Surface/36 ft
10 0.035 3.37 7.16
16 0.080 244 3.38
7 0.090 1.71 2.01
Surface/56 ft
10 0.035 A 2.44 4 8.15
16 ' 0.080 1.66 3.68
7 0.090 .32 - 2.52
Surface/154 £t
10 0.035 1.22 6.57
16 0080 - . — g

7 0.090 0.78 3.58

*Recording not available




Parameter

source depth
Ao

slip model

nucleation point

mechanism

Q)

. kappa

A(H)

soil profile

material nonlinearity

TABLE 2
MODEL PARAMETERS
How Determined
local seismicity or analogue

small earthquakes, literature

randomly generated using a calibrated
method

random within defined nucleation zone

local/regional geology, local/regional
seismicity

small earthquakes., literature

small earthquakes, relate to geology,
literature

local/regional crustal model

4

downhole, crosshole, SASW, generic
category

~ in-situ testing, laboratory testing, generic
curves, literature




TABLE 3

INPUT PARAMETERS AND WEIGHTINGS FOR
STOCHASTIC ATTENUATION RELATIONSHIPS

Parameter Value Weight
25 bars 0.05
50 bars 0.30
AG 75 bars 0.30
: 100 bars 0.30
150 bars 0.05

0.02 sec 0.40.
K 0.04 sec 0.50
' ' 0.08 sec 0.10
150 0.20
Q, 370 0.60
600 - 0.20
M,S5and 6 S km . 0.10
Point Source Focal Depth | . 7 km , 0.80
9 km 0.05
11 km 0.05
M, 7 8 km | 0.8
Point Source Focal Depth 10 km 0.1
12 km 0.05
14 km 0.05




TABLE 4

INPUT PARAMETERS AND UNCERTAINTIES
FOR PARAMETRIC VYARIATIONS

FOR UNITY DAM
Parameter Mean Value Distribution c
Qo 350 lognormal 0.18
n 0.30 normal 0.05
K 0.04 sec lognormal 0.30
Ac 75 bars lognormal 0.36
Source depth 10 km uniform +5km
Soil vg - lognormél 0.34
Modulus Reduction - normal 0.11
Modulus Damping - normal 4.0%
Half-Space vg 1219 m/sec lognormal 0.17




TABLE 5

INPUT PARAMETERS AND UNCERTAINTIES
. FOR PARAMETRIC VARIATIONS -
SOUTHERN CASCADIA SUBDUCTION ZONE INTERFACE EARTHQUAKE

Mean or Median

Parameter Value Distribution c*
Q, 273 lognormal ~0.18
n 0.66 _ normal 0.05
k 0.02 sec lognormal 0.30

* For lognormal distributions, ¢ is actually o,




Lo 3 10 -2 g -1

Fourier Ampliiude Ig-s)

10 4

1S

- 1) 1 1 1 LB L ¥ 1 1§ [ ] | S S O D 1 [ T 1 T 7 1 1.
E ‘\-P
\
“
- .
- 3
= 1
10 -2 \0 i

WNA SPECTRA

Perlod {2en)

ROCK, R= 10 KM

—
——-x—

Figure 1.

LEGEND

WNA M=7.3
WNA M=6.3
WNR M=5.3
HNA M=4,3
WA N=3.3
WNA N=2.5




1l

Sa (g)

10 -3

L]

L B L

L

il 1.1

\ N
- ettt x N -
L . .', \ \ T
s . b4 \\ 4
PI ------ . \x \\ A
[l [} ] N B [ . i .. '\ \ \
ip -2 4p -1 10 ip !
Perlod (gee)
WNA SPECTRA
ROCK, R= 10 KM
‘ LEGEND
—_— WA M=7,5
————— WNA M=6.5
—_———— WNA M=3.5
_— WNA N=4,5
—_ - WNA M=3.5
tsan WNA M=2.3




10 1

a

Sa ] Hmplification
10

10 1

¥ I LA R L

N
| -
] 1 llliLll 1 [ L1t 1 111 ] 1 | S N U A B
1n -1 | i 0 i L 10
Frequencg {Hz)
WNA EMPIRICAL M 6.5
DEEP, FIRM
| LEGEND
_— R=1.0KM, ROCK PGR = 0.73 g
11 R = 3.0 KM, ROCK PGR = 0.40 g
----- R = 10,0 KM, ROCK PGA = 0.25 g
—_— - R = 25.0 KM, ROCK PGA = 0.14 g
—X-=— R = S0.0KM, ROCK PGA = 0.6 g

Figure 3.




1 1 LR R I ¥ LI LA L T 1 LU L

101

| SN B A |
b S T I |

]

SA [gl Lo

1g -1

10 2

1 1 | S TS W W I O | i F IS VU U SN N N i 1 11 1

10 -2 . 1p -4 100
Period (sec)

LOMA PRIETA, M = 6.9

LEGEND
—_— GILROY 1, rock
""" GILROY 2, deep si}4{ so}) (630 1)

Figure 4, -




) ) ) 1 1 ¥ T
602090 ~ |
Arralef 6L2
o
- Altoiples 602000
o
+
1e}
L [ -—
W
L
Q
Q 601090
s
6Lt
a.6L ]
0.0 Aot 601000
Lol 44 Lia 4 ey
D . 6 ] 1 1 i L 1 ] L
0 s 10 15 20 2s 30 3s 40

Time (seconds)

Figure 5.  LOMA PRIETA




1 T 1] 14 1 1 )
602090
6LZ
o
8]
NG 602000
=
Q
B p)
-+ = -
o
(@]
< 601090
>
6Lt
57.00 .
0.0 Jyw Ny 601000
57.0 1 ; ] . ! ] 1 |
30. 35. 40.

0. 5. 10. 1S, 20. 2s.
' Time (seconds)

Figure 6. LOMA PRIETA




Disp]acement (cm)

12.0L

12.0L 1 !

1

1 1

GL2

602000

¢01090

Figure 7. LOMA PRIETA

13.

20. 2s.
Time (seconds)

30.

33.

40.




600

5C

_,,_+._____—— 3.1 Papanoa
‘MWW— 4.1 Popanoa
500
_‘w 5.1 La Union
400F
Mwmgwm 5.5 Caleta de Campos
300+
o~
@]
) )
{ peedetral % 7.0 Caleta de Campos
E 200 F
@]
100
; 8.1 Caleta de Campos
|'"i | | II :‘
0 Tkt
Rl 1
A0 H )
-100f
! i [} 1
0 10 20 30 40
seconds
Figure g, =~ An example of accelerograms recorded in 1985 and
) all

1986 on the Guerrero accelerograph array.

events have epicenters about 25 km from the’
station, and all stations are on hard rock.




LI L L i L L LI

1p 1
1 TT7

L1 1-1.11

o O
!
\

X .
. L :
= | j

- E " -

g} X ]
= - -'\ \ 7
8 - X
P AN
2 :
El 2\ N
= g: l. b 4

i AV N

- . ’ \

[ NN N

r
X
/
~
-
~
/”
(]

g ¢

{p -2 ip ~! 1p @ f 1p 1
Period (sec)

Figure 9. Cémparison of 5%-damped response spectral shapes (Sa/a) computed for WNA
parameters. Note the shift in peak response to longer period with increasing
moment magnitude. Starting with the lowest curve, M = 2.5, 3.5, 4.5, 5.5, 6.5 and 7.5.




-
[~] v L aman unn Sun R AL S0
-

3
.
3
P

109
A 2 A AR AL A A A A

Magnlfication, Sa/s max

107!

A 2 A A A AAD

A

.
A 4 bl 4 4 s 4 4 A A4l 1 A B |

" y0r? 10-1 10° 10"

10-2

LEGEND _
5%, Nahanni mb = 6.4 rock readings
——=—— &%, San Fernando ML = 6.4, imperial Valley 79 ML = 6.6 rock recordings

Figure 10. Comparison of average 5% damped response spectral shapes
(Sa/a‘ga ) computed from strong motion data recorded at rock sites in ENA
(soli fine) and WNA (dashed 1ine). ENA average shape is from recordings
of the my = 6.4 Nahanni aftershock. The WNA average shape is from
recordings of the San Fernando M, = 6.4 and Imperial Valley ML = 6.6
events.




LI i T T T T 1T T7 I t UL LR L I T r—T1T 1T T1TTT

o r ]
*-t’v‘.
K = 0.160 SEC
o
o[ .
> [ | ﬂ
— . K = 0.006 SEC
19} B ’ . “
i)
n
o[ ]
_ LEGEND \
- —_— 5 %, K= D0.006 SEC i
i _ 5 %, K= 0.012 SEC
—_— 5 %, K =0.024 SEC
i _— 5 %, K= 0.040 SEC y
i E—— 5 %, K= 0.080 SEC \
_— 5 %, K =D0.160 SEC
(V]
|
‘91 I 1 1 1 | I S | 1 3 L ) I I I o ] - i al 1 | S A\ |
1072 10 -1 ' 100 L 10\{

Per iod (seconds)

Figure 11. "The effects of kappa on 5% damped response spectral shapes computed for a
M 6.5 earthquake at 10 km using WNA parameters, As kappa increases, the
peak shifts to longer periods and remains essentially constant in amplitude.

1




R

10 0

Sa (g)
10 -1

10 2

10 3

P [l i

- ——_

-
-
e

St O

L] ..
H | I S

Lo L L Ly 1

AN

Py et

At 1.1 1101 (] L1 1 0111

- |

L

It Lt

10 -4
Periad (sec)

WNA AND ENA SPECTRA
ROCK, R= 10 KM

LEGEND
BN N=7.5
ENA M=6.5
ENA N=5,5
ENA M=4.5
ENQ Ms3,5
ENA M=2.5
WA M=7.5
uNaR M=6.5
WA M=3.3
W H=4,5
WA M=3.5
WA M=2.5

12.

10 0




L T T T T T T | I
=}8 e N
B * ]
= X -
! >§< X .
= x -
—- X
()]
o F i
U .
— X
s o
SZD E X X 3
5[ .
¥ [ ]
- -
. F X J
L o
T
9 [l N 1 1 1 1 1 [1
10 2 ' 10 4

.Qverage Velocity (ft/s)

ROCK SITES (WNR) |
KAPPA VS AVERAGE (QVER 10D FT) VELOCITY

LEGEND
X DATA ’
LOG(KAPPA) = 2,4D939 - 1,15099 * LOG(VELOCITY 1N FT/5)

Figure 13.




10 1

0

Soi | Amplification
10

10 1

A y
- ]
i .
C
k =~

L .t .t 1 t.114 1 1 L.t 1 1 1 11 1 1 L1 4 1 t1
10 -4 1n 0 , BRI 10

FrequEncg (Hz)
WNA EMPIRICAL M 6.5
DEEP, FIRM
LEGEND »

—_— R= 1.0 KM, ROCK PGA = 0.73 g
Rz 5.0 KM, ROCK PGA = 0,40 g
----- R = 10,0 KM, ROCK PGA = 0.25 g
—_—— R = 25.0 KM, ROCK PGA = 0.33 g
—x— R = 50.0 KM, ROCK PGR = 0.06 g

Figure 14.




Latitude

} &l \*lry.

:‘;‘ \"' ,,‘ ‘ \:\ t \“\'\ | ' '\..." ' N ]
:('{El/;’ “‘ ' ‘ r"@\-“. \;,)':l " N Hypocenter
Y A )
£ o ’fg;’/ \\":\ ' 4 }I A USGS. -
36 '“n, I i
Lt\nt.{\ ":\ k'\\ ; | C.D.MG
*
¢

TERRAscope
S.C.E.

!, z\...,'_.. BXR .

-117
Longitude




I8 ]

00 —

ACCELERATION
(CM/SEC/SEC)
o

-300 -

LANDERS EARTHQUAKE (PRELIM. PROCESSING) + JUNE 28, 1992 04:58 PDT
YERMO - FIRE STATION CHN 1: 360 DEG
INSTRUMENT—CORRECTED AND BANDPASS—FILTERED ACCELERATION, VELOCITY AND DISPLACEMENT
FILTER BAND: .05-.07 TO 23.0-25.0 HZ: 22074-51695-92189.02 101472.1221-QL92A074

MAX =

—148.6 |

50 —

VELOCITY
(CM/SEC)
[ ]

_50 1 1

DISPLACEMENT
(CM)
<<

TIME (SEC)

80



https://22074-S1695-92189.02

[#Y]

00

ACCE ER?;%%?

(CM/SEC

=300
50

VELOCITY
(CM/SEC)
o

~50
40

DISPLACEMENT
(M)
o

LANDERS EARTHQUAKE (PRELIM. PROCESSING) JUNE 28, 1992 04:58 PDT
DESERT HOT SPRINGS CHN 3: 0 DEG
INSTRUMENT--CORRECTED AND BANDPASS--FILTIRED ACCELERATION, VELOCITY AND DISPLACEMENT
FILTER BAND: 05-.07 TO 23.0-25.0 iiZ. 12149--51832-92180.02 101492. 1028--QL92A149

MAX =

167. 4

]

] 1 A
B MAX = —-19.0 ’]
AJ\AP\AA .lnﬂ P\A. ‘MA‘ A A Do~ N a A P P,
B quvvwv wnwww A e St o o
1 S0 ENUE S NN N NN AU NN UNUH NN SN SNNUS SHUUY NN SUNN AN SN SN SRR N SO NN N NN RN SN SN SN SN S SR N S
[— ]
MAX = 7.50
/a\—\ e AN NN, N = -
1 PR DT S R T T NN NN WU SN T Y NN .| | I Y E A WO VU TN TN TN NN SN SO NEN N S D
0 10 20 - 30 40 50 60 70 80
TIME (SEC)



https://12149�-S1832�-92180.02

DISPLACEMENT

UP

- !
0 1O 20 30 40 50
- - T=To(sec)




] T F U v P iy LR T 7 T 17l ! ¥ LRI

i1l

4
-

wd

)
10-19

S5a |

o
= X \\_
- .
o <t
o mad
o “1
m
i
. TC',1 1 1 i | [N U I I | 1 ) I. 1 | I O O 1 T | { i [ 1 1 1 1
10 -2 ' 1p -1 : 1p 8 : ot

Period (seconds)

rigure 19. LANDERS 06/28/92 1158

LUCERNE
LEGEND
— 5%, PCSA-CORRECTED DATA, CONP VRT
mem== 5 %, PERA-CORRECTED DATA, CONP LONGITUDINAL

_— S %, PESA-CORRECTED DATA, COMP TRANSVERSE




- qp1

Sa [5] a0

10 -1

10 2

1 [ 1 1t 1+ 14314 1 i 1 1 .t 11t 1 1 1 1 1 3 11
10 € w-t 10 : in i
Period (seconds)

LANDERS EARTHQUAKE 06/28/92
MODELED AT LUCERNE

LEGEND
——— 5 %, RVT: 2O0FT ENA PROFILE, PGA = 0.970 G

Figure 20.




8 T 1 ‘1* T ¥ L) I T T IA T 1] L T i L
Rock Sites
S~—
A ®  Thrust, Reverse
® 4L Sirike Slip
7+ A A A ADA  AK 20 -
' PR e
A . Fa
o0 @0 XX K
] dmaee ¢ ol .
A
A A A A &
4 A & A MO A
A A : A NANA A
6 e /omle W® 0esoe e -
s o0 0L A fay yaN
"g 2 A A A A A
3 A A A A A
ppact Fal Pay A
€ AN B A ]
g; A A A AL A
A Ae L lemd 8N 8L
-~ ossse A
-
5 A .
. fal N X A
s
e A A
- ® e X
A
A ‘
4} ARA Py -
N
! ]
3. 1 } 1 1 1 LY 1 ‘ - 3 ) A1 1 i__.L [y < L ‘ L
1 2 - 5 10 20 50 100 200 300
Distance (Km)
Figure 21.



https://l::,tA.l!,lt::,.11

o
"

Fay

A .

T T ' ! !

AN AR

llll:lI.

Soil Sites

®  Thrust, Reverse
e &  Sirike Stip

-

O LR MOAR AMAA A
. 2 ® o B o
AA A AdLs ALA A Newiisipamebhe A

A A A DA

DA O A DDALANO A

N FaY,..\ FaYaYs o SF2 AN
a0 AN Fa% .1

Fis SaVAY2AN

Fa'a . 50 AP aVa

ol A0 S IDES © B¢ VNN

L o QA A
20 ARA & &
LA A A Fava)

FARAN

A A A

LA &0 AN BN A

FANVAVAVAY; /o W7 A QAVAYS SN
A A A ¥z

A A

WA € & ABANAN. ® o

ll.lllll L —b 4

et 1

- Figure 22.

5 10 20
Distance (Km)

50 100

200 300




o -
2 ]
CL ]
(T J
o]
@
]
T -
E o
‘?I
S I 1 1 1 1 11411 1 I t 3 1 1 114 t 1 1 1. 11
100 1p 1 10 2 10 3
Hor izontal Dist (km)
PGA ATTENUATION
M=6.5, SOIL, STRIKE SLIP
LEGEND
_— CAMPECLL, 1002 (D=1.D KM)
SADICH ET AL., 1986
----- 1DRISS, 1991 (DEEF SOIL)
———- ' JOYNER-BOORE, 1988 (SOIL OR ROCK)
—_ ABRAHAMSON-51LVA, 1993

Figure 23.




1p 1

PGA (g)
100

101

L]

LI B LA

Lt Lt 1 1)

L 1. 1 11

b TS N O W |

T
Y o1 Y DY
Hor izontal Dist (km)
PGA ATTENUATION
‘M=6.5, ROCK, STRIKE SLIP

LEGEND
CAWPRELL, 1063 (D=1.0 KM)

SADIGH ET AL., 1993

IDRISS, 1991 (ROCK & STIFF SOIL)
JOYNER-BOORE, 1988 (S0IL OR ROCK)
ABRAHANSON-SILVA, 1993




LI LA

a -
arf ‘.‘
= ]
fas i
&0
a
T
Q .
:
(}J
9 1 y 4 1 1 1. 111 1 Il : .t 3 1. t i1t ) S N |
1n 0 101 | e 10 3
Horizontal Dist (km) :
PGA ATTENUARTION
M=7.5, SOIL, STRIKE SLIP
LEGEND '
_— CAWPDCLL, 1083 (D=1.0 KM)
L ERR] SADIGH ET AL., 1986
----- 1DRISS, 1991 (DEEP SOIL)
——— JOYNER-BOORE, 1988 (S0IL OR ROCK)

—— ABRAHAMSON-SILVA, 1933




1p 1
L B A I )

PGA (g)
100

10 -1

| I N N ]

.
‘?; |
" 10 0 | — |IB|1 | — J411;l2 - |l;l3
Hor izontal Dist (km)
PGA ATTENUATION .
M=7.5, ROCK, STRIKE SLIP
. LEGEND
—_— CAMPRELL, 1983 (D=1.0 KW)
seay SADIGH ET AL., 1993
----- IDRISS, 1991 (ROCK & STIFF SOIL)
———— JOYNER-BOORE, 1988 (S0IL OR ROCK)

—_— ABRAHAMSON-SILVA, 1993

Figure 26.




; ml

w0

SA [g]

101

10 2

LA L L LI ] L L L R LI { t L L LI

bt B ) U I T

:
A ..\'

1 1 1 .1 1. 111 1 [ S N A T T A W 1 i 1 1. 1.1 \
1D -2 10 -1 ‘100 IDI S

Period (sec)
'EMPIRICAL RESPONSE SPECTRA
M=7.0, SOIL, STRIKE SLIP, R=1
LEGEND

—_— CAMPRELL, 1003 (D=1.0 KM)

SADIGH ET AL., 1986
TDRISS, 1985 (DEEP S0IL)
JOYNER-BOORE, 1988
ABRAHAMSON-SILVA, 1933




EYIE
3
-t
: M
5
B 10 -2 I — lli;l-i l — lllhlo N — llgli
| Period (sec)
EMPIRICAL RESPONSE SPECTRA
M=7.0, ROCK, STRIKE SLIP, R=1
LEGEND
—_— CAMPRELL, 1983 iD=1.0 KM)
s SADIGH ET AL., 1993
----- IDR1SS, 195)
——— JOYNER-BOORE, 1988

—_— ABRAHANSON-ILVA, 1993

Figure 28.




r
|
|
|

80—

120 |—

r——————d

|

160 —

200 |—

Depth in Feet

240
280 -
320 -

360 —

400 | | | | ,
0 1000 2000 3000 4000 5000 6000 7000

Vg In Feet/sec

Figure 29.  Shear wave (V) velocity profile of soil site in Michigan.




v IN FEET/SECOND

stations.

0 1000 2000 3000 4000 5000
0 T T T T T
L
aol- 2 K X K . A
A | < I .\\1
\ ~
80— -
B P1e} ™ -
g
N
160 4
5 200p- -
1
w
z
I
-
a
Y 2¢0]- 4
&m————"—— Site shear wave
velocity profile
280 .
320} B
1601 i
400 1 ! I 1 ! 1
0 1000 . 2000 3000 4000 5000 6000
of strong motion recording

Fiqure 30. Shear wave velocity profiles

1




: looo- k) R Py vy A AR BRI R ) v T vV Vvt

- o
[ Damping=3% 1
A , -
00, . e -

- L
- -4

i i y

Q

Q -

E

o } \

= 0.k

‘G o

2 -

» -

S [ ’

A A L ALK

—

O| i 4 1121 1 i 2 1o i1 .t 1 1142

0.0} 0.l L 0.
Period, seconds

Figure 31.




1000.

LR I e B B

B LI LRI

Damping=3%

L J L LB A

Velocity,cm/sec

e b d A A L L L

Figure 32.

l.
Period, seconds




Soﬂ to medium clay ond saond - 1S records

-

Deep cohesionless soils (>250 ft) -
26 records

Stiff site conditions (<200 ft)-
3l records

Rock - 28 records

Spectral Acceleration
Maximum Ground Acceleration
N

0 ! [ ! |-
-0 0.5 10 , .S - 20 2.5

Period -seconds

.- Figure 33. = Average 5% damping response spectral shapes (Sa/a)
~Sompyted from motions recorded on different soil conditions
(after Seed, et al., 1976). '



https://60:mpp;t.ad

PATH OPERATOR

Geologic

Profile

/Qf\f\ NS
‘ ‘ Finite Fault -nfR (Vs, Qs p)

‘ i Q(f
(ngma'uon of _eBs Q) SITE OPERATOR
point sources) R ‘
-kt ‘
‘ where Alf) e
Rupture )ﬂ

f

L
‘ “ Initiation Q(f) = Qg (f—o where
H
POINT SOURCE - ) = LR

Mof 2
14(f/fg)2

where

fc=Ps (EZ%QMS)

Figure 34, SCHEMATIC OF GROUND MOTION MODEL.




° -
= 2
< o
e =
7 =
e e
= =
Ce e
Q. a
3 7
ef e
E
- T
e e
[
t " %
k=4 bAoA L ALS 9.
100 101 w2 w? 100

10!

M6

g}

PGA (
10 -2

L
m,,....z..m

0

6 ORTROI0
10

103

Epicentral Distance (km)

LEGEND

©  Data:-PGA Predictions

Regression on Data for M5, M6, and M7

10! 102
Epicentral Distance (km)

M7

w? 100 101 12
Epicentral Distance (km)

F1gure 35.

STOCHASTIC PEAK ACCELERATION




5A (G)

1 IS N N S W N I B | 1 1 | T T S W | 1

1 L LA

10 -2 1p -1 10
PERIOD, SECONDS

SPECTRAL MATCHING: SPRING CRK
CASCADIA RVT ITERATIONS

LEGEND
—_— 5 %, 5% TARGET SPECTRUM
5 %, RASCAL PATCH, 3%. ITERATION #0
S %, RRSCAL MATCH, S5%. ITERRTION #1
3 %, RASCAL PATCH, 5%, ITERATION #2

Figure 36.




Sa (g)
0.6

----- Spectra of Synthetic Time History; PGA=0.21 ¢

5% Target

| I U DU S U N | 1 ) I S S N U (o .

- -
[ B I B

T T

o
10 -2 10 -1 100 10 !
Per iod (seconds)
Flgure 37. SEE ACCELERATION RESPONSE SPECTRUM

AND SPECTRAL MATCH
FOR BOISE RIVER DIVERSION DAM



https://PGA::0.21

Figure 38. . |

- AND DISPLACEMENT TIME HISTORIES

FOR BOISE RIVER DIVERSION DAM

‘ o o o
~N N N
. o
g
)
. . .. !
a 10 10 1 g 8
i e
‘ e
: i . il . ﬁ i . <
w_ 14 2 8 8
i . '
£
. . L5
- .1 M. ~ M o . M m
: I i | |a &
= o= “2 g
o o & 8
(5] (5] (5]
L Lt LJ
- - 0O - “ 0O~ o 10 -
-l - -l
L Lt (]
= = =
— - p—
- 15 o - 1@
: - 16 1 f 1
i 1< 1< i 1<
. - 1w 1 1
. o =) o
-12°0 po'o1z2°'06- ‘02 ‘0 ..DNI 'S ‘D ‘G-
(9) 224 (S/WD) T3A (WD) SId
SEE ACCELERATION, VELOCITY:.



https://PGA-0.21

A

e

20 10

Geologic
. Profile
Site (Vs.Qs.P)
Operator
Path A(fye="x!
t
Operator where
H
K(Q) ===
-rnfR BrQs
. e BOO(f)
Point -_
Source R
where
Mot2C
1+ (1/1)? Q(f) = Qpt"
where

Ac , 13

fo=Po (5 aam, )

(9]

SCHEMATIC OF BAND-LIMITED-WHITE-NOISE

Figure 39. . GROUND MOTION MODEL




|

DEPTH (M)

10.

-T
1 ) 1 i [ !
200. - 400 600. 800. 1000. 1200. 1400.

SHEAR WAVE VELOCITY (M/SEC)

UNITY DAM
MEDIAN PROFILE

Figure 40.




DEPTH (FT)

i0.

1.

o. s00. 1000. 1500. 2000. =2500.
SHEAR WAVE VELOCITY (FT/5EC)

UNITY DAM-
VARIATION OF VELOCITY

Figure 41.

3000,

3500.




s
’

Shear Mod/Shear Mod at F-[047

-
m

S
e,

1.0

a3

B0.& 0.

a.

a.

a.0

P
-
-
-
P
-"" -
-
-
R
.
-
-
-
& _'_-‘J-'I“'.4
I -~ "1

,_/’F’!
" ,-r"'.’-
L ; = , =2
_r _r.a" . "
7 e —
- -~ -
. i __./"f i ] -
. =T -7 __..-"_F—, . -~ -
et ——'—'—_—f—’ _,.r"’,_r-’ . | -f
— s e g —— -
e ) — 8 ——— 2 — oy —T L s
-4 7 - 3 , '—'2 3 - l t D B
. . ‘..___\.'. ~
™, e ~.
L. . - \\ “ . _.
- \ i
.. \
- s,
.. \ “~ .
. \\ -, N
~. ™~ .
. e RS
e . S
L . b
.
i ) :__\'\\_~
=
3
-4, -3. -z, -1, 0.
Log (Shear S5irain - Percent)
DAMPING AND MODULUS REDUCTION CURVES FOR UNITY DRM

LEGEND

UPPER  BOUMD
STENDARD CURVE
LOWER BOLND




Sear Mod/Shear Mod at F-D43%

a.o0 a.e

Damping Ratio - Percent

0.4

-4.0 -3.5 -3.0 -2,2 -2.0 -1.5 -1.0 -0.5

12. 15. 20. 24. 24.

B.

-400 "3-5 —310 "Z.S —ZuD —115 —'1ID -DIS
Log (Shear Straln - Percent)

20 RANDOMIZED DAMPING AND MODULUS REDUCTION CURVES
FOR LINITY DAM

Figure 43.




9 I 1 T 1 1T 1T 1T b 1 LR 1 T T T ¥ 1 1 t ¥ [ 3L A
oFf // 3
;-—:-7-‘—'-""&( T
™ L i
o | \
3 N
'.'I'\
aFr ]
o
g 1 1 i 1 I, T I T | ! | 1 1 | T i 1 L 1t L 1.1
10 -2 1p -1 inp O 1n 1
Per iod (seconds)
UNITY DAM, M=6.24
VARIATION OF QO
LEGEND
— 5 %, B4TH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = (0.551 G
E— 5 %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.542 G
————— 5 %, 16TH PERCENTILE, PARAMETRIC UNCERTRINTY; AMAX = 0.533 G _
Figure 44.




10

0

T T LI AL L L | T T IIKI T T T T 1 71

10

oa (g)

c-
o)

10 2

10

R 1 L L LS 1 L L L L 0 i

L L L

i .1 1t 1

i
]
i
| I | 1 1 1111 { 1 ) IS Y R U S W | i 1 1 | W

102 1n -1 in O 1m !

Per iod (seconds)

UNITY DAM, M=6.24
VARIATION OF ETA

—_—— 5 %, B4TH PERCENTILE, PRRAMETRIC LINCERTAINTY: AMAX = 0.54B G

R 3 %, SOTH PERCENTILE, PRRAMETRIC UNCERTAINTY: AMAX = 0.543 G .

————- S %, 16TH PERCENTILE, PARAMETRIC UNCERTAINTY; AMAX = 0.339 G

Figure 45.




10

in O

rd. [9]

10 1

10 <

LI L L

T T TT

- ]
i ]
- .
..-.____ p— :
L 4

| { 1 ) VO 1 i i 1 | I U I T 1 1 | ! 1 1 11
in —2 10 -1 in 9 10

Per iod (seconds)

UNITY DAM, M=6.24
VARIATION OF KAPPA

LEGEND
5 %, B4TH PERCENTILE, PARAMETRIC LINCERTRINTY:

3 %, S0TH PERCENTILE, PARAMETRIC UNCERTRINTY;
S %, 16TH PERCENTILE, PRRAMETRIC UNCERTAINTY;

AMAY = 0.E68 G
AMAX = 0.483 G
AMAX = 0.348 G




m 3

1o ~1

10 <

[ 1 1 T ¥ T 1T 1T T H { T ¥ T 117 L 1 i P ]_
L .
LN
L / \\ ' .
/.. /-. “u\ \"‘\ N
L ~ ! \\‘ )
- ! ///I \‘\\ \
= _,f'j/ \\\\ \ []
_________ - \\L. \\ i
L \\\\\ 4
O\
o .
i 1 ] i 1 | I . | i i 1 1 | T | H i ] | . . |
10 @ 10 ~1 1n O 10
Per iod (seconds)
UNITY DAM, M=6.Z24 |
VARIATION OF STRESS DROF
LEGEND
—_ 5 %, B4TH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.684 G
— 5 %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.519 G
----- 3 %, 16TH PERCENTILE, PRRAMETRIC UNCERTRINTY; AMAX = 0.393 G




T 7 11

T

a. [9]

o

10 <

T 1 13 T | ' i LR L i I

) I ) U S VS S N | 1 1 U S U VN S S I - 1

| W I S S |

) S W

10 2

1n -1 1n U
Per iod (seconds)

UNITY DAM, M=6.Z24
VARIATION OF SOURCE DEPTH

LEGEND
5 X, B4TH PERCENTILE, PARAMETRIC LUNCERTAINTY: AWMAX = D.B61 G

S %, SOTH PERCENTILE, PARAMETRIC UNCERTRINTY: AMAX = 0.53% G
5 %, 16TH PERCENTILE, PRRAMETRIC UNCERTAINTY; AMAX = 0.440 G




T P11y 1 I T T TTrT ¥ I

10
-

LI N

T

iy
Q
—

H L 1 1 t 11 i ] ) Y RN N W G 1 1

LI N B

F I S I |

1

L1 1 1 11

10 -2 1p -1 i 0O
Per iod (seconds)

UNITY DAM, M=6.24
VARIATION OF VELOCITY

LEGEND
— = 5 %, BATH PERCENTILE, PARAWMETRIC UNCERTRINTY; AMAX = 0.624 G

—_— 5 %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.531 6
————— S %, 16TH PERCENTILE, PARAMETRIC UNCERTAINTY; AMAX = 0.451 G

Figure 49.




1T T 7T 7T 171 T 1 T T T17TT7TTT i Ll T 11T T T

-
) T T
-y

-

¥ R N |

1 ¢ 1t 11

10 ~1

o<

1 L F S VR N W S 1 i K S S WS W T | 1 i } I WS TR N W |

10 -2 1p -1 1n O i 1
Per iod (seconds)

UNITY DAM, M=6.24
VARIATION OF MODULUS REDUCTION

LEGEND
—_— = 5 %, B4TH PERCENTILE, PARAMETRIC UNCERTRINTY: AMAX = 0.562 G

S 5 %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTYy AMAX = 0,347 G
----- S %, 16TH PERCENTILE, PARAMETRIC UNCERTAINTY; AMAX = 0.333 G




10 1

LI B B B |

Sa [g]

1g 1

10 <

I T T T 1T ¥ 1t T VTl

1 7 T T 71717

Lt L § 4

r— -
-t
- .
1 L H i | .l L1 1 { i H 1 L& 1§ 1 1 1 g 11 11
10 —€ 1p -1 in O
Per iod (seconds)
UNITY DAM, M=6.c4
VARIATION OF NONLIN DAMPING
LEGEND
—_ = 5 %, B4TH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.S62 G
—_— 5 %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.546.G
----- S %, 16TH PERCENTILE, PARAMETRIC UNCERTARINTY; AMAX = 0.530 G

Figure 51. '

n




T T I 1 VT TN ¥ 1 I

o [ I 1 1 i
L P .
A A NN
= B // \“'\ -
i - . . ]
Spe— / / Tt ™\ \'\ ]
: —4—""’/’ ’ ’ ) \\-,\ R :
T ! . N i
- -7 - ™, [
(SR e - \ N, -
= T AN \\. ]
8 BN \\\
-y \,\ * ef
OO
™ '.‘\
| | \\ -
9 L -
- ]
A . i
("?l
9 1 1 1 ) SR TR N S| ! 1 1 =1 | T T A O { 1 1 i 1 $ 1 11
102 1n -1 1n 0 10
Per iod (seconds)
UNITY DBM, M=6.24
9
VARIATION OF ALL PARAMETERS
LEGEND
—_—— 5 %, B4TH PERCENTILE, PARAMETRIC LNCERTAINTY: AMAX = 0.BE3 G
-_ S %, SOTH PERCENTILE, PARAMETRIC UNCERTAINTY: AMAX = 0.56D G
————— S %, 16TH PERCENTILE, PARAMETRIC UNCERTRINTY; AMAX = 0.364 G
Figure 52
_ /
/
// -




A

ST

3.0

FOR UNITY DAM

3.0 T T T T T 1717 T T T T T T T T I
Tsai et al. (1990) : i0 = 5%
Co-- Idriss (1991) Damping ratio = 5%
Joyner & Boore (1988)
------ Campbell (13890) -
— — BLWN-RVT
2.5 i Yo
_(D ~N
(@]
=
©
- 4 o
"6 2.0 3
[
L
(b
U
b5
1.5 — 9
O
=
-
O
(D]
Q.
40 - ©
0.5 — ‘g
0.0 L A Lol ] [ =il o
4 6 8 2 4 6 8 ©
0.01 0.1 10
Period, seconds
‘ COMPARISON OF EMPIRICAL AND BLWN-RVT MEDIAN ;
'Figure 53. RESPONSE SPECTRA AND RECOMMENDED SEE SPECTRUM ‘




2.

Sa (g)

T TT

--------- Spectra of Synthetic Time History; PGA = 0.56g
5% Target .

1 S VR N S I L 1 1 1.1 1 11 L 1 1

1g =2 o ! 10 O 10
Peri1od (seconds)
Ploure 54 SEE ACCELERATION RESPONSE SPECTRUM AND | 3
gu : SPECTRAL MATCH FOR UNITY DAM
|




o o
~ Y
| , 12 7 12 7 -
| - 41 W - 41 W - .
m - -l
| - 1< - 4w r -
r EE EER 18
= = =
_ O O O
: (&) ) (U
i Coud L LiJ
. b 4 0 - L b [ - 4 0 -
—t —t —l
i L] L] Lol
m b = =
i it it [
— — —
: i 1 I 1o g 71 o
i 1w i 1w i 1w
ﬁ IR IR IR
; =,
_ o , o =)
38 "0 0009 "0- ‘0s ‘0 ‘as—- ‘ST ‘0 ST
(9) 2" (S/7WIY 13A (WD) SId
m . SEE ACCELERATION, VELOCITY AND
Figure 55. DISPLACEMENT TIME HISTORIES R
FOR UNITY DAM : .
- S




I 1 T |
125° 1240 129° 122°
43°
Nt — e OREGON.
CALIFORNIA
Crescent
City
W Yreka
Simplified Geometry ® Mt Shasta
for Finite Fault
Modeling
42° -
M Eureka
Spring Creek Debris Dam
Proposed Whiske ytow%
Western Boundary of Lake
Rupture Plane y ;
for Gorda Plate Cape Mendocino
Red Bluff
410
Pacific Ocean
X
_4\_
0 50 ﬂ
N R AR B
kilometers

]

‘Figure 56.

LOCATION MAP AND SOUTHERN CASCADIA
SUBDUCTION ZONE EARTHQUAKE RUPTURE GEOMETRY




Plane

b
P A
_ Dam
7 7 o
| ! e
I : ’,/
e,km Interface | @/
' Rupt
. upture 216km  q9
|
|
!

.

Cascadia
Subduction -
Zone
Ky

Map View of

Interface

Rupture Plane 850 km

Y

¢ 90 km— >

i

RUPTURE PLANE GEOMETRY FOR THE M,, 8 1/2

Figure 57. CASCADIA SUDDUCTION ZONE INTERFACE MCE




=1737m

imum Slip

Max

Tl

DISTANCE ALONG STRIKE (KM)

'340.

1711 m

320.

300.

=

Maximum. Slip

T T T T 1Tt
280.

260.

240,

200, 220.
(KM)

180.

T =T
160.

" 140,

DISTANCE ALONG STRIKE

T
120.

¥

100.

[
80,

60.

dI0 NMOQ 3INYLSIQ

‘01 "0 0s .oh..om
(Hy) JI0 NMOQ 3ONULSIO

340.
2391 m

320.
ip =

Sl

300.

T T T T

imum

T T
280.
Max

260.

L

R
2ua.

T

200. 220,
(KH)

180,

DISTANCE ALONG STRIKE

]
]
]
.
]
[y
]
[l
’

ip.

340,

2148 m

320.

imum s

T T

300.

r

d to the max

280.
Maximum Slip
ize

=

260.

T

2146.

T

220.
(KM)

200,
Slip contours are normal

180,
Note

160.

140,
DISTANCE RLONG STRIKE

'120.

100.

EXAMPLES OF SOUTHERN CASCADIA SUBDUCTION
ZONE INTERFACE EARTHQUAKE RANDOMIZED SLIP MODELS

Ryt

(W) 410 NMOO 3INBLSICQ

T
o1
(M)

— T
‘0e 0SS  "OL ‘06
dI0 NMOG 3INYLSIO

igure

58.

F

i
i




DISTANCE DOWN DIP (KM)

15, 1e.

18.

X % A X X v
b e .
X x x;&(
X
B o T
X X
X X X
i K X X XX x X 7
X XX
1;[( 1 x ><|x 1
Dl 10- EDc ’ BD' 4Dn SDI

DISTANCE ALONG STRIKE (KM)
KENNECOTT

LEGEND
X NUCLEATION POINTS
NUCLERTION ZONE
0 ACTUAL NUCLEATION POINT

Figure 59.




(ws}
O
—

[ 11t

10 <

) 1 b P I T N | { | II!IIII‘ ! 1 | I N T W

10 2 10 ! 10 0 1p !

10 3

Per iod (seconds)

SPRING CREEK DAM, M B.5> CASCADIA SOURCE
VARIATION OF SLIF,

LEGEND
—_— 84TH PERCENTILE; PGA = 0.199 G
E— SOTH PERCENTILE; PGR = 0.162 G
————— 16TH PERCENTILE; PGA = 0.132 6




[owm]
O
—

10 3

S N N N B B |

! L NN S N U I !l 1 ) S I N

T T T T 7 T T7TT1 T T TV T T T 7177

10 ~¢

Figure 61.°

1p -1

LEGEND

B4TH PERCENTILE;
SOTH PERCENTILE;
16TH PERCENTILE;

1p 0 ol

Period (seconds)

SPRING CREEK DAM, M B.5 CASCADIA S0URCE
VARIATION OF FOCUS.

PGA
PGA
PGA

0.184 G
0.168 &
0.154 G




100
T T 17T
I N |

10 2

T T 1T 170
| I S |

10 —3

1 1 /IS B N B I J 1 | I I S I B ! ! ) A I S W N

10 2 1p -1 10 0 10 !
Per iod (seconds)

SPRING CREEK DAM, M B.5 CASCADIA SOURCE
VARIATION OF Q.

LEGEND
—_— . — 84TH PERCENTILE, PARAMETRIC UNCERTRINTY; PGA = 0.220 G
E— SOTH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA = 0.192 G.
----- 16TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGAR = 0,167 G




o b
o -
—

10 2

T 1 T 11T

10 —3

| | | SN S WO S S | | A SR A N I

T 1 T

L1 11

S o |

10 ~2 10 -1 1p O
Period (seconds)

SPRING CREEK DAM, M B.5 CASCADIA SOURCE
VARIATION OF ETA.

LEGEND

84TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA
SOTH PERCENTILE, PARAMETRIC UNCERTAINTY; PGR
16TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA

Figure 63.

0.210 6

0.188 G -

0.186 G

10 1




100

10 <

10 3

T 1T T 17177177 T T r— T 1T T T1T7T0T T 1 T T T 1T 7T

1 1 l I T | ! { | llJ‘ll

10 2 10 -1 10 O g !

Per iod (seconds)

SPRING CREEK DAM, M B.5 CASCADIA S0URCE
VARIATION OF KAPPA.,

LEGEND :
_ = 84TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGR = 0.224 G
—_— SOTH PERCENTILE, PARAMETRIC UNCERTAINTY; PGR = 0.196 G -
————— 16TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA = 0.172 G




T i T T 71T T T 1T T T T T T T | AR IS B B B |

o}
o
—

| IV

10 2

T T T 11t

10 3

] ) J IS N N I I | 1 | O S VN S [ N 1 1 I I S S T

10 2 B s 10 0 ip !
Per iod (seconds)

SPRING CREEK DAM, M B.S5 CASCADIA SO0URCE

DIRECTIVITY.
LEGEND
_— NORTH FOCUS; PGA = 0.164 G

E— MIDDLE FOCUS; PGR = 0.196 G
————— SOUTH FOCUS; PGR = 0.137 G

Figure 65.°




100

10 3

F I OO S N S B | 1 ! ) IS RS N N N

| | | OO O R B |

10 ¢

SPRING CREEK DAM, M B.5> CASCADIA SOURCE

10 -1 10 0

Per iod (seconds)

VARIATION OF ALL PARAMETERS.

LEGEND

84TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA
S0TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGR
16TH PERCENTILE, PARAMETRIC UNCERTAINTY; PGA

1g 1

0.198 G
0.141 G .
0.101 ¢




1.00

100 I { T T TTT] I I T T TTT] T I 1T 7717770
Damping ratio
B S5 percent 7
o 0.80 + - 8
0 S
(@)
c
2
+ 0.60 — — 3
E o
QL
()] b -
Q
<
0.40 (3;
— o
O
—
4
)
O
ON
U1 0.20 2
(@]
0.00 8.
o
0.01 0.1 1 10
Period, Seconds
LEGEND
Crouse, 1991
------- Youngé etal., 1988
— — — Stochastic
Recommended SEE
COMPARISON OF EMPIRICAL AND BLWN-RVT MEDIAN
Figure 67. RESPONSE SPECTRA AND RECOMMENDED SPECTRUM FOR THE

INTERFACE EARTHQUAKE FOR SPRING CREEK DEBRIS DAM




,______% UN] (npdel)

- T
NS_UMIN.ATH

MS_UNIE.ATH

~1 L. 4 |

40. 6e0. 8a. 100. 120.

1]
PRPNSDOE

Acceleration (G)

% PPN (node])

‘ﬂ' PAPNNSOM
J ~1 [ - 1 1
a. 20 40. 60 84. 100 1ed.

Figure 68.

40. 60. 80. 100. 1i1zd.

Time (secands)

MICHOACAN EARTHAUAKE

T T T L
BT FIS_ZIHN
W 2[H Imodel)
W , MS_ZIHE
1 ] ‘ ] i - i

4d. &0. BO. 1an. 1ec0.

”W”‘"‘M““ et YIL 1mode])

MS_VILN

=

w WO FIS_VILE
1 i 1 - N 1
Q. =2a. 40. &0. BO. 10D.  120.

Time (seconds)




- 1 1 LN T T 1 T
Jo «
8]
2 mﬂ“" Py © £9om
D| 1 L ) | 1 1 1l L
g. 240. 40. a&0a. ad. 100, 120. 140. 160.
-0
mo' T T T T T T T
R e o o L e e
b L £9012
Dl j 1 1 ] i . 1
g. 20. 4d. 60. 240. 100. 120. 140. 160.
—_ N
mo' T T T T T T T
v
L " ”’ll I “illl - £5013
? 1 - L . | 1 . L
gd. 20. 4a0. 0. 9d. 100. 120. 140. 160.
-0
mo' T T T LN T T T
[&]
v ¥ qm'" ; £9014
0: Dl i 1 ) A Al i 1
g. 24. <40. Q. g0. 100. 120. 140. 160.
Y ‘
- T N T e | T i | T
Do
U
i © w"" ” £9015
? 1 . L . | L 1 J
g. 20. 40. 0. 804. 100. 120. 140. 160.
Time (seconds)
Figure 69.

Acc (g)
0.5

-DIS

) Acc (g)
-0.,5 g.s5

Ols

Acc (9) Acc (
0.5 -0.%

—G.S

a.s

Acc (g)

-0.5 -

T T 1 L] | J 1§ -V
oy ESD16
L 1 L J i 1 1
g. 20. 40. 6&0. 90. 100. 120. 140. 160.
L T T ) | T T 1
LA ES017
§ T A L L ' [} i
a. 20. 40. 0. 8g. 100. 120. 140. 160.
13 IR 1 L ] T T
" l“"' "l POl il E9018
1 1 L i ] L ) [
a. 20. 440. a0d. 80. 100. 120. 140, 160.
"mm"'l “" | ; . E9019
L 1 1 . y i 1
0. 20. 40. 60. €d. 100. 120. 140. 160.
L ] L 1 L § L] 1 8
"“ ooy » I' £9020
L A L 1 } [ | &
0. 20. 40. 60. . 80. 100. 120. 140. 160.

Time (seconds)

USGSREI, M 8.5, ROCK, LIMB 3, D=30km




T T T T 7 17T T T T r— 1 17T T T T r 1T

(G)

5A

1 ! | S N I U 1 1 | S WO N N I | 1 1 llllm

10 ¢ | 10 -1 10 0
PERIOD, SECONDS

LEGEND

------ 5% Target Spectrum

5% Spectrum of Synthetic Seismogram

Adnig.

Figure 70. SPECTRAL MATCH FOR CASCADIA SUBDUCTION ZONE INTERFACE

EARTHQUAKE RESPONSE SPECTRUM




S3AIHOLSIH SWILTVINOZIHOH
IIVNOHLHVYE FOV4HILINI INOZ NOILONA8NS YIAYOSYOD

*1. 2anbtg

{D35) 3uil
"GS9 ‘0s1 ‘GET ‘021 S0t ‘06 ‘Sl ‘09 ‘Sb . "0E ST
1 L ' L \ ! ' 1 $ )
T T T T T T T T T T
MARM OIS ._‘__.__ i ) __:_.m“ i k,: #_ . ;_ ..
XKUY _._._,F_UT ;_._
1 ) ) 1 1 Y 1 : ’ '

"S-

{ND) LN3W3297dSI[a

‘ST

‘0E-

(357K ALIJ0T3NA

‘0E

Q0’0 B1°0-
(9) NOTLYY31IIW

‘0

81




Evaluation and Implementation of an Improved Methodology for

Earthquake Ground Response Analysis
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c) Introductory Comments
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e) System Function
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g) Noise



CALTRANS

SEMINAR ON STRONG GROUND MOTION
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Instrumentation and Data Processing

a) General References:

1980 Aki and Richards: Quantative Seismology. W. H. Freeman and Co.

1971 Bollinger: Blast Vibration Analysis. Southern Illinois University Press.

1979 Hudson, D.E. (1979). Reading and Interpreting Strong Motion
Accelerograms. EERI.

1959 Brune, J. N. and J. OliQer. The Seismic Noise of the Earth’s Surface.
Bull. Seism. Soc. Am., 49(4), 349-353.

1990 Gurrola et al.: Analysis of High Frequency Seismic Noise... SSA., pp

951-970. |

1983 Hodder: Computer Processing of New Zealand Strong Motion
Accelerograms. Bull. New Zealand Nat. Soc. for Earthq. Engin., 16(3).

b) Review: Approaches To Specify Strong Ground Motions
1) Empirical: Functional form

csM.

)

+ €D + ;8 + .t Cgm
A _\
S: site switch ‘

m: mechanism switch. /&; I)

amplitude = ¢, + ¢,M + c;In(D + ¢, e

N




Advantages: constrained by data
Disadvantages: constrained by data

(unconstrained for M, R pairs with few recordings).

2) Statistical: choose recordings with similar M, R, and site conditions, scale to design

M and R, compute fractiles.

Similar advantages/disadvantages as empirical plus scaling.

3) Numerical Modeling: uses a simple (pdint) or complicated (finite) representation of
the source coupled to path and site models (path and/or site components could be empirical).
Advantages: can, in principle be used where data are sparse
Disadvantages: a) must show the model works but need data to do so, b) must
evaluate model parameters:

~Point: source depth, Ao, Q(D, A(), k

Finite: slip model, hypocenter, mechanism, Q(f), A(f), k

4) Combined Approach: using both empirical and well calibrated modeling to develop

design ground motions where data are sparse.

¢) Introductory Comments |

Strong motion instrumentation has a long history. Figure 1 shows what is probably the
- first "strong motion" instrument dating back to 136 A.D. It was developed by a Chinese
philosopher/scientist and is most 'properly termed a seismoscope. It registers the direction of
the earthquake by actuating a pendulum which caused a ball to drop from the dragon’s mouth
into the frog’s mouth. The azimuth of the source lies opposite the frog. Around 1800 years
later (the repeat time of some major earthquakes, e.g. a M 7.5 earthquake on a blind thrust
beneath Los Angeles is about 3,000 years (SCEC, 1994)) we have the modern digital
accelerograph (Figure 2). The purpose of an accelerograph is to provide an accurate record of

ground acceleration in three dimensions. This implies a number of steps or components:




1) Sensor which translates ground acceleration in three original directions into signals
(voltage) in a non-distorted manner,

2) Trigger to begin récording (0.01g, 100m sec start up tirhe), '

3) An accurate clock for timing, |

4) Digitizer to convert sensor analogue signal to digital data (min 12 bit, 66 db)

5) Recording system to store several events at high sample rates (100-200 SPS) ard of
sufficient duration (10-60 sec),

6) Power supply for each component,

7) Operate unattended and over a temperature range of about 0-50° c,

8) Be reliable, small, compact, and inexpensive.

These are all severe demands on instrumentation and, as we’ll see, the modern

accelerograph is a very remarkable instrument,

d) The Seismograph
In general, a seismograph is a device to detect and record earth motions. The following

are some vibrating systems which might be candidates.
DUy =
o~ P e /’ R
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k 1 k
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A seismoscope is a device to detect and record earth motions without time (particle
motions).

1) System requirements

a) Dynamic range: db = 20 log —f— . The range between the largest signal (A)

o

and smallest (Ay). For an accelerograph considering peak acceleration, a nominal
maximum could be 2g and background noise at 10 Hz at an average site might
be 10 g. Then

db = 20 log —2— = 126

1076

or over 6 orders of magnitude. This is an enormous range and is generally not
met by recording systems as it implies nearly 24 bit sampling (20 log 2 %! =
db).
b) Bandwidth: Range in frequency between lowest and highest frequencies of
interest. For strong ground motions, we are generally interested in about 0.05
Hz (20 sec) to about 100 Hz. To prevent aliasing the analogue signal should
extend up to about 200 Hz.
¢) System Linearity: System response must be independent of the level of input
motion (126 db, over 6 orders of magnitude).
d) Stability and Time Invariance: This generally refers to a very low drift rate.
e) Sensitivity: Adequate amplification with low noise in the frequency range of
interest: 10° for sensitive seismograph to about 1-10 for strong motion
accelerograph. v
f) Degrees of Freedom: Generally 1 with minimum cross axis sensitivity (<
1%).
g) Time Accuracy: Within about 0.1 sec UTC.,

2) Fundamental Problems




a) Linearity; physical systems are inherently nonlinear

= | < =~ ~

, <]

F = xx
T = mglsin 6
' . =~ x(x +ax?D +..+)
~mgl® - L+ F
: 3 and creep X = =

N (viscosity)

b) Parasitic Vibrations: Associated with higher modes of the system. Generally
unavoidable, engineer then out of the bandwidth of interest.

c¢) External magnetic and electric fields introduce noise and drift into
electromagnetic systems.

d) Recording systems: Required to produce distortion free recording or perturb

the sensor signal in a predictable way (later apply correction).

3) Seismometer Design: 2 basic types
a) Inertial: Senses motion in a mechanical system due to earth acceleration.
Generally a mass-spring or pendulous system. Resolution is about 1 A.
b) Strain: Senses length change over some baseline using quartz rod and

capacitors or light (laser) over m’s to km’s. Resolution is about 1-10 A.

4) Sensing Devices
a) Mechanical: lever system to mechanically amplify ground motion of inertial

reference mass and frame (ground); Wiechert at U.C. Berkeley.




b) Optical: minor rotated by relative motion on a pendulum boom; Wood-
Anderson.
¢) Electrical: device to convert relative motion between frame (ground) and
inertial reference to electrical signal. Two basic types:

1) Velocity transducer: output directly proportional to relative velocity of
moving mass; moving coil in magnetic field (self powered),

2) Displacement transducer: output directly proportional to relative

displacement. Typical accelerometer: force balance

5) Amplifiers: Amplify sensor signal in db range frbm 0 to about 120 (120 -

db is a gain of 10° or 1 million). Since signals from sensors can be small, about

2.5 pv from a accelerometer sensing earth noise, amplifier noise must be below

this level. Typical values are about 1 uv over the frequency range of interest |

(0.05-200 Hz). Noise levels increase with increasing bandwidth.
6) Reco;dérs: Record amplified signal with a wide dynamic range and
bandwidth
a) Analogue
1) film 40 db
2) tape 46 db
b) Digital
1) 12 bit 66 db
2) 16 bit 90 db




e) System Function:
1) Displacement Transducer
Simple harmonic oscillator (Damped)

s - z = absolute motion of earth
\L ¢ x = absolute motion of mass

r k

7 y = x - z relative motion of mass
X

mx+cy+Kky=0

X=9+i

Fr2moyraly=-4

where y is the record amplitude, z is ground acceleration, and w, is the sensor natural

frequency. Taking Fourier transforms, rearranging, and taking modulus (neglecting 2 = factors)

£
[ - 72 + @n £, F)

) = -Z¢)

1/2

where f, is the earth or ground frequency.

The system magnification is defined as

_ _record amplitude  _ Y|
ground displacement  |Z|

A
(72 - % + @n £, LI




Assumptions:
1) Displacement transducer; force = Ky, y relative displacement,

2) Ignored any gain in transducer.

The velocity sensitivity is defined as

record amplitude _  |Y|
ground velocity w, |Z|

V.S =

) A -
IR - P en £ A" (neglecting 2m)

and the acceleration sensitivity is given by

record amplitude Y]
ground acceleration 2 |z|

A S =

_ 1 .
- e onr f)2]1/2 (neglecting 2r)

Look closely at magnification:

£

M =
[ - f27 + @n f, P o
Y L I
1Z| z
Y= X-2 .

I
-~
\
¢

-~ o -




Region 1: f, near zero

M = 0, move z (frame) very slowly, mass rides with frame (y = x -z = 0, no

relative displacement).

Region 2: f, near f;
M large, move z at resonant frequency. For low damping amplitude (M) becomes very

large.

Region 3: f, > > f,

M = 1, move z very rapidly, m (mass) cannot respond and x = 0.

Basically we can design an instrument (sensor) to meet our needs by specifying damping
() and corner frequency (inverse of free period). To see the shapes of M, VS, and AS more
easily, it is convenient to use log-log axes (powers in f, are simply straight lines) and work with

asymptotes. Also differentiation and integration (times w or w™) are simple slope changes:

A o £
- ) o F
/Z'; L 04'47;!
- oz A
1 T
%«é?fe

Useful relations db = 20 log —

6 db/octave = 20 db/decade
12 db/octave = 40 db/decade

slope 1

()
1




octave = factor of 2 in frequency

decade = factor of 10 in frequency

On log-log axes the magnification curve for a displacement transducer takes the form:
A '

where

the damping (note region exists if n > 0.5).

If a sensor was desired to for ground displacefnent, we can see that for frequencies above
27 f,, the sensor output is proportional to ground displacement (no distortion). If the interest.
then is displacement for frequencies exceeding about 1 Hz, an f, of < 1 Hz would be
appropriate and 7] should be small enough to have a small transition range but not have too much

overshoot (0.6 - 0.7 is a good compromise).

Why not make f; = 0.1 Hz with higher damping? Horizontal motion sensors tilt
sensitivity is proportional to 1/f, and noise (earth and instrument) are also proportional to 1/f
(discussed later). By putting f, close to 1 Hz, we can use the instrument as a natural filter:
prevent long period noise from entering the output. Fundamental considerations in instrument
(sensor) design: know the characteristics (approximate Fourier amplitude spectra) of the signal
you are interested in measuring (recording) as well as the ambient egrth and instrument noise

characteristics!

10




The velocity sensitivity

s = L

w, |Z]

on log-log axes becomes

-------

11




Looking at the acceleration sensitivity, the sensor is "flat" to ground acceleration from
D.C. (f, = 0) to about f,. A good dccelerometer then should have f, higher than any frequency
of interest (i.e. > 30 Hz). For a f, of 50 Hz and damping of 0.7, the acceleration sensitivity
is down 1/27 below the D.C. level (1/£? and the transition region starts at f,/2n =~ 38 Hz..
Our sensor then has an output directly proportional to ground acceleration from D.C. to about
40 Hz with a "gain" of 1/50*> = 0.004 output/ground acceleration. The output (relative mass
displacement) for ground acceleration input (z) may be in pen deflection or in volts. An
amplifier would provide any gain (amplification) desired. For a typical SMA (Strong Motion
Accelerometer) the acceleration sensitivity is about 2.5 v/g with a f, = 25 Hz and damping of
0.7 critical. The A.S. would look like
A

I)J’V/;

;_{ :)f//z

Figure 3 shows the acceleration sensitivity computed for several values of damping (0. 1-
0.9 critical). The value of 0.7 is a good compromise for no overshoot yet minimizing the
transition band. - Figure 4 shows the magnification, velocity sensitivity, and acceleration

sensitivity for the same instrument. The sensor is a good displacement instrument for f, > f,,

a good acceleration instrument for f, < f,, and a good velocity instrument for f, = f.

12




2) Velocity Transducer

In the displacement transducer the record amplitude was proportional to y, the relative

displacement of the mass. If a moving coil is used as a sensor

Y
z

I y

X

N

then the output (voltage) is proportional to the relative velocity y = % - 2 from Lenz’s Law

Z=YxB
e: voltsjunit length

B: magnate field flux density.

For the velocity transducer, the magnification, velocity sensitivity, and acceleration

sensitivity become

y| o Y|
M
Y| _ 17|
DY
VT |Zl |Z] DT
Y| Y]
A. S. | =V. S
yr IZl me Izl DT
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or graphically

A
, 1
Ly .
73
7/67};
f
o 7
2
:,47;(
A

R

14




The velocity transducer is the other common instrument used in seismoIogy and, in
analogy with the displacement transducer, it is approximately flat to ground velocity (z) for
frequencies beyond the corner f,. Figure 5 shows the magnification, velocity sensitivity, and
acceleration sensitivity computed for the very popular Mark Products 14-C seismometer with
a corner fréquency of 1 Hz and damping of 0.7 critical. The V.S. is flat for frequencies at
nearly 1 Hz and higher with a nominal output (depending an coil resistance) of about 180
V/m/sec. This sensor, and ones similar to it are used extensively in seismological studies of
earthquake source, path, and site features for frequencies above about 1 Hz. For lower
frequencies (< 1 Hz), the distortion introduced by the sensor must be removed; a procedure
called processing in general or more specifically, performing an instrument correction. A
similar exercise must be done to accelerograph data if there is interest in frequencies beyond the

corner (f,). This will be discussed in the section on data processing.

As a example of instrument design, the acceleration sensitivity of the velocity transducer
shown in Figure 5 has an interesting feature. The peak which occurs at f, = f, suggests that if
the transition zone could be flattened out the sensor would be, in effect, an accelerometer over
the frequency range of flat acceleration sensitivity. Recall that the 2 corners which describe the

transition zone are

fe=f_;/2n ) f;1=f.;'21']

the flat region Af can be defined as

2 _1
27

Af=f-f=f-@1—),
then for 1> 1 increasing 7 increases Af. If 9 = 10 critical then Af = 20 Hz and with f, =
1, the velocity transducer can be made into an accelerometer over the frequency range of about
0.05-20 Hz. The computed acceleration sensitivity for such a system is shown in Figure 6 along
with the standard I14-C seismometer curves. Appendix 1 shows some specifications for 2

moving coil transducers (seismometers), a hydrophone, and a state-of-the-practice accelerograph.
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f) Filters '

The purpose of filters, either analogous or digital, is to shape the system response. They
are used as integrators (add -N slope) or differentiators (add +N slope) as well as to eliminate
or reduce unwanted signals or noise over some frequency range. In applications to strong
ground motion this generally means to eliminate or reduce the amplitude of noise contamination.
Apart from high frequency noise, another reason for low-pass filtering is to prevent aliasing.

For sampled data with a sample interval At, the highest frequency represented in the data is

termed the Nyquist frequency and is given by
fy = 1/2 At.

If analogue data are sampled or sampled data are decimated (At increased), all spectral

" components with frequencies greater than fy must be eliminated prior to sampling (or
resampling). If they are not, the energy at frequencies exceeding the Nyquist can contaminate
frequencies lower than the Nyquist in the sampled data. This process is termed aliasing: higher -
~ frequency energy is aliased to lower frequencies. A good rule of thumb for anti-alias filters is
to be down at least a factor of 10 at the Nyquist. For a Butterworth, this can be done by
applying a 4-pole at fy/2. This will result in 24 db/octave and is down 24 db at f = f;..

1) Filter Theory:

One of the most common filters is termed the Butterworth filter. It is popular because
it has very desirable properties, it is easy to create analogous circuits with Butterworth
properties, and it is very simple in digital form. It’s basic properties are that it remains very
flat (maximum flat) to very near its corner frequehcy and it falls off fairly rapidly beyond.
There is a tradeoff in filter theory between flatness (ripple free) and rate-of-fall-off: you can’t

be ripple free and have maximum fall-off.

For example two low-pass filters: one Butterworth and one an elliptical.
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The Butterworth flat (ripple free) but falls off slower, it is simply a good compromise.

The system function for the Fourier amplitude spectrum of the Butterworth filter is

S S Low Pass
, 1+ (L
Y
1 .
_— High Pass
1 + (E 2N
f

where N is the order number or slope on a log-log plot. Low-pass means all frequencies

less than f, (filter corner) are passed and similarly for high-pass.
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Since N (pole or order number) is a slope of N, the fall-off is N - 6 db/octave. For
example, a low-pass filter with a corner frequency of 30 Hz and with N = 4 falls off at 24

db/octave. At 60 Hz then the signal amplitude would be down 24 = 20 log f— or
0

A4 _ 1012 = 006 .

4,

This would be a good filter to eliminate 60 Hz power line noise. Unfortunately there is

signal fall-off starting from the corner frequency: down by = -3 db

-

The Butterworth filter characteristics are:

a) Easy to apply low-, high-, and band-pass (combine low- and high-pass. through
multiplication) '

b) down 3 db (1A/2) at corner

¢) fall-off of 6 db/octave/pole.

Figure 7 shows band-pass Butterworth filters with corners at 0.1 Hz (high-pass) and 50
Hz (low-pass) for orders 2, 4, and 6. The change in fall-off is -apparent (note the jump in
doubling the order decreases with increasing order), the flat zone increases with increasing
order, and the -3 db points are common to all orders. This bandwidth (0.1-50 Hz) is not bad
~ for strong motion recordings of small to moderate earthquakes. Simply multiplying the filters
(4-pole)

1 1 ‘ (plotted in Figure 6)

0.13 8
1+ (29 A
G Jl 5

High—pass times Low-pass

times the acceleration sensitivity (accelerometer with a corner at 50 Hz or beyond) (adding an

amplifier, digitizer, and recorder) produces a strong motion seismograph to record motions from

18




0.1-50 Hz.

g) Noise

_ In general r_10ise sources arise from the earth (see Seminar 1, Table 1), the system, and
from processing. For strong motion recording, the principal sources of noise are:
1) digitizer noise for film and analogous tape records (processing),
2) accelerometer noise (system), and ground noise (earth) due to natural phenomena and
cultural activity. Figure 8 shows these noise models along with our ground motion
spectra computed at R = 10 km for M 2.5-7.5. The dots are the approximate source
corner periods. Figure 9 is an analogous plot for R = 50 km. If, for example, we do
not have a digital system, the digitizer noise controls. With a digital system, sensor

noise controls. A good rule of thumb is that the S/N ratio = 6 db or at least a factor

of 2.

If we wished to design an accelerograph with film recording, we have the following

/

constraints:
1) Noise limited by digitizer,
2) Dynamic range of 40 db.

What can we expect to see and where should we expect to have to filter?

R = 10 km R = 50 km
M > 3.5 M > 4.5
Af = 0.05-30 Hz Af =~ 0.1-20 Hz

0.05 Hz: should resolve

all source comers M 3.5-7.5

However we have only 40 db dynamic range or factor of 100 between smallest and
largest signal. Since a factor of 10 is about one unit in magnitude, we are limited to 2

magnitude units for on-scale recording above noise. This is dismal and a significant factor in
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limiting the number of useful recordings.

If, 6n the other hand, we have a digital system, the advantage is twofold: proéessing
noise is eliminated, the sensor is now the noise floor and the dynamic range is greatly increased.
For example 16 bit (90 db) would easily accommodate a magnitude range of about 4. Coupled

with the lower noise, our window becomes

R =10 km R =50 km
M > 2.5 (to about 6.5) M > 3.5 (to about 7.5)
Af = 0.01-50 Hz Af = 0.05-30 Hz

Digital systems represent a tremendous improvement in our ability to record useable data.

System Filters, magnitude range

Film Recorder Digital Recorder

0.05 Hz high-pass 0.01 Hz high-pass
20 Hz low-pass 50 Hz low-pass
2 magnitude units 4 magnitude units

Figure 10 shows the two system responses and their respective dynamic rahges assuming

a maximum recorder voltage of 2.5v.

. h) Data Processing

The art of data procéssing with particular reference to strong ground motion refers to 1)
instrument removal (correction) and 2) elimination of noise (earth, system, and processing)
through filtering.

1) Instrument Removal: This aspect of data processing is probably the most
straightforward and involves removing (deconvolving) the instrument response (Figure 3) from
the record. The approach generally taken to remove the instrument is to divide its response out

of the Fourier amplitude spectrum of the recorded motions. To illustrate this process, Figure
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11 shows whole record Fourier amplitude spectra computed from a film recording of an
aftershock of the 1979 Empirical Valley earthquake (M = 5.2, R = 10 km). This spectrum
is unfiltered and includes the instrument response (Figure 3). Figure 12 shows the spectrum
after removing (dividing out) the instrument response. Note the turnaround in the spectrum at
high frequency (= 35 Hz) resulting from dividing out the instrument response which decreases
rapidly (f?) beyond the corner (25 Hz). From our model of earthquake spectra and noise
(Figure 8), this increase is likely due to noise introduced in digitizing the film record and should

be filtered out.

To examine possible noise contamination at low frequency (long periods) Figure 13
shows the instrument corrected Fourier amplitude spectrum integrated twice (times f?). The
spectrum continues to increase with decreasing frequency out to nearly 0.05 Hz (20 sec), the

length of the record. This spectrum does not resemble the earthquake for field source spectrum

!

}ég b (o

f
.
{
{
'

.

¢

e A

and suggests the presence of low frequency noise. From Figure 8, tﬁe corner frequency should
be near 0.8 Hz (f, = 300 e'™) so the spectrum should begin to flatten out near 1 Hz. To
illustrate the effects of low frequency noise in the time domain, Figure 14 shows acceleration,
velocity, and displacement time histories produced from the unprocessed record. While the
velocity record appears reasonable, the displacement shows a very long period drift or a baseline
problem. This is a typical feature of long period noise in strong motion recordings. The best
way to eliminate or minimize this contamination is to apply a high-pass filter to reduce tﬁe

spectrum for frequencies lower than the corner frequency.
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For this record, as for most strong motion data, noise contamination is present at both
high and low frequencies. The low pass filter design for the high frequency noise is rather
straightforward. From Figure 12, the filter should be applied just before where the spectrum
turns around (near 30 Hz) recalling that at the corner the filter is already down 14/2 = 0.707.
The order number must be high enough to roll off the turnaround (about an 2 dependence) so

a 4-5 pole would force the spectrum to decrease at a net fall-off of £2 or f? beyond 30 Hz.

For the high-pass filter at the low frequency end, the situation is much more subtle and
the process approaches that of an art if one wishes to maximize the low frequency signal. The
process I use is to view the instrument corrected spectrum (Figure 12) from the perspective of
having the basic properties of an approximate Brune source accommodating differences due to
site and path effects as well as departures from the simple source spectrum due to finite source
effects (directivity). With this in mind, the spectrum in Figure 12 should increase with
increasing frequency to a flat portion sémewhere near | Hz. At R = 10 km, from Figure 8,
we should resolve the corner (= 0.8 Hz) (note this may not be the case at R = 50 km, Figure
9) and the high-pass filter corner should be somewhat lower than this. Based on experience and
trial and error (filtering and integrating to displacement), the corner was chosen at 0.35 Hz with
order 5. Figure 15 shows the instrument corrected and filtered acceleration Fourier amplitude
spectrum and Figure 16 shows the corresponding displacement spectrum. Note the absence of
the high fruequency turnaround in Figure 15 and the roll off at low frequency in the displacement
spectrum (Figure 16). The resulting time histories are shown in Figure 17. Comparing
unprocessed time histories (Figure 14) to processed (Figure 17) the processing has increased the
accelerations, reduced the velocities, and eliminated the long period baseline problem revealing

a clean displacement pulse.

Another approach to baseline correction is polynomial fitting (Appendix 2). While this
method does remove long period trends it suffers from not using any understanding of the

physical processes involved and can remove important signal..
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Figure 1 Dragon seismoscope




SSA-1

Figure 2.

The standard system includes Kinemetrics Force
Balance Accelerometers, CMOS static RAM based,
triggered event recording system, environmental
enclosure, and battery backup for up to 7 days.
Also provided are both QuickLook® and QuickTalk®:
user friendly, menu-oriented software for retrieving
and displaying earthquake data over the standard
RS-232C link.
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Sensor and System Specifications
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The L-4 is an INSTRUMENT QUALITY ONE
Hz or TWO Hz multi-purpose geophone, thatis
small, light, and economical. It is designed
to yield the performance needed for scientific
studies, yet has the ruggedness required for
petroleum exploration work.

The L-4 design ELIMINATES the usual causes -
of FAILURE in VERY LOW FREQUENCY geo-
phones, such as SPRING FATIGUE, OVER- .
STRESS and INSTABILITY. This geophone
maintains a close frequency tolerance with
tilt and temperature, and is TRANSPORTED
WITHOUT CLAMPING the moving element.

The L-4 is available with or without calibra-
tion coils and may be obtained as VERTICAL
OR HORIZONTAL elements. A variety of fit-
tings are available for custom application.

FEATURES
STABLE NATURAL FREQUENCY
LOWEST DISTORTION
INSTRUMENT QUALITY
HUMBUCK CONSTRUCTION
VERY HIGH OUTPUT
NO SPRING SAG

U.S. PATENT 3,451,040
FRENCH PATENT 1,598,454

1.0 Hz AND 2.0 Hz
““’LAND OR BOREHOLE = |
© 7 GEOPHONE -, " *"

Basic unit is guaranteed for six months, external voltage and highline damage not in-
cluded on warranty.

Warranty is subject to the terms and conditions listed on our General Warranty page
in this catalog. :




L-4C 1.0 Hz GEOPHONE

L-4A 2.0 Hz GEOPHONE

TYPE ot e Moving dual coil, humbuckwound.......... Moving dual coil, humbuckwound..........
FREQUENGY .. o et ii it aan 1.0 + 0.05 Hz measured on 200 pound 2.0 + 0.25 Hz measured on 200 pound
weight at 0.09 inches/second.............. weight at 0.09 inches/second..............
FREQUENCY CHANGEWITHTILT........... Less than 0.05 Hz at 5° from vertical........ less than 0.10 Hz at 10° from vertical........
FREQUENCY CHANGE WITH EXCITATION. ... Less than 0.05 Hz from Less than 0.10 Hz from
0to0.09inches/second................... 0to0.18inchesfsecond.............cvvunn
SUSPENDED MASS. ... ... .. it ines 1000 grams. . .ovvevinvnni i 500 gramsS. ..o vviie it
STANDARD COIL RESISTANCES............ 500, 2000,5500......0iviiiiiviienan 500,2000,5500......c00iiiiiiiiiernana
LEAKAGETOCASE...........civiiii i 100 megohm minimum at 500 volts......... 100 megohm minimum at 500 voits. ........
TRANSDUCTION POWER............cc..... 8.8 10~ 2 wattsl/inch/second or 8.8 10~ 3 wattsfinch/second or
13.6 watts/meter/second.................. 13.6 watts/meter/second. .................
OPENCIRCUITDAMPING........coovev v (bo)y=0.28¢ritical..........ccoeveriiin, (bo)=0.28critical......ooivvn i iinnnns
CURRENT DAMPING. .......vvveeininnn (bey=_TI1Rc . boy=_TIRc
: Rs + Re Rs + Rc
COIL INDUCTANCE. .. ... ivii vt iineenenn Lc=0.0011 Rc Lc=0.0011 Re
Leinhenries.......cvoiiiiiin i, Leinhenries.....oovviiinniin i,
CASETO COILMOTION ....iviirvenneenannen PP 0.2500iNChes .o vv v e irieennnernnnenns PP 0.250INCheS ot verieerrerrnnnereersesanas
ELECTRIC ANALOG OF CAPACITY.......... Co=_73,500 (microfarads)............... Cc= 36}%500 (microfarads)...............
c o
ELECTRIC ANALOG OF INDUCTANCE....... Lm=0.345Rc (henries)..........c.o.iuiuen Lm=0.17Rc (henries)....................
CASEHEIGHT............... P B inches—13CM.. et 5jinches—13cm......... oo,
CASE DIAMETER. . ... o i 3inches—7.6CmM. ... ivviiiiiienininennns dinches—7.6cm........ .o iivnninenn
TOTAL DENSITY .ot ii it e 3.7 grams/em®. ... 29 gramsiem®. ..o
TOTAL WEIGHT. ... ... .ot 4%, pounds—2.15 kilograms............... 3% pounds—1.7 Kilograms................
OPERATING TEMPERATURE............... Range: —20°t0 140°For —28°t060°C...... Range: —20°to140°For —-29°to60°C......
L-4C 1.0 Hz GEOPHONE L-4A 2.0 HzGEOPHONE
COIL RESISTANCE, OHMS 500 2000 5500 500 2000 5500
TRANSDUCTION, VOLTS/IN/SEC 2.12 4.23 7.02 2.12 4,23 7.02
COIL INDUCTANCE, HENRIES 0.55 2.20 6.05 0.55 2.20 6.05
ANALOG CAPACITANCE, MICROFARADS 147 36.8 13.4 73.0 18.3 6.64
ANALOG INDUCTANCE, HENRIES 173 . 690 1900 85.0 340 935
SHUNT FOR 0.70 DAMPING, OHM 810 3238 8905 810 3238 8905

Open Circuit Damping (bo) = 0.28 Critical

Coil Current Damping (be)= _1.1 Bc

Total Damping (b)) =bo + be

Rc + Rs
40 MODEL L-4A  GEOPHONE
MODEL L=-4C GEOPHONE
20 H:z 5500 OHM CoiL
.0 Hz 5500 OHM COIL 30
20
20
A
I5
10 ; r\
ors = 1ok o SN
S / B | » /
6k el 2 =
(4 JAN Z ]
- oy 6’ L3
2 / 3
4 S L 2
L 5 / 13 4l-8 /
E // ol CURVE SHUNT DAMPING s L / -
gro A OPEN o028 £ CURVE SHUNT DAMPING
B 22000 OHMS 0.50 8 -
/ ¢ 13408 OHMS 0.80 2r a7 A - OPEN 0.28
[ 8004 OHMS 0,70 B8 8905 OHMS 070 -
i Uy E 6134 OHMS 0,80 [ o/
s F 4258 OHMS 0.00 i —_
FREQUENCY=-HERTZ FREQUENCY=HERTZ , | |
41 1 1 1 1 ! T
2 4 6 .8 | 2 4 6 10 20 40 0.2 04 06 [ 2 4 6 10 20 40
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The L-10 Digital Grade Subminiature geo-
phone is a small, lightweight reliable unit.
This geophone incorporates engineering
techniques, developed and perfected by
Mark engineers, that provide long life at
original, new specifications — for low fre-
quency as well as the higher frequency
units. Each L-10 is individually checked for
phase and damping. '

This instrument quality geophone isde-
signed for field durability. its high strength :
Super-Tuf Nylon case and sealing com-

pound permits a field repairable cable take-

out without special tools. Other cases are
available for land and marsh applications.

The Standard Case provides for the cable
to exit near the bottom of the case. A
Standard Basic Unit must be used in this
assembly.

In the Inverted Case the cable exits from
the top, and an Inverted Basic Unit must

be used.

FEATURES

SUBMINIATURE
DIGITAL GRADE
DUAL COIL
HIGH OUTPUT
LOW DISTORTION
STABLE
LOW PROFILE
WATERPROOF
ECONOMICAL
4.5Hz TO 30 Hz

i i SRR R
 SUBMINIATURE - [ B e} ;
~ DIGITALGRADE ' Eidl {4

. LANDGEOPHONE -~ [l My BV £

Basic unit guaranteed for two years on prorated basis, exlernal voltage and
highline damage not included in warranty.




Standard Frequency Range, Hz ,
Frequency Tolerance
Standard Coil Resistance, Ohms
Resistance Tolerance, %
Maximum Distortion @ 0.7 in/s
@ 12 Hz or Resonance
Transduction Constant, V/in/s * 10%

L-10A L-10B
10-30 4.5-10
+5% +0.5Hz
138/215/374 138/215/374
5 5 65 5 5 65
0.2% 0.2%

0.041 VRc

0.041 VRc

Open Circuit Damping, +10% -——‘12789— —%
, : . 16.93 Rc 12.15 Rc
Coil Current Damping | f(Rc + Rs) f(Ro + Re)
Suspended Mass, Grams 12.20 17.00
Power Sensitivity, mW/in/s 1.67 1.67
Case-to-Coil, Motion, in. p-p 0.080 0.080
Basic Unit Diameter, in. 1.25 1.25 —_
Basic Unit Height, in. 1.4 1.4
Basic Unit Weight, oz. 5.0 5.0
6.0 6.0 -
MODEL L-10A GEOPHONE MODEL L-10B GEOPHONE
4.0 10Hz 374 OHM COIL 40 45Hz 374 ORM COIL
3.0 3.0 -
2.0 20
- O - O
& #
L2 ol2 A
ol - ors A=
5 S 5 o=
ers /s °or3 17
04 _§ // 04 _§ /V \‘
sl B Y ol s /74
. 2 y o]
° CURVE SHUNT DAMPING / CURVE SHUNT DAMPING
5 - L.
0.2 / A OPEN 0428 02 A OPEN 0424
B 8530 0.500 » B 12917 0.500 -
c 3326 0.600 [o 5363 0.600
o1 FREQUENCY - HERTZ D 1961 0700 - 01 FREQliJENcle-i HlEHT|Z o) 3284 0.700 1
[T I T T 1 N N A
65 1 2 3 4 6 8 10 20 40 60 80 100 200 65 1 2 3 4 6 8 10 20 40 60 80 100 200
. 6.0 6.0
MODEL L-10A GEOPHONE MODEL L-108 GEOPHONE
4.0 14 Hz 374 OHM COIL 4.0 8 Hz 374 OHM COIL
3.0 3.0
2.0 20
Lo O N
w w
1.0 -g /-\ 1.0 —g /
080 A — o8l o A .
_'J 5/ . o] B// 1
O.G_?O /C 0.6 :C?) / Lc
o5 LR 0l LP
sl 5 / wsh5 /
a3 313 i
0.2 CURVE SHUNT DAMPING || 02 / CURVE SHUNT DAMPING
" A OPEN 0.306 : A OPEN 0.239 [}
// B 1961 0.500 1 / // B 1788 0.500 -
' c 1166 0.600 o] 197 0.600
<A} FREQUENCY ~ HERTZ D 775 0.700 - 01 FREQUENCY - HERTZ D 857 0.700 =
I T I [ O A
.65 2 3 4 6 8 10 20 40 -60 80 100 200 65 1 2 3 4 6 8 10 20 40 60 80 100 200 ‘.\
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®
The P-44 Hydrophone is a 100% molded

polyurethane unit that eliminates case type
water leakage and offers to the industry an
economical unit for multiple usage.

£

It is designed to spill any air entrapped around
the unit, thereby increasing its high frequency
response without parasitic resonances.

R R L

The P-44 is transformer coupled. It has an
acceleration cancelling piezoelectric crystal
arrangement and an easy method for polarity
test.

GENERAL SPECIFI‘CATIONS.

Natural Frequency *+15% 8Hz 10 Hz
Voltage Sensitivity +15dB 7.5 volts/bar 14 volts/bar
Amplitude Response +1dB 8to 800 Hz 10to 800 Hz

Impedance 250 ohms
D.C. Resistance 140 ohms
Maximum Working Depth 250 ft.
Depth at which permanent

changes in character-

istics occur 500 ft.
Operating Temperatures 0to 35° C.
Cable Size 0.310in.

Case Dimensions

Diameter 2in.
Length 4% in.
Weight 0.5 Ibs.
. HYDROPHONE q A 7l i

Basic unit guaranteed for one year on prorated basis.
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MODEL P-44 HYDROPHONE
40 Nat. Freq. 8 Hz Sens, 7.5v/bar
0 A D.C. Res. 140 ohms  Imped 250 ohms
300
/ g
- 200 B —
3 §
1501— » 2
: 1N N
100]— = .o |
sol- 3 [lal N =
//// /4R
3.0 ' Z -
/17 CURVE SHUNT DAMPING
00 A OPEN 0.08 B
' FREQUENCY - HERTZ B 5620 OHMS 0.50
15 C 4420 OHMS 060 |
' D 3740 OHMS 0.70
1.0 | L ]
T 2 4 6 8 10 15 20 30 40 60 100 200
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A/ Nat. Freq. 10 Hz Sens. 14v/bar
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300
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. Aﬂm EARTHOUAKE
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KINEMETRICS .

SSA-1

Solid State Accelerograph :

The SSA-1 Solid State Accelerograph has earned Key benefits of the SSA-1 include:
a world wide reputation for quality and reliability in

digital strong motion recording. Designed - versatility with four channel recording,
specifically for data integrity and ease of playback,
the SSA-1 pioneered the use of PCs. for rapid - ease of maintenance through plug-in boards,
access to data, and simple retrieval, both directly
and remotely using standard modems. - seismically qualified design tested to

IEEE 344-1987 "Recommended Practices for
The standard system includes Kinemetrics Force Seismic Qualification of IE Equipment for
Balance Accelerometers, CMOS static RAM based, Nuclear Power Stations",
triggered event recording system, environmental
enclosure, and battery backup for up to 7 days. - networkable with other units through local or
Also provided are both QuickLook® and QuickTalk®: extended interconnect option,
user friendly, menu-oriented software for retrieving
and displaying earthquake data over the standard - remote annunciation with output relay option.
RS-232C link.

USA - 222 VISTA AVE., PASADENA, CA 91107 - TEL. (818) 795-2220; FAX (818) 795-0868; TLX 67-5402  SWITZERLAND - ZI. LE TRESI 3, 1028 PREVERENGES - TEL. - (21) 8032829 FAX (21) 8032895




\ GENERAL DESCRIPTION

The SSA-1 is a digital strong motion accelerograph designed to
monitor ground motion, and trigger and record earthquakes which
exceed a predstermined threshold. Data is recorded in CMOS
static RAM, and played back through an RS-232C interface. The
system is designed to operate from internal batteries which are
normally trickle charged. The CMOS solid-state memory is 512K
bytes on a plug-in card, and is expandable to nearly sight
megabytes. Standard recording time is approximately 18 minutes,
288 minutes with the larger memory. The sample rate is 200
samples per second per channsl.

With a resolution of 1 part in 2000, the SSA-1 can record a full
scale of 1000 gals as well as penurbatlons as small as .5 gals in
the same record. The frequency response from zero to 50 Hertz
enables the SSA-1 to be used on a wide variety of applications.
The simple RS-232C serial interface facilitates connection to
telephone lines for remote interrogation. Event time, duration and
peak acceleration are recorded in each event header for rapid
retrieval and evaluation.

SSA-1 SPECIFICATIONS

Sensor
Type: Intemal, orthogonally oriented triaxial FBA
Full Scale: Standard unit: 2g.
Natural Frequency: 50 Hz nominal
Damping: 70% critical
Bandwidth: DC to 50 Hz
Data Acqulsition Characteristics
Sample rate: 200 samples per second (sps) per channel

Three. Longitudinal, vertical and transverse
(L,V,T). Optional: four,

2 pole, 50Hz, Butterworth

DC to anti-alias filter cutoff

Number of channels:

Anti-alias filter:
Frequency response:

Sensitivity: 2.5 volts full scale
(Full scale sensitivity is adjustable with
preamp settings of 1, 2, 4 or 8)
Resolution: 12 bits, offset binary coding
Noise: Approximately 1 Isb in 12 bit system

Pre-event Memory
Selectable in steps from 0 to 15 seconds -

Trigger
Programmable threshold trigger, 0.1 to 10% of full scale, bandwidth
.1 Hz to 12 Hz.

Post-event Hold Time
10, 15, 30, 60 and 90 seconds

Recording Characteristics
Recording medium: 512 kilobytes of CMOS static RAM standard

(with battery back-up)

Recording capacity: Approximately 18 minutes of 3 channel 200
sps data using linear-predictor type data
compression algorithm.,

Playback system: Direct or remote RS-232C connection of

SSA-1 to IBM-PC (or 100% compatible) at
standard baud rates to 38.4 kilobaud. File
transfer uses standard Xmodem protocol.
Includes Kinemetrics QuickLook® and
QuickTalk® programs as well as an ever-
expanding assortment of other support
software.

Environmental
Operating Temperature: -20°C to +65°C (-4°F to +149°F)
Humidity: 100%

Batteries

Primary Power Source:  Single supply operation. Two intemal 12 volt
6.5 Ah battery. Primary batteries provide
approx 7 days of operation without charging.
Extemnal battery connection fully protected,
e.g., polarity, fuse, Tranzorb®, etc.
3.6 volt lithium bateries for clock and RAM

Backup batteries:
backup.

Battery Charger
Wall mounted unit supplied. 110/220 Vac, 47-63 Hz operation.

Power Consumption
Operating Voltage:
Current Drain:

11 to 14 Vdc
Approximately 75 mA

Dimensions
Length: 400mm (15.5%)
Width: 410mm (16"
Height: 200mm (8*)
Weight: 17.5 kg (38.5 Ibs)
Mounting: Single hole for (1/4") stud
Controls

Intemal power ON-OFF switch.

Intemal DIP switch for baud rate setting, access to password and
special diagnostic functions.

All other functions initiated from SSA-1 monitor program.

Indicators
EVENT and AC CHARGE (LEDs)

Standard /O Connectors
RS-232C Command Port
DCE interface, 8 bits with no parity. Baud rates of 300, 600, 1200, 2400,
4800, 9600, 19200, 38400 baud. DIP switch selectable. XON-XOFF
protocol used for ASCIl communication. Xmodem checksum and CRC
protocol used for data transfer.
External Power
Connection to charger (and optional extemal battery).
Interconnect
Local interconnect for common start, common sampling, and common
time.

Timing System
Intemal clock standard. Records time of event in header. (Accuracy
approx. +5 x 10 from 0-50°C). Optional higher aceuracy time code
generators and time code receivers available for precise timing.
Recommended for interconnected units.

ORDERING INFORMATION

SSA-1 P/N 107200
Options

Provision for 4th channel lnput P/N 107310

Provision for Extemal FBA-23 P/N 107315

Additional 3-pole filter board P/N 107305

Extemal FBA Force Balance Accelerometers, replacing
standard intemal sensors, specify full scale 1/4, 1/2, or 1g

FBA-11 Uniaxial Surface P/N 105000
FBA-23 Triaxial Surface P/N 105610
FBA-23DH Triaxial Downhole P/N 108350
Expansion Memory (in place of standard 512 Kbytes)

Specify 1, 2, 8, 4, 6, or 8 Mbytes Consult Factory

OMEGA Synchronized Clock,

includes cable, preamp and antenna P/N 107335
GPS Consult Factory
TCG-2 Time Code Generator (high accuracy) P/N 107210
WWVB Time Broadcast Receiver P/N 107220-04
A60-FS Antenna for WWVB, incl. cable P/N 790011

Accessories

Cable, SSA-1/2 to modem, RS-232C P/N 107393
Cable, SSA-1/2 to PC, RS-232C P/N 10739201
Cable, local interconnect, SSA-1/2, 3 ft. P/N 50030502

Extended Interconnect System
Consists of transient protection box, cable, accessory

parts, Specify w/ or w/o SMA-1 option P/N 107213

Interconnect cable, Box to Box P/N 700302
Interconnect cable, Box to SMA-1 P/N 700245
Extender Board P/N 107375
Extemal Mounting Kit P/N-107385
TCG-2PR w/accessory cables

Time Code Generator Portable-Reference P/N 107205

Supplies

Battery, rechargeable, set P/N 103413
Battery, backup clock P/N 700300
Battery, RAM backup P/N 700300
Desiccant P/N 700049

®QuickLook and QuickTalk are registered trademarks of Kinemetrics, Inc.
@Klnemetncs, Inc. 4/94 Printed in the U. SA




KINEMETRICS

FBA-3

Force Balance Accelerometer

The FBA-3 Force Balance Accelerometer is a high-
sensitivity, low-frequency triaxial device suitable for
a variety of seismic and structural applications. It is
an economical instrument characterized by high reli-
ability, ruggedness.and low current drain.

Designed to meet the stringent requirements of
USNRC Regulatory Guide 1.12 for nuclear power
plants, the FBA-3 is deployed in over 100 nuclear

power plants in the United States and abroad. Fre-
quency response is flat from dc¢ to 50 Hz. Nominal
full-scale range is +1 g, but optional full-scale
ranges are available,

The FBA-3 is packaged in a cast aluminum base and
cover, sealed to prevent the entrance of moisture and
dirt. The three accelerometers are orthogonally
mounted on an internal deck plate.

KINEMETRICS INC., TWO TWENTY TWO VISTA AVENUE, PASADENA, CA. 81107 (213) 795-2220 - TELEX 67-5402 KMETRICS PSD




TECHNICAL DESCRIPTION

The FBA-3 is a spring-mass device which uses varia-
ble capacitance transduction, as shown in the sche-
matic below. The output is fed back to the parallel

Spring

Varlable Capacitor

Qutput
Kp

combination of capacitor C, and the torquer coil,
which is an integral part of the mass. From the coil
the feedback loop is completed through resistors
R, and R,. This has the effect of stiffening the sys-
tem, thus increasing the natural frequency to 50 Hz.
Resistor R, (with G,) controls the damping, which nor-
mally is adjusted to 70% critical. The acceleration
sensitivity is controlled by the gain K, of the post-
amplifier.

TECHNICAL SPECIFICATIONS

Full-scale range
+1.0g, (4, V2 & 2 g optional)
Natural frequency
50 Hz~
Bandwidth :
DC to 50 Hz (3dB point)
Damping
70% critical*
Operating temperature range
—20° 10 70°C (0° to 160°F)
Output (full-scale)
+2.5V* into 50,000 ohms
Zero offset
L.ess than 25 mVv*
Cross-axis sensitivity
Less than .03 g/g*
Linearity
Less than 1% of full-scale
Noise (0 to 50 Hz)
Less than +25 uV
Noise (0 to 10,000 Hz)
Less than 2.5 mV*
Dynamic Range (0 to 50 Hz)
100dB
Temperature effects (zero drift and sensitivity)
Less than 2% of full-scale
Supply voltage
+/— 12 Vdc
Turn-on time ]
Operational within 0.1 setond after power applied
Calibration
Electrical commands can be applied to produce damping and
natural frequency outputs
*Measured values furnished with each sensor.

KINEMETRICS -

SEISMIC QUALIFICATION

Kinemetrics/Systems has provided strong motion
accelerograph systems to over 100 nuclear power
plants throughout the world for over 10 years. Kine-
metrics products have been carefully tested for ge-
neric qualification to meet most existing and future

requirements.

Kinemetrics seismic test characteristics for the
FBA-3 accelerometer have the. foliowing geneéral
characteristics:

1. Biaxial: horizontal and vertical rotated, and re-
peated at 90 degrees. .

2. Five OBE's (Operating Base Earthquake) followe
by one SSE (Safe Shutdown Earthquake) in each
direction. .

3. Random excitation controlied at 3 octave inter-
vals with incoherent phasing between axes, over
the range 1 to 40 Hz.

4. Test duration of thirty seconds minimum.

5. Minimum SSE RRS ZPA (Required Response
Spectrum Zero Period Acceleration) of 2 g with 3%
damped response accelerations exceeding 6 g in
the range 2 to 20 Hz.

6. Sensor SSE RRS ZPA of 6 g with 1% damped re-
sponse accelerations exceeding 14 g in the range
2 t0 30 Hz.

7. Functional testing conducted on devices prior to,
during and following seismic tests.

In addition, Kinemetrics has performed RIM (Re-

quired Input Motion) testing of pipe-mounted sen-

sors. The FBA-3 accelerometer has been qualified as

follows:

1. Biaxial: horizontal and vertical rotated, and re-
peated at 50 degrees.

2. Steady-state sinusoidal dwell tests at Y2 octave in-
tervals from 1 to 45 Hz.

3. Dwell duration of 30 seconds at each frequency.
4. 0-Peak input acceleration at each frequency of 4.5
g except limited by displacement (below 5 Hz).

5. Functional tests conducted on devices prior to,
during and following seismic tests.

PHYSICAL CHARACTERISTICS

Dimensions

200mm X 200mm X 200mm water tight enclosure (8" cube)
Weight ) :

7 kg (15 pounds)

© KINEMETRICS DECEMBER 1984
Printed in U.S.A.




APPENDIX 2

Polynomial Baseline Correction
Another way of removing the baseline or low frequency problem is to fit a polynomial
to the displacement time history and remove it from the acceleration time history. Assume

a@® =a'() +a, +a,t +a,t*

where a(t) is acceleration time history with low frequency noise and a’(f) is the noise-free

record. Then

a.t®? a t? a t*
dit) =d(t) + =—— + 2 — + 2
® ® 2 g )

and the coefficients a; are determined by a fit to d(t) because the long period noise is amplified

in d(t).

The noise free record a/(f) is obtained by subtraction of the polynomial from a(t).

Note, do not start with a quadratic in displacement because the constant and linear terms will

be lost in going to acceleration:

d@t) =d'(®) +a, +a, t+a,t

a(?) - alt) +a, .




Evaluation and Implementation of an Improved Methodology for

Earthquake Ground Response Analysis
Uniform Treatment of Source, Path and Site Effects

Seminar 4

(9/29/94, 49 p.)

Empirical Attenuation Models

a) General References

b) Review: Instrumentation and Data Processing
c) Introductory Comments

d) Development of Predictive Equations

e) Summary of Predictive Relations

f) Comparisons of Predictive Relations

g) Future Trends
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SEMINAR ON STRONG GROUND MOTION

Seminar 4; September 29, 1994

Empirical Attenuation Models
a) General References: ‘

1994

1994

1993

1993

1993

1993

1989

1988

Boore et al.: Estimation of response spectra and peak accelerations from

western North American earthquakes: and interim report.  U.S.
Geological Survey Open-File Rept; 94-127.

Campbell and Bozorgnia: Near-source attenuation of | peak horizontal
acceleration from worldwide accelerograms recorded from 1957 to 1993.
Fifth U.S. Nat’l Conf. on Earthquake Engineering. Chicago, Illinois.
Boore et al.: Estimation of response spectra and peak acceleration from
western North American earthquakes: An interim report.” USGS Open-
File Rept. 93-509.

Idriss: Procedures for selecting earthquake ground motions at rock sites.
National Institute of Standards and Technology. NIST GCR 53-625 . |
Campbell: Empirical prediction of near-source ground motion from large
earthquakes. in V.K. Gaur, ed., Proceedings, Intern’l Workshop on
Earthquake Hazard and Large Dams in the Himalya. INTACH, New
Delhi, p. 93-103.

Sadigh et al.: Specification of Long period ground motions. Proceedings
ATC-17-1, Seismic Isolation Systems, vol. 1.

Campbell: Empirical prediction of near-source ground motion for the
Diablo Canyon Power Plant Site, San Luis Obispo County, California.
U.S. Geological Survey Open-File Rept. 89-484.

Joyner and Boore: Measurement, characterization, and prediction of

strong ground motion. Edrthquake Engineering and Soil Dynamics 11,

1




Recent Advances in Ground-Motion Evaluation, Proc. of the Specialty
Conf. Sponsored by the Geotechnical Engineering Div. of the ASCE 1, 43-
102.

1987 Idirss: Earthquake ground motions. Lecture presented at the EERI course
on Strong ground motion, in Pasadena, California.

1985 Idriss: Evaluating seismic risk in engineering practice. Proc. Eleventh
Internat. Conf. on Soil Mech. and Foundation Eng., San Francisco, edited
by A.A. Balkema, Rotterdam, 1, 255-320.

1981 Joyner and Boore: Peak horizontal acceleration and velocity from strong-
motion records including records from the 1979 Imperial Valley,
California, earthquake. Bull. Seism. Soc. Am., 71, 2011-2038.

b) Review: Instrumentation and Data Processing

- Seismograph: device to detect and record earth motions

1) System Requirements

a) Dynamic range: db = 20 log AA . The range between the largest signal
0
(A) and smallest (Ay). For an accelerograph considering peak acceleration, a

nominal maximum could be 2g and background noise at 10 Hz at an average site

might be 10° g. Then

db = 20 log—2— = 126
10°¢

or over 6 orders of magnitude. This is an enormous range and is generally not
met by recording systems as it implies nearly 24 bit sampling (20 log 2" =
db).

b) Bandwidth: Range in frequency between lowest and highest freciuencies of
interest. For strong ground motions, we are generally interested in about 0.05

Hz (20 sec) to about 100 Hz. To prevent aliasing the analogue signal should




extend up to about 200 Hz.

c) System Linearity: System response must be independent of the level of input

motion (126 db, over 6 orders of magnitude).

d) Stability and Time In Variance: This generally refers to a very low drift rate.

c) Sensitivity: Adequate amplification with low noise in the frequency range of

interest: 10° for sensitive seismograph to about 1-10 for strong motion

accelerograph.

f) Degrees of Freedom: Generally 1 with minimum cross axis sensitivity (< 1%).

g) Time Accuracy: Within about 0.1 sec UTC.

2) Sensing Device (inertial seismometer)
a) Mechanical

b) Optical
¢) Electrical

1) Velocity transducer

2) Displacement transducer

3) Amplifier: db 0-120, noise levels = 1 uV (0.05 - 200 Hz). Signals as low as 2.5

UV (accelerometer sensing earth noise).

4) Recorders: Dynamic Range
a) Analogue: film 40 db

tape 46 db

b) Digital: =~ 12 bit 66 db

5) Filters:
Figure 4:

Figure 5:
Figure 7:
Figure 8:

16 bit 90 db

Remove noise (earth and system) and shape instrument response.
Accelerometer (displacement transduce) response curves

Velocity (velocity transducer) response curves

Butterworth bandpass filters

Signal-noise characteristics




Figure 10: Instrument window

6) Processing
a) Instrument removal
b) Filter out low- and high-frequency noise
1) High-frequency noise, easy to select cut-off frequency
2) Low-frequency noise, difficult to select cut-off frequency, use T, =
0.0033 &M 15 estimate source corner period. Should recover periods to

at least T..

¢) Introductory Comments

Empirical ground motion models may be broadly defined as predictive relationships based
predominately upon recordings of strong ground motions or explosions (e.g. UNE’s at. Yucca
Mountain). Results from numerical modeling may be used to guide in the selection of values
or range of permissible values for coefficients and (or) to supplement the empirical data base.
By definition, however, the empirical models must be largely constrained (coefficients
determined by) recordings of strong ground motions. In order to gain some insights into the
functional forms used as empirical models, it is instructive to return to the simple point-source
model and examine the source, path, and site terms. These terms can be directly related to the

terms in the empirical relations and the physical basis for the empirical. relations established.

1) Physical Basis for Empirical Models
From our point-source ground motion model for Fourier amplitude spectra

1 - nfR
aw = czMa x Tzew‘”'x AP e™
1 +(i)
1
source x path x site

Taking logs (strong ground motion peak values are approximately log normally

distributed random variables)




log a(f) = log ( ¢ ) + log Mo source term

1+(£)?
( fc)
+ log (R) - Vf‘ é' ’;) path term
+ log (A()) - nxf site term

and from M, - M relation log M, = 1.5 M + 16.1,,

then
1
log (@) = log( ¢ )+ 15 M source term
1+(Ly?
/.
R
+ log (YR) - MR path term
1 4016),
+log (AD) - xf site term

where log ¢! = log ¢ + 16.1.

Source Terms:
a) Constant term.

b) Magnitude scaling term; M, f,. Notelog 4(f) < M in this model. As aresult, a()
is unbounded as M increases. This is an consequence of all the moment being released from
a point and suggests the point-source model should break down (overpredict) beyond some M.

For a finite source, as M increases so does the area (log A = -3.49 + 0.91 M; Wells and
Coppersmith, 1994). As aresult, more moment is released at greater distances so d(f) saturates




or reaches a limit as M increases.

Path Terms: _
a) (1/R) term: geometrical attenuation for a body wave. Appropriate for R < 70-100

km; beyond dealing with surface waves o¢ 1/A/R.

nfR
400)]

: term o to R and reflects attenuation due to crustal damping.

b)

Site Terms:

a) log (A(f)): rock or soil amplification term.

b) wkf: rock or soil damping term.

2) General Functional Form of Empirical Attenuation Relations:

logy=c +¢, M + ¢, M® + S (mechanism) + source
cslog (r + coexp (c; M) +¢cgr + path and source
s(site) , site

where y is a peak ground motion value PGA, PGV, RSA (T, 1), FAS (T) and

C;, S is determined by regressions on data and r is some distance measure to a finite source.

3) Term Comparison: Physical model to empirical model




POINT-SOURCE EMPIRICAL

1
source terms log (———) + 15 M ¢, + ¢, M + c; M* + S (mechanism)

1+ (L)
(f)

[

with source parameters M, f,. The radiation pattern coefficient R(f, ¢) is included in c!

(radiation pattern affects 4(f) through mechanism).

path terms log(1/R"™) cs log (r + ¢ exp (c; M)) + ¢, 1.

nfR
[ 40.0)

The term ¢4 exp (c; M) mimics an increase in distance as M increases and results in
ground motion saturation for small r. For ¢ = 0, c; is the effective geometrical attenuation

power. Cg is the crustal damping term.

site terms log (A(f)) ‘ S

Tkt

There is a direct correspondence between the physical parameteré in the simple ground
motion model and functional form for empirical models: i.e. the empirical models are driven by
source, path, and site physics with coefficients rather than model parameters determined by data.
The importance in having physically based functional forms lies in increased confidence in
extrapolations to distances and magnitudes which are poorly represented in the empirical data

base.

d) Development of Predictive Equations
Empirical predictive relations have a long history in ground motion specification and date
back to the early 1970°s (See Idriss (1979) for a comprehensive review of relationships

developed prior to 1979). Naturally the earlier predictive relationships were based upon




intensity due to the paucity of instrumental data. While very useful in semi-quantitative
appraisals of ground motion and assessment of size for pre-instrumental earthquakes, the large
uncertainties associated with intensity data make this approach unsuitable for Quantative

estimation of strong ground motions.

In areas of relative high seismicity and population density such as urban California,
instrumental strong motion data of sufficient quantity and quality (supplemented by world-wide
recordings) to reasonably constrain empirical regressions became available in the late 60’s and
early 70’s. The M 6.5 1971 San Fernando earthquake provided the first data set for a large
earthquake comprising a vaﬁety of site conditions and distance ranges. Eight years later, the
M 6.5 1979 Imperial Valley earthquake provided both a good check for the existing relationships
(particularly for deep soil sites) and (with the nuclear power industry) the impetus for
development of the modern predictive relations based largely on strong motion data recorded in
California. While there are a number of empirical relationships (see Joyner and Boore, (1988)
for an excéllent review and discussion of extarit empirical predictive relations) we will
concentrate on four which are identified alphabetically by their originators: Campbell, Idriss,
Joyner and Boore, and Sadigh. For these relationships, the predictive equations for both soil
and rock will be presented to get a feel for the variations implicit in the use different functional
forms, subsets of the data, and site definitions. Following these presentations, we’ll look at
some emerging developments on effects of fault type, near source effects, and differences

between hanging wall and foot wall site locations for dipping faults.

It should be emphasized that, by definition, predictive relations for strong ground motions
are transitory and, under the best circumstances, are updated subsequent to well recorded large
earthquakes (M = 6.5) or at least every several years. As a result, the originators of any set
of relations used should be contacted at least annually for updates and implementation

" information.

1) Campbell:
To implement his current relationship, Campbell (personal communication, 8/15/1994)

recommends the use of peak ground acceleration found in Campbell and Bozorgnia (1994) for




alluvium, soft rock,' and hard rock. For response spectral ordinates, Campbell recommends
using the response spectral shapes (PSA/PGA) for alluvium and soft rock found in Campbell
(1989) and for hard rock found in Campbell (1993) combined with thé PGA from Campbell and
Bozorgnia (1994).

a) Predictive relation for an averagev horizontal component PGA at stiff soil, soft, and
hard rock sites.
In (PGA) = 3.512 + 0.904 M -
1.328 In (Rg? + (0.149 EXP (0.647 M))H)* +
(1.125-0.112 In (Rg) - 0.0957M) F +
(0.440 - 0.171 In (Ry)) Sz +
(0.405 - 0.222 In (R)) Sir +
€

Rs = closest distance (< 60 km) to seismogenic rupture (min 3 km) and is magnitude

dependent.
M min Rg (km)
5.0 7.3
55 5.8
6.0 3.5
6.57 3.0

M = moment magnitude

F= 0 SS, NS

0.5 unknown

1 RS, OB
S« = 1 soft rock  sedimentary (Tertiary);
Sm . = 1 hard rock crystalline, metaporyphic;
Sqg = Sap = 0 alluvium.

Oupon =0.889-0.691M M < 7.4
0.38 M > 7.4




b) Predictive relation for 5% damped an average horizontal component PSV at hard rock

sites. Compute PSV/PGA and scale with PGA from (a) above for currently recommended PSV.

In (y) B, + 0.683 M 3, tanh (0.647 (M - 4.7)) -
1011 (1) - & Ry + 0.27F +

((B,-0.105 In (Ry))) S +

((B, tank (0.620 D) + €
r = (Rs + (0.0586 EXP (0.683 M)))*
x =0 +3M

S= 0 soil
1 hard rock

Ry = closest distance to seismogenic rupture
Forhardrock S = 1,D =0

Table 1 contains the model coefficients and uncertainties.

c) Predictive relation for PSV at firm soil sites and at soft rock sites. Compute
PSV/PGA and scale with PGA from (a) above for currently recommended PSV. Firm soil sites
include sands, gravels, and low plasticity clays with depths exceeding about 30 ft. Bay mud and
old bay clay sites are excluded. Table 2 shows the model and Tables 3, 4, 5 contain model
coefficients for PGA, PGV, and 5% damped PSV for an average horizontal component and for

the vertical component as well as uncertainties.

d) Features of interest:
1) Saturation: In (RsZ + (0.149 EXP (0.67 M)»* terms in PGA relation.
2) Mechanism factor is magnitude and distance dependent: F term in PGA relation.

3) Site term is distance dependent: S terms is PGA relation.
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4) Parameter D: depth to basement rock. Defined as seismogenic basement or top
of crystalline or metamorphic basement rocks. For sedimentary basements D is characterized
as the depth of high in-situ velocities, low velocity gradients, and small impedance contrasts.
If some doubt exists for the appropriate value of D, the uncertainty of Sadigh (1991) should be
substituted. |

5) Building effects: k; factors in soil/soft rock relation.

6) Uncertainties are not magnitude dependent.

e) Examples: Figure 1 shows the effects of mechanism verses distance for M 5.0, 6.5,
and 8.0 as well as the soft rock/hard rock amplification factors verses distance for PGA.
Earthquakes with reverse mechanisms are predicted to have generally higher PGA values than
strike slip mechanisms particularly at close-in distances. Also seen in Figure 1 (top) is the effect
of saturation showing weaker magnitude scaling for PGA at larger magnitudes and at: closer
distances.

Also shown in Figure 1 (bottom) are the soft rock/hard rock amplifications for PGA.
Soft rock sites are predicted to have higher PGA values than hard rock sites at all distances with

the difference (about 15%) increasing with distance.

2) Idriss

The predictive relation of Idriss is in equation form for PGA for rock, stiff, deep, and
.soft soil and 5% damped PSA for rock (Idriss, 1993). The rock PGA relation has been recently
updated (personal communication, 9/11/1994) and the soil PGA relation is referred to as Idriss
(1991) and appears in Idriss (1992), a presentation at the Fall seminar on "Earthquake Ground
Motions and Foundation Design" in San Francisco on October 15, 1992. For soil PSA charts
(Tables) are given for PSA/PGA at M, 6.75 for stiff, deep, and soft soils. The stiff and deep
soil categories are deposits of sands, gravels, and low PI clays generally less than about 200 ft
for stiff and beyond for the deep category. Soft profiles are predominately cohesive soils with

low shear-wave velocities.
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To scale the soil PSA to magnitudes other than M, 6.75 Idriss (1987) has additional
charts which are site and distance independent for M 4.5-9.2 normalized to M, 6.75 at périods

0.2, 0.5, 2, and 8 seconds. For intermediate periods, interpolation must be used.
a) The predictive equation for median PGA at all sites and 5% damped PSA at rock sites
is given by:
In () = [e, + EXP («; + o, M)] +
[B, -EXP B, + B, M)] In (R + ) ~+
Fd +e

where
MisM; forM < 6 and M, for M > 6,
R = closest distance to rupture surface for M = 6 and hypocentral distance for M <

6.

F =0 SS
0.5 oS
1.0 RS.

The coefficients are listed in Table 6 for PGA for all site conditions and in Table 7 for
PSA at rock sites. To evaluate PSA at stiff, deep, and soft soil sites, 5% damped response
spectral shapes for M 6.75 are listed in Table 8. Table 9 lists factors to scale the M 6.75 shapes

to other magnitudes ranging from 4.5 to 9.25.

b) Features of interest:
1) No saturation term.

2) Mechanism factor is magnitude and distance independent.
3) Charts for response spectral shapes for soil sites.

4) Uncertainties are magnitude dependent.

12




c¢) Examples: Figure 2 shows 5% damped response spectral shapes (PSA/PGA) for M,
6.75 for rock stiff and deep soils. The figure shows higher magnification at short periods for

stiffer sites (rock > stiff soil > deep soil) and the converse at long periods.

Figure 3 shows the magnitude scaling for spectral shapes at distinct periods ranging from
0.2 sec to 8.0 sec. The curves are normalized to M, = 6.75 and pass through 1 and that point.
The curves show a strong dependence of shape on magnitude reflecting and increase in long

period spectral content as magnitude increases (Silva and Darragh, 1994).

3) Joyner and Boore
This relationship was first published in a complete form in 1981 (Joyner and Boore,

1981). It has been recently revised and now exists as Boore et al. (1993, 1994).

a) The predictive equation for PGA, PGV, and PSV for site classes A, B, and C is given

as
log ) =b, +b, (M -6) + b, (M - 6 +
b, + b, logr +
bs Gy + b, G, + e, + ¢,
where

r= (dz + h2)1/2’

d = closest distance to the surface projection of the fault,

13




G, =0, G =0 site class A,

B c
Gy, =1, G =0 site class B,
G, =0, G =1 site class C.

The relationship is valid for M 5.0-7.7, d < 100 km and for PGA and PSV over the period
range of 0.1-2.0 sec. Site categories are based on the average shear-wave velocity over the top

30m and are defined as follows:

Class V, (mfsec) over top 30m

A > 750
B 360-750
C 180-360
D < 180

Site class D was poorly represented in the data and is not considered in the regressions.

The 1981 edition of the predictive relationship (Joyner and Boore, 1988) used only a soil and
rock classification with most of the rock sites falling into class B and soil sites into class C.
Class A corresponds to relatively hard rock profiles. Tables 10 and 11 list the coefficients and
- uncertainties.
b) Features of interest:

1) No saturation,

2) No mechanism factor,

3) Site classification based on shear-wave velocity.

c) Examples: Figure 4 shows PGA and 5% damped PSV (0.3 and 1.0 sec) for M 6.5
verses distance for site classes B and C. For comparison the earlier relation (1981) for soil sites
is also shown. At close distances, site class C has values similar to the soil site but at large

distances (= 30 km) the new relation (Boore et al., 1993, 1994) is consistently higher.
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Figure 5 shows a similar plot for site class C with magnitudes 5.5, 6.5, and 7.5. For
PGA, the absence of magnitude scaling is apparent, showing the same increase in level for each

jump in magnitude.

4) Sadigh

The relationship of Sadigh is best described by Joyner and Boore (1988) which contains
the PGA and 5% damped PSA relation as well as uncertainties for rock and soil. Recently the
relation for rock has been updated (Sadigh et al., 1993) and is generally referred to as the
CALTRANS relation.

a) For soil sites, the predictive relation for PGA and PSA is given by

In(y)=a+bM+C, 85 -MF°? +
dln (r + hy EXP (h, M))

where
M is moment magnitude,

r is the closest distance to the rupture surface.

The relationship is appropriate for strike-slip earthquakes and should be increased by 20%
for reverse-slip events. Table 12 lists the coefficients and uncertainties for both soil and rock
sites. The rock relation has been superseded and should not be used. |

b) For rock sites, the predictive relation for PGA and 5% damped PSA for an average
horizontal component is shown in Table 13 along with the coefficients. As with the soil relation,
the values are appropriate for strike-slip earthquakes. For reverse/thrust and oblique-slip
mechanisms, the relation is to be multiplied byA 1.2 and 1.09 respectively. Table 14 lists the
uncertainties and Table 15 shows the relation and coefficients for vertical motions.

For the rock relation, numerical modeling was used to guide extrapolations of long period
(> 2 sec) spectral ordinates for large magnitudes up to M 8.0. This is the only relation which.

has used modeling as constraints beyond the range of data.
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¢) Features of interest:
1) Saturation term: In (r + h; EXP (h, M)).
2) Uncertainties are magnitude dependent.
3) For the rock relation, the upper limit in magnitude is 8.0.

4) Mechanism factor is magnitude and distance independent.

d) Examples: Figure 6 shows 5% damped PSV for M 6.75 at a distance of 3 km along
with numerical simulations. Figure 7 shows a similar plot for M 8.0 at 10 km. The M 6.75
empirical relation was used as a calibration for the simulations. The M 8.0 simulations were

there used to guide the extrapolation of the empirical relation to M 8.0.

e) Examples of Distance Measures

To illustrate the different definitions of distance used in the predictive relations;. Figure
8 shows exambles for vertical and dipping faults respectively. For the vertical fault, the
definitions are clear but some care must be taken in applications to dipping faults, particularly

for the Boore et al. (1993, 1994) relation.

f) Summary of Predictive Relations

Relation M Range"‘ Distance Range (km) Period Range (sec) Verticals
Campbell 4.7-8.0™ 3-60 0.04-4.0 soft rock/soil
Idriss 4.6-7.4 1-100 0.03-5.0 -
Boore 5.0-7.7 0-100 0.1020 -
Sadigh 4.5-8.0" 0-100™ 0.05-7.5™ rock

"The magnitude range is that covered by data except for Sadigh where numerical simulations
were used to extrapolate at larger magnitudes and long periods.

"M 8.1 1985 Michoacan, Mexico subduction zone earthquake included.

**For rock relation. For soil, upper limits are M 7.7, 50 km, and the period range is 0.1-4.0
sec. ' '
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g) Comparisons of Predictive Relations

1) PGA and PSA: Figures 9 and 10 show PGA verses horizontal fault distance for rock
and soil sites respectively. Magnitudes 5.5 and 7.5 are shown to illustrate similarities and
differences at the lower and upper ranges of interest for engineering applications (M 5.5 |
contributions are important in probabilistic seismic hazard evaluations). At rock sites (Figure
9) the relations are very similar for M 7.5 and show differences for M 5.5 particularly at close
distances. At large distances, Boore et al. (1993) show significantly higher motions particularly
for M 5.5. At soil sites (Figure 10) similar trends are seen except for the very high motions at
close distances predicted by Boore et al. (1994) for M 7.5. This may be an artifact of the
simple functional form not accommodating effects of nonlinear soil response as a component of

the saturation term.

To compare 5% damped spectral shapes, Figures 11 and 12 show PSA/PGA for M 6.75
at a distance of 10 km for rock and soil sites respectively. The shapes have been extended at
short periods by assuming saturation to PGA at 0.03 sec and linearly extrapolating from the
shortest period each relation is defined to 1 at 0.03 sec. The spectral shapes are very similar
for this magnitude except for the Campbell rock relation showing higher long period and lower
short period amplifications. The similarity in shapes may lead one to infer that the shapes are
better defined than the absolute levels. However, around M 6.5-6.75 is the magnitude range
of a majority of the data (Seminar 2, Figure 22) and the relations are expected to be similar.
Near the edges of the data base, however, is where differences due to functional forms, site
definitions, and subsets of the data base used in the regressions are expected to manifest
themselves in differences in predicted motions (Seminar 2). To illustrate these differences,
spectral shépes are presented for M 7.75 at the same distance as in Figures 13 and 14. For béth
rock and soil sites, the shapes for M 7.75 show higher variability among the relations than at

M 6.75.

To compare uncertainties for the predictive relations, Figure 15 shows the natural log of

the standard errors verses frequency. In general, they have similar shapes and values, being
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higher at low frequencies and decreasing with increasing frequency. The exception is Campbell
which only moderately shows this trend and is significantly lower at low frequencies. This is
the result of the inclusion of the depth to basement term D. The reduction in uncertainty at low
frequencies by including a single term D reflecting sediment or soft rock depth suggests that a

significant amount of the low frequency variability may be due to simple 1-dimensional effects.

h) Future Trends

1) Magnitude dependence of variability: uncertainty is lower for larger magnitudes or
higher levels of motion.

a) Source and/or site effect?

2) Mechanism dependence of amplitudes: reverse-slip mechanisms have higher (= 20-
30%) PGA values than strike-slip (normal-slip about the same as strike slip) at the same
fault distance,

a) Are the differeﬁces period and distance dependent?

b) Are higher stress drops associated with reverse slip earthquakes?

3) Hanging-wall verses foot-wall analyses suggest higher motions on the foot-wall (=

20%)

a) Geometric effect?

4) Near-source effects
a) Saturation of PGA: source and/or site effect?

b) directivity/mechanism: for strike-slip earthquakes fault normal component larger
than fault parallel (= 20-40%) (see Seminar 1; Section d, Features of Strong Ground

Motion).
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TABLE 1

MODEL COEFFICIENTS

¥ Bo  B1 B2 B3 B4 Bs o
PGA -3.15 0 0 0 0.0150  =0.000995 0.50
sa (0.04 s) -3.14 O 0.22 0 0.0158 =0.00105 0.53
$a (0.05 8) -3.09 0O 0.18 0 0.0161 =0.00105 0.57
Sa (0.075 s) =-2.83 O 0.18 0  0.0174 =-0.00109  0.56
sa (0.1 s) -2.61 0 0.08 0 0.0174 =-0.000988 0.58
sa (0.15 s) -2.37 0 -0.09 © 0.0160 -0.000730 0.60
sa (0.2 s) ~2.32 0 -0.21 . 0 0.0139  -0.000470 0.64
sa (0.3 s) -2.36 0 ~0.42 0 0.0115 =-0.000273 0.61
sa (0.4 s) -3.02 0.60 =-0.46 0.12 0.0103 =-0.000212 0.65
Sa (0.5 s) -3.36 0.75 =-0.50 0.25 0.00825 O 0.67
sa (0.75 s) -4.03 1.06 =-0.49 0.37 0.00734 O 0.69
sa (1 s) -4.73 1.37 =0.41 0.57 0.00655 0 0.72
Sa (1.5 sec) =-5.61 1.73 =0.29 0.72 0.00557 O 0.55
Sa (2 sec) . -6.24 1.96 -0.32 0.83 0.00496 O 0.52
sa (3 sec) -7.12 2.19 -0.13 0.86 0.00422 O 0.51
Sa (4 sec) -7.47 2.00 =-0.20 1.05‘0.00376 O 0.56

All

units are in fractions of gravity (g)




Table 2
Equations Derived by Campbell (1989)
for Spectral Ordinates at Firm Soil Sites and at Soft Rock Sites

Ln(Y)=a+bM +dLn[R + ¢, exp(c,M)] + eF + f,tanh[ f, (M + f,)]
+g, tanh(g,D) + h K, + h, K, + h, K, +¢

Ln:  natural logarithm
exp:  exponential function '
tanh:  hyperbolic tangent function; fanh(x) = [exp(x) - exp(-x)}/[exp(x) + exp(-x)]
=  ground motion parameter (peak acceleration, a, peak velocity, v, and pseudo
relative spectral velocity, PRV, at 5% damping);
M = earthquake magnitude ( M|, for M < 6 and Mg for M > 6);
R = distance to seismogenic rupture in km;

F = parameter representing style of faulting; F = 0 for strike slip faults and =1 for reverse faults;

D = depth to basement rock (sediment depth) in km;

K;= parameter representing building effects; K; = 1 for embedded buildings three to 11 stories; Ky =1
for embedded buildings with more than 11 stories; K3 = 1 for non embedded buildings greater than
two stories in height; K; = Ky = K3 =0 for all other sites;

g = standard error term (natural logarithm);

Note: the pseudo absolute spectral acceleration, PAA, can be obtained from pseudo relative spectral
velocity, PRV, using the following equations:

PAA=oPRV / 981 or PAA=27PRV / (98IT)

in which PAA is in g's, PRV is in cm/sec, o is circular frequency in radians per second and T is period in seconds.




Table 3
Regression Coeflicients: Horizontal Components

P“”;m" P(e'_l::)d g: ::c a b c1 cc d e fi fa fi @ g o
PHA, ¢ 25 200 -2.470 1.08 0,311  0.597 -1.81 0.382 0.421
PHV, cm/sec 21 152 -1.974 1.34 0.00935 1.01 -1.32 0.327 1.16 0.0776 0.395
PSRVH, cm/sec. 0.04 15 86 -0.643 1.08 0.311  0.507 -1.81 0.382 0.42

0.05 20 142 -0.3790 1.08 0.311 0,507 -1.81 0.382 0.44
0.076 21 144 0.251 1.08 0.311  0.697 -1.81 0.382 0.46
0.10 21 144 0.754 1.08 0.311  0.507 -1.81 0.382 0.48
0.16 21 144 1.424 1.08 0.311  0.597 -1.81 0.382 0.50
0.20 21 144 1.788 1.08 0.311  0.597 -1.81 0.382 0.60
0.80 21 144 2,170 1.08 0.311  0.597 -1.81 0.382 0.50
0.40 21 144 2.009 1.08 0.311  0.507 -1.81 0.382 0.425 0.570 -4.7 0.50
0.50 21 144 1.030 1.08 0.311  0.597 -1.81 0.382 0.685 0.570 -4.7 0.50
0.75 21 144 1.612 1.08 0.311  0.507 -1.81 0.382 1.27 0.570 -4.7 0.50
1.0 21 144 1.268° 1,08 0.311  0.697 -1,81 0.382 1.74 0.570 -4.7 0.50
1.5 21 144 0.487 1,08 0.311  0.697 -1.81 0.382 2.43 0.570 -4.7 0.344 0.553 0.50
2.0 21 144 0.040 1,08 0.311  0.597 -1.81 0.382 2.83 0.570 -4.7 0.46% 0.553 0.50
3.0 21 144 -0.576 1.08 0.311  0.507 -1.81 0.382 3.17 0.670 -4.7 0.623 0.553 0.50
4.0 20 127 -0.766 1.08 0.311  0.697 -1.81 0.382 3.08 0.570 -4.7 0.857 0.553 0.50
Table 4
Regression Coefficients: Vertical Components

P“”;em’ P(e,:?)d g::; b c1 c2 d ¢ fi fa fa o g2 a
PVA, g 24 197 -4.003 0.978 0.0536 0.G74 -1.45 0.239 0.569
PVV, cm/sec 21 150 -4.336 1.72 0.00594 1.14 -1.51 0.337 0.520
PSRVV, cm/sec 0.04 15 85 -2.082 0.978 0.0536 0.674 -1.45 0,239 0.62

0.05 20 141 -1.634 0.978 0.0536 0.674 -1.45 0.239 0.62
0.076 21 142 -0.003 0.978 0.0536 0.674 -1.45 0.239 0.62
0.10 21 142 -0.488 0.978 0.0536 0.674, -1.45 0.239 0.62
0.15 21 142 -0.125 0.078 0.0536 0.674 -1.45 0,230 0.62
0.20 21 142 0.157 0.978 0.0536 0.674 -1.45 0.239 0.62
0.80 21 142 0.356 0.978 0.0536 0.674 -1.45 0.239 _ 0.62
040 21 142 0.188 0.078 0.0536 0.674 -1.45 0.239 0.214 0.546 -4.7 0.62
0.50 21 142 0.038 0.978 0.0536 0.674 -1.45 0.239 0.435 0.546 -4.7 0.62
0.76 21 142 -0.035 0.978 0.0536 0.674 -1.456 0.230 0.710 0.546 4.7 0.62
1.0 21 142 -0.448 0.978 0.0536 0.674 -1.45 0.239 1.87 0.646 -4.7 0.62
1.5 21 141 -1.287 0.978 0.0536 0.674 -1.45 0.230 2,18 0.546 -4.7 0.344 0.553 0.62
2.0 21 141 -1.580 0.978 0.0536 0.674 -1.45 0.239 2.36 0.546 -4.7 0.469 0.553 0.62
3.0 20 125 -1.741 0.978 0.0536 0.674 -1.45 0.230 2.24 0.548 -4.7 0.623 0.553 0.62
40 17 119 -1.975 0.978 0.0536 0.674 -1.45 0.239 2.46 0.546 -4.7 0.857 0.553 0.62




Table 5

Regression Coefficients: Building Effects

Horizontal Components

Vertical Components

Puu;eter. I-’(e'z:co)d hl ho ha Paru;n’eter. P(e‘:xco)d hl ha ha
PHA, ¢ <0.180  -0.489 PVA, ¢ -0.392
PHYV, cm/sec PVV, cm/sec 0.366 0.388
PSRVH, cm/sec 0.04 -0.180 -0,489 PSRVYV, em/sec 0.04 -0.392 «0.103
0.05 «0,180 -0.489 0.05 -0.083 -0.712 ' -0.264
0.075 -0.180 «0.489 0.075 -0.206 -0.582 -0.371
0.10 -0.180 -0.489 0.10 -0.197 -0.650 -0.370
0.15 -0.180 -0.489 0.15 -0.392
0.20 -0.180 -0.489 0.20 -0.392
0.30 <0.180 ~0.489 0.30 -0.392
0.40 -0.180 -0.489 0.40 -0.347
0.50 -0.180 -0:489 0.50 -0.153
0.75 -0.180 -0.489 0.75 «0.347 .
1.0 -0.180 -0.219 1.0 -0.278
1.5 -0.180 0.074 1.5 0.284 0.619
2.0 -0.180 ° 0.072 2.0 0.437 0.992
3.0 0.218 0.391 0.663 3.0 0.291 0.691 1.15
4.0 0.330 0.503 0.759 4.0 0.085 0.722 1.10




Table 6
COEFFICIENTS FOR IDRISS RELATION FOR PGA AT ROCK, STIFF, DEEP, AND
SOFT SOIL SITES
Mc<6
o0 *1 ) ﬂo pl ‘32 ¢ h
rock sites | 0 1.127 | 0.011 0 1.126 -0.106 0.28 10.0
stiff soil sites { -1.15 | 2.261 | -0.083 0 1.602 -0.142 0.20 20.0
deep soil sites 0 2.089 | -0.089 0 1.458 -0.143 0.20 20.0
soft soil sites 0 1.673 | -0.137 0 1.285 -0.206 0.20 20.0
M>6
0 < ) B, B, B, ¢ h
rock sites 0 2.763 | -0.262 0 2.215 -0.288 | - 0.28 10.0
stiff soil sites | -0.05 | 3.477 | -0.284 0 2.475 -0.286 0.20 | 20.0
deep soil sites 0 3.418 | -0.308 0 2.319 -0.285 0.20 20.0
soft soil sites 0 2.952 | -0.350 0 2.015 -0.328 0.20 20.0
The standard error terms 0, are
e =129 -012 M, M<725; 042 M>1725 rock sites

139 - 014 M, M <725; 038 M >725 soil sites
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Table 7

COEFFICIENTS FOR IDRISS RELATION FOR 5% DAMPED PSA AT ROCK SITES

FOR MAGNITUDE, M < 6

B, = 1.602, B, = -0.142, h =200, ¢ =02

Period-sec ) o =, B, Standard Error Term, e
0.030 -0.150 2.261 -0.083 0 1.29-0.12'M
0.050 -0.278 2.365 -0.092 0.066 1.29-0.12'M
0.075 -0.308 2.334 -0.081 0.070 1.29-0.12’M
0.100 -0.318 2.319 -0.075 0.072 1.32-0.12’'M
0.110 -0.328 2.294 | -0.070 0.073 1.33-0.12'M
0.130 -0.338 2.255 -0.062 0.075 1.34-0.12'M
0.15 -0.348 2.219 -0.055 0.076 1.35-0.12'M
0.20 -0.358 2.146 -0.042 0.078 1.37-0.12’'M
0.25 -0.429 2.073 -0.030 0.080 1.38-0.12'M
0.30 -0.486 2.010 -0.020 0.082 1.39-0.12’'M
0.35 -0.535 1.977 -0.016 0.087 1.40-0.12’ M
0.40 -0.577 1.921 -0.009 0.092 1.41-0.12°’M
0.50 -0.648 1.818 0.003 0.099 1.42-0.12'M
0.60 -0.705 1.704 0.017 0.105 1.43-0.12'M
0.70 -0.754 1.644 0.022 0.111 1.44-0.12'M -
0.80 -0.796 1.593 0.025 0.115 1.45-0.12’M
0.90 -0.834 1.482 0.039 0.119 1.46-0.12'M

1 -0.867 1.432 0.043 0.123 1.47-0.12’'M
1.5 -0.970 1.072 0.084 0.136 1.47-0.12°'M
2 -1.046 0.762 0.121 0.146 1.47-0.12°"M
3 -1.143 0.194 0.191 0.160 1.47-0.12°’M
4 1177 -0.466 0.280 0.169 1.47-0.12°'M
5 -1.214 -1.361 0.410 0.177 1.47-0.12’'M
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Table 7 (cont’d)

COEFFICIENTS FOR IDRISS RELATION FOR 5% DAMPED PSA AT ROCK SITES

FOR MAGNITUDE, M > 6

B, = 2475, B, = -0.286, h =200, ¢ =02

Period-sec| %0 = *, Bo Standard Error Term, Standard Error Term,
e M<7 e M> 12
_ -4 4
0.030 | -0.050 | 3.477 -0.284 0 1.29-0.12'M 0.42
0.050 | -0.278 | 3.426 -0.269 0.066 1.29-0.12'M 0.42
0.075 | -0.308 | 3.359 -0.252 0.070 1.29-0.12’'M 0.42
0.100 |-0.318 | 3.327 -0.243 0.072 1.32-0.12’M 0.45
0.110 | -0.328 | 3.289 -0.236 0.073 1.33-0.12’'M 0.46
0.130 | -0.338 | 3.233 -0.225 0.075 1.34-0.12’M 0.47
0.15 -0.348 | 3.185 -0.216 0.076 1.35-0.12°M 0.48
020 |-0.358| 3.100 -0.201 0.078 1.37-0.12’M 0.50
0.25 | -0.429| 3.034 -0.190 0.080 1.38-0.12'M 0.51
0.30 |-0.486| 2.982 -0.182 0.082 1.39-0.12°M 0.52
0.35 |-0.535| 2.943 -0.177 | 0.087 1.40-0.12°'M 0.53
0.40 | -0.577| 2.906 -0.173 0.092 1.41-0.12’M 0.54
0.50 |[-0.648| 2.850 -0.169 0.099 1.42-0.12°'M 0.55
0.60 |-0.705| 2.803 -0.166 0.105 1.43-0.12°M 0.56
0.70 | -0.754] 2.765 -0.165 | 0.111 1.44-0.12'M 0.57
0.80 |-0.796| 2.728 -0.164 0.115 1.45-0.12°M 0.58
0.90 |-0.834| 2.694 -0.163 0.119 1.46-0.12'M 0.59
1 -0.867 | 2.662 -0.162 | .0.123 1.47-0.12’M 0.60
L5 -0.970 | 2.536 -0.160 0.136 1.47-0.12°M 0.60
2 -1.046 | 2.447 -0.160 0.146 1.47-0.12’M 0.60
3 -1.143 | 2.295 -0.159 0.160 1.47-0.12'M 0.60
4 -1.177 | 2.169 -0.159 0.169 1.47-0.12’M 0.60
5 -1.214 | 2.042 -0.157 0.177 1.47-0.12°M 0.60
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Table 8
SPECTRAL MAGNIFICATION FACTORS FOR IDRISS ATTENUATION FOR
MAGNITUDE 6-3/4
Spectral Magnification Factor

Period (sec) Stiff Soil Deep Soil Soft Soil
0.03 1.0000 1.0000 1.0000
0.05 1.1500 1.0700 1.0700
0.08 1.5000 - 1.4100 1.2700
0.10 1.8200 1.7000 1.4800
0.15 2.4000 2.1700 1.7800
0.20 2.7200 2.4400 1.9600
0.25 2.8500 2.6000 2.1000
0.30 2.8900 2.6800 2.2000
0.35 2.8300 2.6900 2.2500
0.40 2.6000 2.7000 2.2900
0.50 2.2100 2.5000 2.3400
0.60 1.9000 2.2700 2.3400
0.70 1.6300 2.0300 2.2700
0.80 1.4200 1.8300 2.1800
0.90 1.2600 1.6600 2.0600
1.00 1.1300 1.5100 1.9500
1.50 0.7200 1.0100 1.4100
2.00 0.5200 0.7300 1.0500
2.50 0.4000 0.5560 0.8190
3.00 0.3200 0.4481 0.6620
3.50 0.2650 0.3695 0.5490
4.00 0.2240 0.3153 0.4640
4.50 0.1930 0.2720 0.4010
5.00 0.1690 0.2394 0.3510
6.00 0.1345 0.1915 0.2770
8.00 0.0928 0.1320 0.1860
10.00 0.0691 0.0986 0.1380
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Table 9.

Dependesice of Spectral Ordinates on Magnitude,
Nomalized to a Magnitude of 6-3/4

For ldriss Altenuation
Spectral Ordinales Noimalized to M=6-3/4

Magnkude | 7=0.1 se¢| T=0.2 sec|{ T=0.5 sec| T=2 sec | T=8 sec T=10 sec
450 T 0660]  0350] 0420 0039  0.033]
475 i o7o0o} 0400] 0157