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ABSTRACT

The spatial coherehcy and amplitude variation of ground motion from ten dense seismic
arrays are analyzed to examine the site-dependence of spatial variation of ground motion.
The spatial coherencies computed for arrays located on alluvium are similar from array to
array. The coherencies computed for arrays located on rock are lower than for arrays
located on alluvium and show larger variability. The amplitude variation for arrays located
on soil sites are also similar from array to array, but for rock site arrays, the amplitude
variation is much lérger than for soil site arrays. The aggrégation of this information will

be useful for estimating the overall uncertainty in spatial variation, with components from

intra-event, inter-event and inter-site variability.
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CONTRACTOR SUMMARY

For separation distances of less than 100 m, the coherency at soil sites is not S1gmf1cant1y

different from the Lotung coherency functions. The coherency at rock sites is more

variable than for soil sites and, on average, is lower than the Lotung coherency
functions. The range of amplitude variations is greater than the range of coherencies,
suggesting that amplitude variation is more sensitive to local site conditions thanis
coherency. |

The analyses of the new array data also reinforce several results of a previous analysis
of the EPRI LSST arrray. First, at separations <100 m coherency is not simply a function
of wavelength, but rather a function of distance and frequency. Second, a comparison
of weak and strong motion from the Chiba and Coalinga arrays shows no difference in
observed spatial variation. We conclude that the Lotung spatial variation model is an
adequate generic model for soil sites, with greater confidence in the coherency than the
amplitude variation. The model over-estimates the average coherency for rock sites.

Ultimately, for the coherency and amplitude variation model to be applied routinely on
a site-specific basis for engineering design, additional research is required. First, an
ineXpensive empirical method is needed to assess directly the level of site-dependence.
In areas of high seismicity, recordings of small earthquakes over a range of azimuths
and station separations should be sufficient. For apphcatlon to low-seismicity sites,
methods to utilize artificial sources are needed; our preliminary analysis indicates that
use of microtremors is not promising. Work is also needed to develop a physical model

for the process; numerical simulations should be performed to replicate the scattering

phenomena observed and to provide insight into the sensitivity of observations to
physical characteristics of the site. Further study should also examine the time

‘ depeﬁdency of coherency for P, S and surface waves. For engineering application,

incoherent time histories should then be computed to determine the sensitivity of
spatial variation to engineering analyses and the development of site-specific designs.
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o !
INTRODUCTION

The spatial coherency of strong ground motions recorded by the EPRI/ Taipower
LSST array in Taiwan’was énalyzed and empiﬁcal coherency funcﬁons appropraite
for use in soil—Stfucutre interaction studies were derived (EPRI RP2978-1). The LSST
data set included recordings from a wide iange of magnitudes, source distances, and’ |
focal mechanisms; however, the data weré all from a single site condition. The -
mdst important aspect of the spatial coherency nof resolved in this earlier study is

the dependence of the coherency on local site condition.

In a preliminary test of the site effect on coherency, the coherencies Compﬁted from

| . a small ea;thquaké recorded by the EPRI Parkfiled array were compared to the
Lotung coherency functions (EPRI RP2978-2). The EPRI Parkfield coherencies were
found to be compatible with the Lotung coherency functions even though the local

- site conditions are quite different: Parkfield is a stiff site whereas Lotung is a soft soil
site. This agreement suggested thét the variations in the Lotung coherencies due to

~ different séismic sources and ray paths may be large enough to encompasé the
covherency, variations due to différent site conditions. This previous study concluded
that the Lotung coheréncy functions may be applicable to other sites; but additional
tests vof the Lotung coherency functions against coherencies from other earthquakes .
and sites were needed before the Lotung coherency functions can be confidently

aplp_liéd to other sites.
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To evaluate the staBlity of spatial variation of ground motion from site to site

| requires dense array recordings at multiple sites. By far, the lérgest set of dense array
strong motion recordings are from the SMART 1 and LSST afrays in Taiwan; -
however, there are several other dense arrays in California and Japan that have |
recorded strong motions. In addition, there are several dense arrays that have:

recorded weak motions.

The objective of the current stﬁdy is to deterrﬁine if the spatial coherency and
amplitude variations functions derived from the LSST array are_‘ applicable to oth_ér
sites. In this stﬁdy, we compare the spatial coherency and amplitude variations
computed at 9 dense arrays with the empirical models déveloped for the extenéive

LSST data set to determine the importance of site-to-site variability.
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EPRT Lotung' array data is followed. The estirhation of col
- .below A more detalled dlscussron is glven by Abrahamson(l992)

.‘f__ESTIMAfff ‘ION OF SPATIAL VARIATIGN

. The spatral varratlon of ground motion has two parts vanatron in Waveform and

variation in amphtude Spatial coherency is used to descnbe the variation in the
waveforms. The amphtude vanatron is used to descrlbe scahng Vanatrons in the ’

_'ground monon

’}Estlmatlon of Spatlal Coherency

In-this study, the coherency analysis procedure used by Abrahamson (1992) for the
ncy 1s brelﬂy discussed -

‘The spatial vanablhty of the ground monon Waveforms can be- quantrfred by the
_“spatial coherency Let u}(co) be the Fourier’ transform of the tapered
"then . ‘

> series u](t)

l.‘j(ﬁ’) '_'iv(tk) uj:(tkA)"'~e%§{:i®tk}z’ - "i - | _. @1)

. where v(tk) is the data taper, T is the number of tire samples tk is the time of the

kth- sample, and o is the frequency The smoothed crossh_“pectrum is given by

Sjk(w) = ﬁ B0 W (O (@) » E | N (2-2)

~m=-M

- where 2M+1 is the number of discrete frequencies smoothed, wyn=w+2nm/T, am are
 the werghts used in the frequency smoothing, and the overbar 1nd1cates the complex

conjugate. The coherency, vij(w), is given by

B Sii{(w) , i : o A
- vij(@) —m | . (2-3)



~ coherency (sometimes called the lagged

-for- stat1ons iandj j- As shown in Eq. 2- 3
‘study, we use the ‘absolute value of the
: ncy-because it lags the data to remove
ation is tsed to produce an
on and Goodman, 1968).

where Sij(mf:)'ié" the smoothed cross-spectrii
the coherency is a complex number. In

the. wave-passage effect). A tanh-1 transf
- approx1mately normal distribution (En

ngly on'the selected frequency

is used for the frequency smoothing

' r'the data wmdow (v(t)) In order to
drfferenct events, it is unportant to
keep the number of discrete frequenc1es s othed fixed.: This can lead to different.
frequency bands for the frequency srnoothmg ':1f the: wmdow 1engths are not the
'same for all events. : : : S

. The computed llagged' coherency' dependé:
smoothing. - An 11-point Hamming win
(am) and a 5% double cosine bell taper i

. make consistent comparisons of ‘cohere

S

 Estimation of Amphtude Variation " -
The spatial coherency discussed above:
across the array. The:variation-in the:s
~ can also be measured This type of variat
of the Fourier amphtude spectrum acrogs

ures the vana’aons m the waveforms

‘of the ground motion across the array .
can be quantrfled by the standard error
array

Let Alj(w) ‘be the Founer amphtude spectrum‘of the transverse component for the
jth station for the ith earthquake. Let AAle( ) be- the difference between the log
spectral amphtude of the jth-and Kth stations- from the jth evént. That is

BAg(®) = A -l Ak(). I 2-4)

The Fourier amplitude spectrurn is assumed to be log-normally distributed with a

variance that depends on the "freque'ncy '”érfioc)thing (Brillinger, 1985). Let o(w,E) be

| ‘the standard deviation of A(w) and assume that o{w,§) is'independent of the event
then AAjj(w) is normally distributed w1th mean zero and standard dev1at1on
v2o(w,£). Calculations of AAnk(w) are used to estimate o(w,E). To be consistent with
the coherency analysis, the same frequency smoothmg (Hamming window, M=5) is
used is estimate the amplitude spectra. '
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DATA SET ‘OF ARRAY RECORDINGS

The largest set of_ d_ense-array strong-motic)nfrjecording’s are from the SMART-1 and
~ LSST arrays in Taiwan; however, there are several other dense arrays in California
and Japan that have recorded strong motrons In addltlon, there are several dense
arrays that have recorded weak motions: ' ' '

‘We considered only arrays with minimum’ stahon separatlons of less than 100 m
and’ obtalned recordmgs from ten dense arrays for use in the ana1y51s The arrays
and their general characterxstlcs are listed‘in Table 3-1. For this: study, the arrays
have been grouped only by the general site classes of soil and rock, wrth five arrays
on rock and f1ve on soil. The data sets for each array are summanzed in Table 3-2.
- Five of the arrays have recorded strong motion and fivé have recorded only weak
motion. The mdwrdual events for each array are listed in Tables 3-3'to 3-12.

The lack of magmtude and distance dependence on ‘spatial coherency observed at
Lotung (Schneider et al., 1990; Abrahamson, 1992) mdlcates that compansons of -

~ spatial coherency observed at different sités can be made usmg a mixture of small
and large earthquakes recorded over a wide range of chstances vuthout contnbutmg
a significant bias. While a lack of bias is assumed in the cornparlsons made here, it
- is expected that in the extremes, observations f_rom large/ small _magnrtude and/or
distant/close earthquakes may yield sigrﬁ‘fic‘é'nt‘departures from the mean. In
particular, if the signal amplitudes are low (due to a small magnitude or large

~ distance) then the coherency is expected to be low due to the poor. 51gna1 -to-noise
ratio. This is most likely a problem for low frequencies from smallmagmtude
events.

The level of site characterization at the arrays differs greatly. Some of the arrays
have had extensive geotechnical site investigations, other arrays just surface
geologic 1nformat1on and some have almost no site mformatlon The available
- information for the individual arrays is given below.
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.7 on each arm was not used in the ar_lalysi

Extensive in situ and laboratory studies'y
~and geotechmcal properties berieath the:LSS array (Anderson and Tang, 1987). A
~ total of 12 drill holes to depths of from 3 to"

_the S-wave velocities from' cross- hole’f’v ’_'

_ The results of laboratory tests also indic
' becomes nonhnear at shear strains of ab ut 10 2% ‘Recent observatmns of vertical

EPRI/T aipower LSST Array :
The Lotung LSST array is located in northeastern Taiwan near the town of Lotung

(Figure 3-1). It is located at the southem end of the Lanyang River plam The array
‘was installed in"1985 as part of a joint pr;ogram by EPRI and Taipower.

The array consists of free-field surface, fr‘"ééﬁﬁeld dothole, and structure’

- instruments. Only the free-field surface statxons were used in the coherency study.
~ The surface array consists 15 three-component force balanced accelerometers. The
' stations are configured i ina Y—shaped arra,"‘ Wlth a 85 m radius (Figure 3-2). To avoid

soil structure interaction effects on the'co ncy, the station closest’ to the structure

he topography in the-array region is flat.

eie i:oﬁdu'cted. to define the soil statigraphy

| 1’50 m were sampled. In the top 50.m,
1d- u-hole seismic tests is 100'm/s near the

surface and increases to 250 m/s at 18 mi' epth It remains 250/s to a depth of 50 m.
at the: shear modulus and damping

transfer funcnons obtained from selecte 'ST recorded earthquakes suggest that
nonlinearity is s1gn1f1cant at acceleratlons of about 0. 15g (Chang et al., 1989) For this

i - _:Study, this s1te is classlﬁed as a SOll site.

. EPRI Parkfleld Array S
| “In anticipation of the rupture of the Par
. EPRI installed a dense strong. motion ari

'_"_‘éflﬂdﬁfseg'ment?of the San Andrea"s‘/tfau]t,
t Stone Cortal, about 15 km'southeast of

Parkfield (Flgure 3-3). The atray is located'7 bkrn east of the San Andreas Fault along

v'the rupture zone of the 1966 Parkfield: earthquake The array has been fully o

operation since November 1987.

The array conSists of 21 three-corripo‘ﬁeﬂf“'fb'rce;balanced' accelerometers connected to
a central recordmg facility on site. Thete are 13 surface and 8 downhole elements
distributed to 90 m depth. This study only considers the surface stations. The
surface stations are configured in a Y-shaped array with a 120 m radius (Figure 3-4).

The topography in the array region is: falrly flat.




The site has been charactenzed using a vanety of geotechmcal methods (EPRI
RP2556-40). Studies include: 1) Reconnaissance geologicr ppmg of surface
exposures; 2) stratigraphic mappmg and mineralogic analysls from dnlhng and
coring of 4-6:cm boreholes to a maximum- depth of 120 ‘m; 3) uphole-downhole
seismic velocity profiling for P and S waves to 90 m depth : "'fnd 4) seismic refraction

analysis from four proﬁles extending parallel and perpe 1__cular to structure and
a yield P-wave velocity

extendmg from 180 m to 460 m in length: ‘The refractlon
1nformat1on to about 150 m depth throughout the array. |

* The site array site is located in a complex tectonic block on the northeast side of the
“San Andreas Fault. The deep basement in the area 1s'co posed of pervaswely
sheared Franascan and’ related ultramaﬁc rocks of Meso se.” The basement

rocks are overlam by about 5000 m of Tertrary and Cretaceous marine sedunentary

rocks. The basement and overlymg meta sed1mentary rocks'ihave been -

progressxvely transposed into a’series of NW SE trendm : \"f_"echelon folds and
 faulted folds, probably n- response to the- nght -lateral shear assoaated with the San
| ’Andreas Fault system. ' :

Tl AL

The central pornon of the seismic array is located on an old (> 10 000 years) alluvial
dep031t wh1ch is-up to about 6 m thick. The bedrock underlymg and surroundmg
the array is predommantly sandstone of the Mlocene Temblor Formation (Diblee,
1971) A small area of mudstone and silfstone is also mapped at the surface in the

‘ northwestern portlon of the array. The': array is: located on he eastern limb of a
steep, NW plungmg, N40wW ‘trending asymmetnc synch At the array center the
_ Temblor formatlon extends from 6m depth to below 90 o, '"_w1th a beddmg plane dip

E of 70O For. th15 study, this site is cla351f1ed as a rock 51te

Chlba Array v :
" The Chiba array is located at the Chiba expenment statron approx1mately 30 km east
of Tokyo (Figure 3-5). The array became operattonal in Apnl 1982.

The Chiba array consists of 15 three component near- surface accelerometers in an
‘area about 300m x 400m (Figure 3-6). Thereisa. very dense subarray which contains
9 of the 15 stations in an area abo_ut 30m x 30m. The near—surface stations are buried

" at a depth of 1 m. There are also 29 threé‘-component ‘downhole accelerometers at

depths ranging from 5 to 40 m. Only the 1 m depth stations are used in this study.
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The ground at the Chiba array is very flat a't'?"ﬁ‘ie array and the soils are uniform. The
~ soil profile consists of about 3-5 km of loam over about 5 m of sandy clay and clayey
‘sand. There is more than 30 m of fine sands below the clayey sands. The shear wave
velocity of these layers are approxrmately 140 m/s, 320 m/s and 320-420m/s,
respectively. A complete description of 'a:rray is given by Katayama ‘et al. (1990). .
‘For this study, this site is classified as'a soﬂ srte

USGS Parkﬂeld Array -

* The USGS Parkfield array is. located at Work Ranch due west of ‘Gold Hill (Flgure 3-
7). The array is located about 8 km southwest of the San. Andreas Fault. This area
_\;'-A’Ioc_a_ted along ridge line with about 50 m

has steep topography. The instruments are-
of relief and slopes of abo'uit*'4_5 zdegr;eesj_,; S

_ The array consists of 14 six. component GEOS sersmometers (a three component
force-balanced accelerometer and a three-component velocrty transducer). The
~accelerometers are for strong ground motlon and the velocrty transducers:are for
weak motions. The instruments are conﬁgured in an irregular pattern along the
ridge line (Figure 3-8). A detailed descnptlon of the array and mstrumentanon is

given by Fletcher et al' (1991). ‘ : -

The array is located on the Paso Robles :‘:i‘*“o_fmati’()n which is a loosely ¢onsolidated
gravel and sandstone unit about 500 mi'thick. It is underlain by more consolidated
layers of sandstone and shale to a- depth ‘of about 1500 m at which there is granite.
For this study, this site is class1ﬁed as a rock s1te

flmpenal Valley leferentlal Array

The Imperial Valley Differential array 1s Iocated in the Impenal Valley about 4 km

~ ‘west of the Imperial Fault (Flgure 3- 9) Th1s fault was the source of the 1979 Imperial
: Valley Earthquake :

The array consists of 5 three-component force-balanced accelerometers stations. The
instruments are configured .in a .nort'h;-souft;ﬁ line (Figure 3-10).

The array is located at a deep soil si,té.[ The surface velocities were measured at the
site from drill holes and refraction surveys (Smith et al., 1982). The'tOp 12 m has a
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shear wave velocrty of about 150 m/s. Below this top layer, the shear-wave velocity
is about 200 m/s to a depth of about 330 m. The total depth of the sediments in the
Imperial Valley_ is about 5 km. For this study, this site is c]assxﬁed as a soil site.

Hollister Differential Array

" The Hollister differential array is located at the Holhster alrport (Flgure 3-11). ‘It is
located about 10 km northeast of the San Andreas fault The array was installed and
operated by the USGS ' '

The array consists of 7 three component accelerometers in a V-shape (Frgure 3-12).
The lengths of the two arms of the array are 2015m and 1000»111‘ : ’

There are no measurements of the site velocities avarlable, however, the reglon is
deep alluvmm For this study, this site is cla551f1ed as a ‘soil site:

_ Stanford Temporary Array o Co L
-‘ ‘Followrng the 1989 Loma Prieta earthquake the USGS. d" ’ :"one'd’a tefnp'orary dense
array at Stanford near SLAC (Mueller and. Glasmoyer 1990) The array is located
about 4-km east of the San Andreas Fault, about 30 km northwest of the Loma Prieta
rupture zone (Prgure 3~13)

The array « conqrsts of 4 thiree- component GEOS c.ersmometers .The 1nstruments are -
N conﬁgured m a 11ne (Frgure 3- 14) ‘

- There?is no 'informaﬁOn avai‘lable about the site veloc1t1es, however, based on the
regional geology, the site is classified as soil site for this stirdy.

Coalmga Temporary Array

- The USGS Coahnga Temporary Array was deployed dunng the aftershock sequence
- of the 1985 Coahnga earthquake (Mueller et al. (1984) The array is located 10 km

north of Coahnga on Anticline ridge {(Figure 3- 15)

‘The array consists of a 7 stations that are a mix of accelerometers and velocity
transducers. The instruments are configured in a V-shape array (Figure 3-16). In
this study, only the accelerometer data are used.
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The array is located on the sandstone outcrop along anticline ndge No other site-
specxflc information on the site velocities is available. - For this study; this site is

- - classified as a rock site:

ucsc ZAYA TemporaryArray : '

Following the 1989 Loma Prieta earthquake, UCSC deployed a temporary dense array
in the Santa Cruz mountains to measure aftershocks (Bonamassa-et al., 1991). '
Recordings from three earthquakes were avallable during thlS study The locations
of the epicenters, are shown in Frgure 3- 17 ‘

. The ZAYA array con51sts of 6 stations conﬁgu‘" ed in two concentnc triangles (Figure
ith. sides of leng’ch 25m and 300 m. The
stations in the inner triangle are located in a farrly flat region between two ridges.

'3-18). The triangles are close’ to equllateral;l A
The stauons in the outer triangle are located up the ndges

There are no measurements of the site velo '”"tres available. Based on the regional
: _geology, the site is cla351f1ed as a rock site for th1s study

Pmyon Flat Temporaw Array o :
- The Pinyon Flat array is located in Southern Cahforma between the San Jacinto and
southern San Andreas Faults (F1gure 3- 19) The array was' deployed as part of a
PASSCAL experiment ‘to study wave propaganon scattering, and spatial vananons
3 (Owens et al. 1991).

The Pmyon Flat array con51sts of 71 force—balanced accélerometers. The array has |
two part. In one part, the 1nstruments are conﬁgured in an L- Shaped array and in
the second part 49 1nstruments are conﬁgured in a-dense grid with 7 m’ spacmg
(Figure 3-20).

The Pinyon Flat area consists of granite. Only P-wave velocities at the site are
available at this time. In the top 2 meters, {he P-wave velocity in the weathered rock
ranges from 400 to 1300 m/s w1th an average of about 600 m/s (Pavlis, 1992). There
are large lateral variations in the P-wave velocities of the near-surface rock
indicating that the weathering-is less along the southern arm of the array. Based on

nearby boreholes, the shear-wave velocity has been estimated at 250 m/s at the




. surface and i mcreasmg to 890 m/s at a depth of 8 m and to 1,650 m/s at a: depth of 13 5
. m (Hanson 1992). For this study, the sité is classified as a rock site.
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. Dense Array ?Charactenstxcs
L Sité‘ Surface- ~ Spacing (m)
Array < L Location Class ~ Stations . Min Max
. EPRILSST - " - Taiwan 5011 5 3 8.
EPRI Parkfield CA Rock 13 . 10 191
Chiba o Japan - 8011 .15 5 319
USGS Parkfield CA ock” 25 952
Imperial Valley lef' ~ CA 18 213
. Hollister Diff. . CA - 61 256
. Stanford (temp). . CA .32 185
+ ‘Coalinga (temp) - CA 48 3137
UCSC ZIYA (temp) CA 25 300
- Pinyon Flat (temp) CA 7 340
Dense A
: o ' ‘ No.of Egk' - Ma Bxst (km) :
- Array e Analyzed  Mi -”Max ‘Min Max Max GM
@) EpriissT 15 3 5 113 026g
© EPRI Parkﬁeld 2 13 15 0.04g.
Chiba 9 61 105  04lg
USGS Parkfield 9 18. - 45  004g
~ Imperial Valley Dxff 2 4 14 0.89g
‘Hollister Diff 1 17 17  020g
- Stanford (temp) 4 3.5, _ 0.007g
- Coalinga (temp). 6 23 52 =10 - ~15 021g
UCSC ZIYA (temp) 3 23430 9 19
.~ Pinyon Flat (temp) 6 20 36 14. 39




Table 3-3.
Events Recorded by the LSST Array

Eplcentral S - .
N - S : - Dist . Depth: Az - . No.
"Event Name Date Time =~ M’ (km) (km) (degrees) Stations’
event 2  10/26/85 . ' '-4.6 29 17 165 7
‘event3  11/07/85 47 81 79 30 - 11
‘event 4 1/16/86 60, 26 10 . 61 10
event 5 3/29/86 39 - 13 A0l 159 12
event 67 4/08/86 43 - 33 11 174 11
Cevent7 . 5/20/86 64 71 % 19 . 11
event8  5/20/86 55 72 2 192 11
event 10 7/16/86 370 6 T 1620 10
event 11 - .7/17/86 % | 6 2 ~.90 10
“event 12 7/30/86 56 . 4 o2t 131 12
event13  7/30/8 - ' 5 oot 12
event 14 7/30/86 41 -5 ;o119 710
event 15  8/05/86 - - 5
event 16 ~ 11/14/86 78 . 68
event 17 11/14/86 | 6.3~ . 80

o200 10
ST 9
- 1807 9

~ Table 3-4 S
Events Recorded by the EPRI Parkﬁeld Array

Eplcentral . _ § ' _

, ‘ Y ~ Dist  Depth Az No.

- Event Name Date Time M.  {(km) (km) (degrees) - Stations
event 1 ~10/23/88.0000 30 9 9210 13
‘event 2. 5/25/89 00:00 -~ 39 = 12 9 275 10




§ - Table 3-5. , '
. v - Events Recorded by the Cmba Array

Epicentral ‘ /
' ' Dist Depth Az No.
Event Name Date Tlme - M (km) (km) (degrees) Statlons
8307 2/27/83 © 60 . 35 72 353 11
8420 12/17/84 4.9 5 78 120 11
8510 6/8/85 4.8 16 64 234 15
8519 10/4/85 =~ . 6.1 28 78 351 15
8525 11/16/85° = 50 32 63 202 - 15
8722 12/17/87- .. 67 . 45 58 232 11 .
8806 1/16/8 .. 52 38 - 48 - 226 11
8816. - 3/18/88 . - 60 . 42 9% 84 15
8901 '2/19/89 - 56 48 554 22° 12
L Table 3-6 R '
Events Recorded by the USGS: Parkﬁeld Array
- o _ Ep1central _
v o _ Dist - Depth Az No.
. Event Name Date Time: M - (km) (km) = (degrees) Stations
event 1 8/2/90 01:00 -+ 3.1 30" 11 123 11
event 3 '8/28/90 02:38" 2.9 30 10 - 124 11
event 4 9/10/90 06:53 33 .19 5 345 12
event 5  11/14/9019:334 . 27 - 16 - . 10 . 353 11
event 6  11/28/90°03:42 .~ 22 = 14 14 4 11
event 7 11/30/90 0425 23 13 . 13 3 11
~event 8  12/10/90 02:34 = 3.5. 36 17 58 11
event 9  12/19/90 16:25 28 45 440 257 11

~event 10 12/26/90 2302 . 25 22 5 342 9 .
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- ‘Events Recorded by the Impenal»Valley leferen’aal Array

prcentral . ‘ ,
- : = : ' Depth Az No.
_Event Name Date Time M . (km) (km)’  (degrees) Stations
‘event A 10/15/79 65 47 0 . 60 ° 4

~event B~ 10/15/79 51 10 100 115

Event A location: glven by ‘the closest d1stan<:e from the site to the fault rupture

Events Recorded by the Holhster D1fferent1al Array

j ""‘jentral

S o ‘ i Depth Az No.
Event Name Date Time M (km) (km):. (degrees) Stations

event 1  .2/20/88 .53 0 14 .9 136 4

Table 3-9 L
- Events Recorded by the Stanford Temporary Array
Epmentral . .
S .- . - Dist- Depth Az - No.
- Event Name -Date Time M (km) (km) (degrees) Stations

“event 1 3/10/90 - ~4 =40 3
event 2 =~ 3/11/90 =4 =40 4
event 3 3/12/90 =4 =40 4

4

event 4 3/13/90 ~4 =40
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" Event Name Date Time

126E57 .

126H43

126531
127A17
129C49

129D26

 5/6/83 04:57

5/6/83 07:43
5/6/83 18:31
5/7/83 00:17

 5/9/83 02:49
5/9/83 03:26

- Tableé3-10.
Events Recorded by the Coalinga Temporary Array

M
3.3

2.3

52

- (km)

32
32

Epicentral S o
- Dist Depth- ©~ Az .~ No.
(km) . (degrees) Stations

HT NI NN

1 12 19

' Event Name Date Time M

41

| Table3-11.
Events Recorded by the ZAYA Temporary Array

- Epicentral - . ..
‘. Dist  Depth Az - No.
(km)  (km) (degrees) Stations
.- 5 5 ~ 6

S 129 6
333 . 6

318  11/14/89 450 23 - 7 |
319 11/15/89 13:04 26 15 12
320 11/16/89 459 30 5. 11 .

. Table3-12. g \
" Events Recorded by the Pinyon Flat Temporary Array -

- Event Name "_Date Time
event 1.

event 2
event 3
~event 4

event 5

event 6

4/18/90 14:25
4/18/90 14:32

- °5/2/90 11:34

5/5/90 08:10

5/14/90 05:05

5/16/90 01:14

M
3.0

3'6 I
21

2.0
2.6
24

" Epicentral
... Dist
- (km)

Depth -~ Az =~ No.
~ (km) (degrees) Stations
39 5 43 58
39 5 43 58
13 7 182 58
-12 -8 . 184 58
16 12 239 58
19 11178 58
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Figure 3-1. Location of the EPRI/Taipower LSST array and epicenters of recorded
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Figure 3-2. Array conﬁguraﬁon of the EPRI/Taipower LSST array.
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Figure 3-5. Location of the Chiba array and epicenters of recorded events.
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Figure 3-6. Array configuration of the Chiba array.
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Figure 3-15. Location of the Coalinga temporary array and epicenters of recorded
events.
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Fxgure 3-17. Location of the UCSC ZAYA temporary array and epicenters of recorded
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Figure 3-18. Array configuration of the UCSC ZAYA temporary array.
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Figure 3-19. Location of the Pinyon Flat temporary array and epicenters of recorded

events.
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4
SITE DEPENDENCE OF COHERENCY

| LSST Coherency Function
Abrahamson et al. (1991 1992) developed a functlonal relation for the observed

- coherency for the Lotung LSST strong motlon data set. The relanon glven for lagged
'coherency is as follows: "~ : ;

tanh-lly(f,g)| =(2.54 - 0.012&),[ex;&{(-o;-ns}.d.00084&3)’f}' + ;—_f-0-878] _+;'\o.3§, - (41)

“where g.and f fepresent' station separatio’h and frequency, :re'speCtively" This relation is
" ‘applicable to separahon distance of 5- 100 m and frequenmes of 0.5 to 25 Hz. In the
following analysis, we use these funcnons to compare Iagged coherency observed at
Lotung to observations from other sites: Functlonal relatlons for other-attributes of the
~ coherency model (as expressed by real or complex parts: of the y functlon) were also

‘developed for the Lotung data set, but w1ll not be dlscussed here.

The izriusually wide diStributién of'earthuake magnitudes and distances available
from Lotung (Table 3-3) perm1tted expression of standard errors as a combination of

- intra-event (between stations for a gwen statlon) and mter event (between events for a.

- given station) spatial variation. Direct companson of mtra— and inter-event variation

| 'ylelded comparable errors (each about 0.26 tanh-1 umts). Moreover, the residuals of the
intra-event coherencies compared to the mean for all events and stations:(intra- plus
inter-event) showed no si_gni'ﬁc‘ant'magriiﬁideor distance bias:

Coherencies from Other Sites
The coherencies computed for the horizontal component S-wave window are shown for~
each array in Figures 4-1:t0 4-9. Each plot shows the coherencies for all of the events -

. considered for each arra'y These figures shoiv the individual coherency values except

for the Chiba and Pinyon Flat arrays. There are too many coherency values from these

two arrays and so the mean coherency and plus or minus one standard error are shown
instead.




An important feature to note is that the coherencies values have a great deal of scatter. _
This indicates that many repeated estimates of coherency are needed to get stable
results. Since the individual coherency values are highly uncertain, it is important not
to over-mterpret observed variations in: coherency from just a few events and/ or station
pairs. '

The coherenc'y function from the Lotung LSST array data is shown in these figures for |
reference The solid curves show the mean coherency for the upper and lower end of
the distance range in each plot. The dashed curves show plus an minus: one standard
error from the: upper and lower curves, respectrvely '

The average coherenc1es for the four soﬂ arrays are compared tothe LSST lagged -
~coherency funchons in F1gures 4-10 to 4-13 for separation distances of 5-15 m, 15-30 m,
~30-60 m; and 60 100'm. The scatter of the soil site coherenc1es is comparable to the

scatter found at the LSST array, 1nd1cated by the dashed hnes The coherencies from the

four soil arrays are not significantly different from the LSST coherency function
indicating that the LSST coherency funcnon canbe used as a genenc coherency function
for soil s1tes

The average coherenc1es for the five rock site arrays are snmlarly compared to the LSST

‘array coherency functron in Figures 4-14 to 4-17: The coherenc1es from'the EPRI
Parkfield and Pmyon ‘Flat arrays are companble with'the LSST coherency function but
the coherencies from the USGS Parkfield and ZAYA arrays-are much lower than the
LSST coherency function. One explanation may be that the USGS Parkfield data are
strongly affected by significant topographic variations (Fletcher et al., 1991) which could
reduce the coherency, but that is not the case for the ZAYA array (Bonamassa et al.,
1991). Somerville et al. (1988) found that coherency measured from synthetic
seismograms generated from wave propagation ina complex crustal structure has very
low coherency where energy is strongly focused from a variety of ray paths. Similar
effects are to be expected in the near surface as well. These results suggest that geologic
complexity, particularly for rock sites, can have a controlling influence on the site -

~ component of coherency.

4-2
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Figure 4-1. Computed coherency from the EPRI Parkfield array. The thick curve shows
the mean coherency and the thin curves show the LSST coherency functions (see text).
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Figure 4-2. Computed coherency from the Chiba array; The thick curve shows the
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The dashed curves show plus and minus one standard error of the LSST coherency
functions. ' ' o ’
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. 5
SITE DEPENDENCE OF AMPLITUIE VARIATION

L Abrahamson et al (1991 1992) developed functmnal relatlons for the observed
_ amplitude vanatlon for the Lotung LSST" strong motion data set. This model was
developed. by computmg the standard error of the AA terms'(Eq. 2-4) for selected
distance ranges and frequency bands. The: ‘dependence of the computed
standard errors on separation distance and frequency was-used to develop an
empmcal model of the amphtude vanatlon based on least-squares '

As part of the current study, an alternatlve methodology was used to model the’
“amplitude- vanatlon Rather than compute the standard etror of the AA for
distance and frequency bins, a maximurn likelihood formulation i is used. This
_approach has the advantage that the AA do not have to beput into binsto
compute the standard error, Instead, vanous functlonal forms of the separation
distance and frequency dependence of the standard error were tested The
| ‘ coefﬁc1ents for each model are estlmated usmg the maximum hkehhood method.

The vario"us functional forms that were‘cOnSider'ed are listed in Table 5-1. Model
3 gave the best fit to the. LSST data, but model 7 (which.gave the second best fit to
the LSST data): gave a better fit to the data from the other arrays. For the
comparison of the arnphtude variations at different site; the results of the fit to
model 7 are used '

The estirnated coefﬁcients for model 7 are‘ listed in Table 5-2. The Stanford array
is not included because the scaling between different instruments in the array is
uncertain. "

Comparison of Amplitude Variations

The estimated amplitude variation functions for the three soil arrays are compared to
the' LSST amplitude variation function in Figures 5-1 to 5-3 for separation distances of -
20m, 60m, and 100m, respectively. The amplitude variation functions for the three soil
arrays aré similar to the LSST amplitude variation fun'cﬁon,‘i‘ndi‘c:ating that the along

51



- model, but the EPRI Parkﬁeld USGSP

, ‘ @u ue.fovw\- . v&vy)"&zi»@'w |
- with the coherency, thie LSST amphtude vanatlon function is applicable to generic soil
- sites. =

B Similarly, the estimated arnphtude vana’aon functions for the five rock arrays are
| compared to'the LSST amplitude variati v_‘-f’»functlon in Figures 5-4 to 5-6 for separation
distances of 20m, 60m;, and 100m, respechvely The rock arrays show much larger
vanabﬂrty in the amphtude variation than'do the soil arrays. This trend is consistent.
~ with the larger: vanablhty of coherency“f il nd for rock arrays as compared to soil arrays. Mﬁ”—@{/
16w similar amplitude variation as the LSST
: 'eld and ZAYA arrays show 51gmﬁcant1y
larger amphtude variations than the LSST model

The Coahnga and Pmyon Flat arrays s

Generally, the range of amphtude vananons is greater than the range of coherencies,
suggesting. that arnphtude variation is more sensitive to local site conditions than is
vcoherency One source’ of this- dlfference is’ s1te resonance in that a slight shift in
| Tesonance:across a site ¢an easily generate Iarge variations in-amplitude (at a given
frequency), but have little.or no effect on’ coherency. In this regard, small changes in
layer thickness would produce more: predommant shifts in resonance for shallow
layers; thus shallow soil. sites and rock sites’ mth complex geology would tend to
experience the largest amphtude vanauons

5.2




: Table 5-1. .
Models Conmdered for the Amphtu ;V_ana’aon o

- Mbdél‘ o 'F"i:mctliona'l".
| o= A(l—e B

0 NG Ul R W N

(f= frequency in Hz, £ = separation 'dis"'iéncé inm)

: _ Table 5-2 o
Model Coefﬁcxents for Amphtude Vanahon (Model 7)

)_,Arr:a‘y .' N A | B C |
-LssT . . 093 . 0163 o 00019 707
_=USGS Parkﬁeld _ S0l _029 ' 00056 rocé
ZAYA w7 000 0018 reck |
 Imperial Valleyl1ff 109 w007 00012 sel, <
Hollister Diff 0.94 005 00041 Fers "
' EPRI Parkfield o123 0019 0.0035 ~-cf
‘Chiba 11 0102 0.0011 7o,y
PinyonFlat - 079 045 00017 vocf
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Figure 5-1. Amplitude variations from arrays on soil sites for a separation distance of
20 m.
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Figure 5-2. 'Amplitude variations from arrays on soil sites for a separation distance of
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Figure 5-4. Amplitude variations from arrays on rock sites for a separation distance of
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@ 6 o
'USE OF MICRO-TREMOR DATA

'As shown in Section 4, thes'pati_a'l coherency for soil sites is similar from site to site, but
it is more variable for rock sités. Ideally, array recordings at the site of interest would
be used to estimate site-specific coherency function. Since most project do not have the
time to set up a dense array of instruments and wait for earthquakes; other methods
need to be considered such as using micro-tremore data or explosive sources. In this
section, we evaluate the usefulness of rmcro-tremor data for eshmatmg the 51te—spec1f1c
coherency. .

“Micro-Tremor Data _ :
Micro-tremors were mea_sured at the EPRI Parkfield array site. Four temporary
accelerometers were located at the some of the same locations as the permanent stations
- and run at high gain to record micro-tremors. The stations were moved around to
- different permanent stahon locatlons to sample the coherency for different station pairs.
. In all seven micro-tremor runs are used to estlmate the coherency. These seven runs are -
listed in Table 6-1. '

For each run, a five second time window is selected. The time windows for the runs
- were selected to avoid spikes in the data. The micro-tremor data are shown in Figures .
6-1 to 6-7. In each case, the time window from 5to 10 seconds is used.

Comparison With Earthquake Data -
The coherencies comptuited from the mlcro—tremor data are.compared to the average
coherency from the two Parkfield earthquakes (see Section 3) in Figures 6-8 to 6-12 for
. separation distance ranges of 0-15 m, 15-30 m, 30-80 m, 80-150 m, and 150-300 m. The
solid line shows the mean coherency of the two Parkfield earthquakes (Table 3-4) and
the dashed lines show plus and minus one standard error. For all five distance ranges,
the mean of the coherencies from the micro- tremor data is Jower than the mean
coherencies from the earthquake data.

Although the micro-tremor data exhibits coherency above the noise level at very short
. separations (e.g. Figures 6-8 and 6-9), the coherency from the micro-tremor data is not
an accurate predictor of the S-wave window coherency during earthquakes. Therefore,

6-1




. we conclude that the use of micro-tremor data is not helpful in estimating site-specific
coherency. ' '
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Table 6-1.

Ambient Noise Data

Identifier Stations
9:34:53 NE4
' W1
W2

11:31:27 NE4
- W3
W4

12:40:11 NE3
'  NE4

17:07:36 © NE1
NE4

NE4
SE1

19:46:38 NE4
- SE2
SE3 -

21:06:37 GO
NE4 .
SE4

- Peak Amplitude (cm/s/s)
- 0.015
0.005
0.012

0014
0,004
. 0.003

0.008
0.008

0.034
£0.030

0.006
0.017
0.005

0.013
- 0.007
0.020

0.009
0.010
0.006
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Figure 6-1. Ambient noise time histories for window 1.
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Figure 6-3. Ambient noise time histories for window 3.
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Figure 6-4. Ambient noise time histories for window 4.
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Figure 6-5. Ambient noise time histories for window 5.
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Parkfield Ambient Noise - Window 7
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Figure 6-8. Comparison of coherency from ambient noise with the coherency from
small earthquakes at the EPRI Parkfield array. Separation distance 5-15 m.
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Figure 6-9. Comparison of coherenty from ambient noise with the coherency from
small earthquakes at the EPRI Parkfield array. Separation distance 15-30 m.
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Figure 6-10. Comparison of coherency from ambient noise with the cohérency from

small earthquakes at the EPRI Parkfield array. Separation distance 30-80 m.
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Figure 6-11. Comparison of coherency from ambient noise with the coherency from
small earthquakes at the EPRI Parkfield array. Separation distance 80-150 m.
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