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ABSTRACT

In this report the authors investigate the seismic behavior of the
Satsop nuclear reactor site by the ratio microzonation method (Refs. 5 and
€), which involves simultaneous observations of microseismic signals at
two stations with fdentica] recording seismometers and utilization of the
ratio of power spectra to identify ground amplification and frequency
distribution.

The study reveals that (1) microseismic power spectra are nonstationary
within the time constraints of this study; however, (2) even though the
amplification spectra are not stationary in the strict sense of the word,
they do appear to be consistently more stafionary than the corresponding
power spectral ratio; and (3) there is a good cofrelation between the
resonant site frequencies determined by microseismic amplification spectra

and those calculated from field shear wave velocity measurements.
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1.6 LNT'ROLUCYT 1ON

1.1 INTRODUCLION

[t is generally held that, while the use of microseisms or
microtremors for seismic zoning and design is a valid topic for
sclentiflc research, this type of analysis does not yet appear
to be well enough developed for practical engineering applica-~
tions. To date, one of the major difficulties has been the
nonastationarity of microseismic motions. "Nonstationarity"
refers to the time denendence of the frequency content of

wave trains of finite length.

It 1s common for the frequency content of microseismic
wave trains to be presented as Fourler power gpectra. In this
sftudy, microseismic amplification spectra are calculsted from
Fourier power spectra and used as indicators of site specific

selzure behavior. HResulte are then critically examined.

1.2 BACKGROUND

Although passive and not =erviny as an energy source, the
reaponse of a site's soil and subsurface to seismic excitation
ig a primary determinant of the resultant effeat of a seismic

event on man-made structures. As early ag 1908, Wood (ref. 26)



demonstrated a relationship between‘ground conditions and
damage caused by the 1906 Californis earthquake. Resonance
effegts are to be expected in a bounded, layered medium and it
has become empirically evident that structures sited on bedrock
are, in general, less prone to earthquake damage than those

located on a layered sedimentary section.

In 1934, Inouye (ref. 11) suggested that there exists a
"dominant frequency" at the ground surface which 1s related to
the dominant seismic excitation at bedrock. Later, in 1945,
Carder and Gilmore (ref. 8) noti¢ed the same phenomena when
monitoring "ground vibrations.” They proposed that one or more
of the natural (resonant) frequencies of the ground might be

determined by the observation of microseisms.

Beginning in 1954, Kanai and others (ref. 12,13,14) pub-
lished a number of ploneering papers on microseismic motions
which he called microtremors. Kanai defined microtremors as
selsmic motlions which are continuously present, have amplitudes
of about 0.1 to 1.0 micron, and perlods between 0.05 and 2 sec-
onds. In most cases, Kanai feels that such motions may be
attributed to artificial disturbances such as traffic and indus-

trial machines.

Kanai'é recordings of microtremors (see fig. 1.2-1) were

made with pendulum/transducer-type velocity seismometers



FIGURE 1.72-1 (after Kanai)

Representative records of micro-
tremors observed at the various kinds of
ground. The symbols of I, II, IIl and IV
represent the kinds of ground used.in the
Building Code of Japan.

FIGURE 1.2~2 (after Kanai)
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Representative period distribution
curves of microtremors at the various kinds
of ground.



recording on smoked drums. He characterized the frequency con-
tent of the recorded signals by means of a "perlod distribution

function" which was calculated in the following manner.

A section of record (typically two minutes) was selected
for analysis. Then the time intervals between zero-crossings
were méasured. Twice the time interval betWeen a palr of
zero-crossings was considered to be equal to the period of one
cycle of microseismic motion. (Because Kanai's seismometers
measured velocity, the time between zero-crossings corresponds
to the time between maximum displacements.) A period distribu-
tion function (sometimes called a "frequency-period curve")
was then constructed by plotting period on the‘gbscissa and
the number of cycles of each periocd on the ordinate. (See

fig. 1.2-2)

After analysis of many recordings of Japanese microtremors
Kanai concluded that: 1) the period distribution functions of
microtremors show a definite form for particular types of sub-
soil (see fig. 1.2-2); 2) because of resonance, the amplitude
of microtremors at the earth surface becomes greater as the
reriod of the microtremor apprcaches the natural periocd of the
geologic column; and 3) "considerable similarity" exisﬁs bet -
ween the period distribution fﬁﬁctions of microtremors and

earthquakes recorded at the same location.



In 1961, Akamatu (ref. 1) performed a study which used
power spectra to characterize the frequency .content of micro-
seisms in the 1 to 200 hz. frequency range. Although his
method of analysis was not strictly comparable, Akamatu's
study seemed to confirm Kanai's observation that there exist
period distrivbutions or "dominant frequencies" which are
characteristic of their recording location, Akamatu concluded
that there exists a dominant frequency of short-period micro-
selsms which is particular to its recording site. He further
concluded that, based on data from the six Japanese sites at
which his study was conducted, sites may be classified into
two general types on the basis of their microéeismic power
spectra: 1) sites where the dominant frequency appears as a
remarkably sharp spectral peak; or 2) sites where the micro-
selismic power spectra are composed of minor peaks but are
generally flat. In retrospect, it seems that Kanai' frequency-

period curves exhibit an analogous trend. (see fig. 1.2-2)

Also in 1961, Spieker (ref. 21), after prolonged observa-
tion of microselsms in the United States, concluded that, in
general, microseisms are not stationary for periods longer
than one hour. In other words, over time périods in excess
of one hour, the frequency content of microseismic wave trains

18 not constant.



Rostrom and Sherif (ref. 5) have proposed a method whereby
it mayv be possible fo normalize for the effects of variable
excitation by observing the ratio between the power spectra of
microselsms recorded simultaneously by two identical seismo-
meter stations. The application of this proposed method of site
response determination is depenent upon the assumption that the
geologic column behaves ag a linear system In transmitting the
seismlc signal and that the same excitation function is active
at both seismometer stations. If these conditions are met
they suggest that the power spectral ratio will, in fact,
revresent the power transfer function active between the two
stations. (The derivation of this function is discussed in
more detail in Section 3.2 of this paper.) If the location of
one station is fixed and designated the "base station", trans-
fer functions relative to 1t may be calculated for a number
of locations of the other "vortable station." Any differences
in the power transfer functions characterizing the various
nortable station locations could then be attributed solely

to differences in the site responsge of those locations.

1.3 0BJECTIVE

It ig the purpose of this study to investigate the seismic
behavior of a site bhy means of a method very closely akin to
that vrooensed by Bastrom and Sherif (ref. 5) and to critically

examine the results of this investigation., 7This study will



ranfine 1teself to examinine selsmic =siznals within the
frequency band 0 to 10 hz,. as it has been shown that man-made

structures are most suscephible to damage by low-frequency

geiasmic motione.



2.0 THE STUDY AREA

2.1 [OCATION

The ares in which this study was conducted lies in the
Chehalls Lowland of Washington state and consists of a2 portion
of the alluvial terraces and adjacent hills which comprise the
south wall of the Chehalis River valley near the town of Satsop,
Waahinecton. PField data were recorded at four locations (one
"wase station" and three "portable station" locations), all of
which ave within an avea of land totalling approximately 1.5
sguare miles and lying south and southwest of the Chehalis
River at the voint at which the Satsop River enters the Cheha-
Lin (see fig, 2.1-1). 'This area will be henceforth referred to
as the study site. That area lying within 10 miles of the site
. will be referred to as the site locality, and that area within

200 mileg of the site as the site region.
2.2 PHYSIOGRAPHY

1'he site loceality can be divided into three local physio-
graphic domains: 1) hills which are part of two larger region-
al physicgraphic provinces known as the Montesanc and Willapa

Hills; 2) stream terraces; and 3) river flood plains.
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The flood plain of the Chehallis River liesvat a general
elevation of 25 feet and 1s approximately 1.5 miles wide, while
the adjacent Satsop River flood plain ranges in elevation from
about 30 to 80 feet and is approximately 0.5 miles wide.
Flanking both rivers is a series of three major sets of stream
terraces. The lowest set, at a general elevation of 50 feet,
is the Fraser terraces. The intermediate set, at about eleva-
btion 130, 1s the Salmon Springs terraces. The highest set, at

320 feet general elevation, is know as the Helm Creek terraces.

Drainage patterns in the site loecality are mostly modified
dendritic, and exhibit some structural control from regional
folding and faulting. They do not, however, appear to be fault

controlled.

Slopes at and ad jacent to the study site are generally
moderate, but range from nearly horizontal to nearly vertical.
Low slopes are found on the Chehalis River flood plain (1%),
and on the undissected surfaces of the Salmon Springs and Helm
Creek terraces (1% and 2%). Steep slopes, ranging from 30%
to 70%, occur on hillsides near the base station location and

on the dissected portions of the terraces. (See fig. 2.2-1)
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2.3 SITE STRATIGRAPHY AND SURFICIAL GECLOGY

The stratigranhy of the study locallty and adjacent area
is summarized in figure 2.3+1. Formations present at the study

aite are marked with an asterisk (%),

At the study =ite, the Astories formation of Tertiary age
ig the oldest unit known to bhe present. It is estimated teo be
approximately 3500 feet thick and for purposes of the vpresent
studyv, may be considered as "bedrock"™. It is on the weathered
aurface of the Astoria formation that the base statlion for this
studv was located. (See fig. 2.2-1) This formation is com-
nosed of friable to moderately hard, cozrse to fine grained
and generally moderately sorted sandstone. The sandstone
arains are loosely cemented by silt and clay fines when fresh
or weathered and by iron oxide near the base of the weathered
zone. The finer sandstone tends to be better cemented due to

.
its higher content of fines. Thin discontinuous beds of con-
glomeritic sandstone, conglomerate, and siltstone and thin
carbonaceous beds are known to occur locally. When encountered,
the gravel in conglomeritic layers is commonly composed of
fine-grained, dark-colored, volcanic rocks and is poorly
cemented. Siltstones are generally hard and highly cemented.,
In addition, five separate tuff peds are known to occur within

the Astoria formation at the site. (Ref. 25) Generally,

bedding in the sandstone 1s poorly-defined and massive. In
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Age (1)
(108 yr) |period] Epoch Formation (2)
c G .-"-_ ¥Alluvium
s | %¥Colluvium
-3 ¥Landstide Debris
x
Ol ‘T *Fraser Deposit (10,000 yr to 20,000 yr BP)
e Late [onawy (unconformity)
§ [“AA %Salmon Springs Deposit (34,000yr to 50,000yr BP)
- ta {unconformity)
o 1= o |=e
o § Middle J_ ¥Helm Creek Deposit (250,000yr to 320,000 yr BP)
- (unconformity)
-5 T Wedekind Creek Formation and
o Eorly Logan Hiil Formation (530,000 yr to 700,000 yr BP)
(unconformity)
2 —
% Late No known deposits in site locality
2
I |Early
7= ;.;_"5'33'—' Montesano Formation
Late
@ {local unconfarmity)
g |Middle
= ¥Astoria Formation (Smillion yr to I7 million yr BP)
> Eariy
26— % _(local unconformity)
2 o Late
$ .
S Middle Lincoln Creek Formation
3 G [Early |_{unconfarmity)
—=-—| Skookumchuck Formation
o LEO® [E==—"=1 McIntosh Formation
W (unconformity)
e g Middle Crescent Formation
“1ean
54 arly

XFormations present within 1.5mi of plant location
(1) ‘Age based on Van Eysinga 1972

(2). Formations and ages based on
Carson 1970 ; Snavely et at 1973 |

Pease and Hoover, USGS, 1957 ¢
Rau 1967 ; Fowler 1965 ; Eddy /966, FIGURE 2.3-1 (after WPPSS)
Birkeland et al 197!; Easterbrook et al :

{967 ; Easterbrook 1969. LOCAL

STRATIGRAFHIC COLUMN




R

outcrop, the sandstone of the Astoria formatlon dips 4 to 19

degrees to the north.

Glaciofluvial deposifs overlie the Astoria formation to
the northwest of the base station location. (See fig. 2.2-1)
These deposits consist of alluvial sands, silts, and gravels
which were deposited at three different elevations representing
different ages of deposition: 1) the Helm Creek deposit at
approximately 320 feet elevation; 2) the Salmoh Springs deposit
at approximately 130 feet elevation; and 3) the Fraser deposit
which is present below the alluvium of the Chehalis River.

Other undifferentiated glaciofluvial deposits are also present.

All three portable station locations are on erosional
remnants of the Helm Creek deposit; (See fig. 2.2-1) Based
on radiometric dates of more than 40,000 years BP and on field
relationships with the Salmon Springs deposit, it has been
shown that the Helm Creek deposit is of pre~Salmon Springs age.
It has been tentatively correlated with the Stuck glaciation of
the Puget Lowland (320,000 to 250,000 years BP)., At the study
site, the Helm Creek deposit consists principally of discontin-
uous layers of sand, silty sand, and silt with occasional
coarser clasts., Figures 2.3-2, 3, and 4 preseﬁt the detailed
stratigrapvhy of the Helm Creek and other deposits present at
each portable station location. These flgures are bésed on

logs of exploration borings made by the Washington Public
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'FIGURE 2.3-2 SUMMARY BORING LOG OF WPPSS BORING A-3Q
LOCATED AT PORTABLE STATION LOCATION 1

/
’ 7

- Ground Surface Elevation 292.5 ft.

[Depth | mr |Ceo- | o

 ft N.ﬂft_.logy,fSZQbOls Descrlptlop

= " 290 Loess i il MH | Soft to firm light brown to

— 10 i reddish brown plastic SILT,

- - 230 NN some sand

- 20 AR

: - 270 ojejal =

- 30 ejejeiel SM Medium dense gray brown to brown
- dHRE medium to fine SAND, some silt
- - 260 ool :

- 40 o

— afele

. 250 Silods

= 50 -

- [ 240 ANBR

= L

= i 230 sein|

= 70 o fee

— L o0 :f;: sp1 Medium dense to very dense yellow
ol EoLlie brown coarse to fine SAND, some
- 80 8 LLl. coarse to fine gravel, some silt
ol - Ay sfea{r

E 210 LTQJ Tels

L 90 % [O 3K

E - 200 g AL -

= 100 o W

ol - 190 2 il

e m pi 4] »

:__ llG vis[s | *

- - 180 sloiel e

- Jipfe ] SM Dense to very dense brown to

- 120 AARN yellow brown coarse to fine SAND,
- - 170 Juld some silt, trace coarse to fine
= 130 sfofele gravel

—— Flofe

. =~ 160 AR R

- o CRLs1 &

- 140 AR

- - 150

p— LN XX

—~_ 150 XL

- - 140 e

- *o+2{ cP~ Yellow brown coarse to fine

—_ 160 :‘;: SP sandy GRAVEL, trace silt

- - 130 voen

~ 170 rers .

— Ty Moderately weathered brownish
- - 120, AL - yellow fine low hardness SAND-
— 180 L - STONE
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(continued)

1

Depth Geo--
L__ftp ft |logy! Symbols: Description
- L 110 o Fresh dark gray fine low hard-
E 190 = @ ness SANDSTONE (massive, no
E.... P g = visible bedding)
— oK
r~_ 200 Sl E
= 90 |< Depth completed 205.2 ft
Ei.210 \2 Jul 1973
- . 80 '
E_ 220 .
= - 70 ' *NOTE: Blow counts are an
230 average of two adjacent
L 60 samples in the continu-~
p40 ous soil sampling
L 50
250
- 40
260
i - 30
270
- 20
280
' ;- 10
290
"0
300G
L -10
310
- --20
320
--30
330
- 40
340
. =50
350
- 60
= 360
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FIGURE 2.3-3 SUMMARY BOBING LOG OF WPP3S BORING A-13
LOCATED AT PORTAZLE STATION LOCATION 2

Ground Surface Elevation 2R6 £t

Deoth | EL oo boie o

£1 £+ lloay .:Y"‘]A’Z}U 0LS Description ‘
o e Firm yellowish brown plastic
C 10 280 Loessi.ff; MH clayey SILT, some coarse to
gt » Ly fine sand, occasional root
~ RN fragments ,
E_ 20 270 P o Loose to medium dense yellowish
. =folepe brown coarse to fine SAND, some
20 [ 260 e silt
— Melpie
: O e | Of
— 40 -,‘ i 10 .
— 250 elofeinf SM Medium dense yellowish brown fine
- efois Io gravelly coarse to fine SAND,
~ " r.d 0
- 50 + 240 some silt
e o{dielo ’
o T
= o0 230 T ‘
: . oIP|e | SM . .
e 70 i~ 200 ANAN Medium dense yellowish brown
aamd . .
- o|ele]s coarse to fine SAND, some silt
~. 80 F z10 E 9....
- i
- SRt
B 90 200 A LLLL
- L fielel
- 66!(‘,
- 100 - 190 & Lt ,

O T e . .

~ . }u' SMt  Very dense yellowish brown silty
- il ML :
- 110 - 180 2 fine SAND
o o e ipir|0
: ala 18
= 120 - 170 helo)aje
peve oletdte
- 130 F 160 . : SM Very dense reddish brown to
2 " ° yellowish brown coarse to fine
- slefefe SAND, some silt, some fine
e L
. 140 150 alelale gravel
: siajei o
:'__ 150 - 140 o olofa
060 |- 130 T
it 170 + 320 oJelefe} sM} Very dense yellowish brown
. olole coarse to fine SAND, some silt,
- : ofeisfe trace fine gravel

180 | yyg) . felebl ,




FIG. 2.3-3 (continued)
Depth El }Ceo-
ft f£ |logylSymbols Description
:__'__190 100 Fresh gray medium to fine low
- El » hardness SANDSTONE
i | W
— 200 90 f\ - Occasional Fine gravel and car-
-~ A R bonacecus material throughout
- o e core :
— wl
- 210 80 | < Depth completed 212 ft
— 14 Jun 1973
=220 | 70
E_230 - 60
- 240 | s0
-
=250 | 40
- 260 |- 30
- 270 - 20
- 280 | 10
- 290 | ©
-
- _ 300 -10
310 [-20
[
~ 320 -30
= 330 40
= 340 }-50
- 350 [--60
~ 360 }-70
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FIGURE 2.3-4 BSUMMARY BORING LOG OF WPP3S BORING A-19
LOCATED AT PORTABLE STATION LOCATION 3

. : , ) Ground Surface Elevation 333 ft
Depth £l |[Geo- o
4 £t _{logy 6'!'@[)@]5 .~ Description
- . HI
= 330 Loess HH vy | Firm to stiff reddish brown
~ 10 it plastic clayey SILT, trace fine
E L 350 |l \, sand, occasional root fragxpents
—_ 20 i osM Loose to medium dense yvellowish
~ - 310 ol 'b?own medium to fine SAND, some ,
= 5 AR silt grading with manganese oxide
o el specks and iron stains
: - 300 efele
= 40 el
- - 290 Medium d a1 i
- T gpy Medium demse gray medium to fine
- 50 elerf OM \_SAND, trace silt
- - . .
- 280 ML | ‘Stiff yellowish brown SILT, some
- 60 i fine sand
- - 270 _J .SM | Medium dense yellowish brown fine
= 70 ALl SAND, some silt
- -260 ] K
- 0
. 80 &
- 250 | B ML | Very stiff, yellowish brown
- 90 v clayey SILT, trace fine sand
- L 240 g
- )
- 100 = I
o - 230 Bl
o m . s .
- 110 .11 sM Very dense vellowish brown fine
— - 220 oo SAND, some silt
- 120 L
- - 210 "l
- 130 o0
- [ 200 o
- ool GPH Very dense yellowish brown sandy
140 0.0, SP coarse to fine GRAVEL, trace silt:
: o 190 Y-S
= 150 e
:- = 1_80 «le {s
b - . .
~_ 160 NN
~ - 170 e ) owd
~ 4.1t SM|l Dense to very dense yellowish
E__ 170 It brown fine SAND, some silt, trace
= L 160 e fine gravel
- ot -
—~ 180 et
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F1G. 2.3~4 (continued)

Depth | El |Geo-
it £t |logvi Description
- 150 b
:__‘.__ 190 v im- Hard yellowish brown fine sandy
= 33 L
E'__ 200 s & ol oo
= -130 1 20 belulel] GH- Very dense yellowish brown fine
= 210 S detell sM gravelly coarse to fine SAND,
" ool some silt
- 120
- F ) ol
= 220 -
~ ti10
- 230
- 100 _—t FS Fresh gray medium to fine low
- 240 Zl hardness SANDSTONE
b e
. ol & Bedding 0° - 30°
- - 90 | g B
= 250 & & Highly weathered yellowish
- }_ 80 il brown medium to fine friable
- sl e SANDSTONE from 247.5 ft to
- 260 sl 250.7 ft
- - 70 | 5 B o . .
— < ccasional fine gravel through-
- 270 out core
[~ - 60
280
- F 50 Depth completed 283.5 £t
= 290 11 Jun 1973
- - 40
—~_ 300
- L 30
-
= 310
= - 20
= 320
- - 10
= 330
» Y
= 340
[~ T-10
~ 350
= L -20
—~ 360
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Power Supply 3ystem (WPP33).

Topographically lower and younger than the Helm Creek
devposit is the remnant of the Salmon Springs deposit. It lies
to the north of and adjacent to the Helm Creek deposit.

(See fig. 2.2-1) The Salmon Springs deposit has been corre-
lated to the middle and early Salmon Springs glaciation
(50,000 to 34,000 years BP). It overlies the Astoria formation

and consists of 30 to 60 feet of silty sand snd clayey silt.

The youngest glaclofluvial deposit in the area is the
Fraser deposit. 'This deposit (20 to 120 feet thick) underlies
the alluvium of the Chehalls Hiver valley and consists mainly
of sandy gravel with layers of clayey silt. It is correlated

to the PFraser glaciation (20,000 to 10,000 years BP).

At the study site, loess (5 to 15 feet thick) overlies
both the Astoria formation and glaclofluvial deposits.
Colluvium 1s present downslope from the base station and else-
where in the study area. This colluvium results from the down-
slope movement (slide and creep) of weathered sandstone and
loess and is generally thickest at the base of slopes. Alluvium
ocecurg along the Chehalis River, Workman Creck, and other small
streams in the study area. In the Chehalis valley, the alluv-

ium is composed of 3 to 20 feet of sand and silt.
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? .4 STRUCTUHAL GEOLOGY

Broad, poorly-defined anticlines and steever, more clearly-
defined synclines generally trend north-south in the site local-
ity. (See fig. ?2.4-1) At the site, the Astoria sandstone beds
dip 5 to 15 degrees north toward the Chehalis River reflecting

these gentle folds.

Several faults are known in the region immedistely sur-
rounding the study area. (See fig, 2.4-2 and tables 2.4-1,2,
and 3) These faults are of high angle, reverse, and normal
tyre, and generally trend rorthwest-southeast and east-west.
They are related to comvressional forces that produced folding
and faultine during late Tertiary time. (See section 2.5)
These faults dn not offset or control drainage. There is no

evidence of Quaternary movement of the fanlts,

Joints are present in only a few of the outecrops of the
Astoria formation at the site. Out of some 80 outcrops of
sandstone, previous investisgators (ref. 25) found joint sets
in only =ix exposures. Two dominant orientations of Jjoints

were found; one striking northwest and one northeast.
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TABLE 2.4-1
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FAULTS AND LINEAMENTS LONGER THAN ONE MILE

WITHIN TWENTY MILES OF THE SITE

(after WPPSS)’

Minimum Distance Sense of Length (Miles) Last Movement/
Map No. Nanme from Site (Miles) Motion (Measured on Map) Activity Displacement
) Miocene or later )
1 Weikswood Fenlt 1.5 Beverse 4 (cuts Astoria Pm) 1500 £t
2 Gibson Creek- 5.5 High Angle 12 Miocene or later ?
Minot Peak Faults (cuts Astoria Fm)
.Miocene or later
3 Lookout Fault 2 Reverse 2.5 {cuts Lincoln Creek Fm) ?
Qligocene or later
4 Williams Creek Fault 10 High Angle 2.3 (cuts Lincoln Creek Fm) ?
Miccene or later .
5 Porter Creek F‘ault 7.5 High Angle 3 (cuts Lincoln Creek Fm) ?
6 Blue Mountain Pault 4.5 Reverse 10.5 Miocene or later 000 £x (1)
(cuts Astoria Fm)
. #Hiocene or later 2)
7 Redfield Creek Fault 13 High Angle 7.5 (cuts Astoria Fm) 1500 ft
Hiocene or later
8 Oakville Fault 13 High Angle 3 (cuts Lincoln Creek Fm) ?
9 Scammont Creek Pault i3 Raverse ) 13 Pliocene or earliet(s) 1000 ft 15
§ Miocene or later
10 Scar Hill Norch Fault 12 High Angle 1 (cuts Astoria Fm) . k4
Miocene or later
Fas 1 ;5K .
11 Scsr H{ill West Fault 3 gh Angle 1.5 (cuts Lincoln Creek Fm) .1
. Hiocene or later
12 Joe Cresk Fault 14 High Angle 2.5 (cuts Lincoln Creek Fm) ?
Miocene
13 Elkhorn Creek Fault 16.5 High Angle 2.5 (cuts Astoria Fm) ? )
14 Smith Creek North 17 High Angle 2.% Miocene or later ?
Pault (cuts Astoria Fm)
Smith Creek East Miocene or later
i Fault 14.5 Bigh Angle 2.5 (cuts Astoria Fm) ?
16 Silver Creek Pault 7 High Angle 1 ¥locene or later ?
(cuts Astoria Fm)
17 Wighksh River 12.5 Reverse 10 Kiocene 9000 £r (2)
Fault Zone (2-3 wide) (pre-Montesano Fm)
18 East Fork Fault 1s. st s1 . HMiocene @
ork Yau 5 rike Slip 4.5 (pre-Montesano Fm) 1 mile
19 Carter Creek Fault 14 Normal 5 Post Miocene 1000 £ (1
(cuts Montesana Fm)
20 Wynoochee Anticline 12 Hich Angl 1 Posz Miocene
#1 Fault & gle (cuts Montesano Fm) 4
21 Wynoochee Anticline 12 High Angle 2 Post Mlocene ?
. #2 Fault (cuts Montesano Fm)
Wynoochee Anticline Post Mlocene
22 #3 Fault L High Angle 1.5 (cuts Montesano Fm) ?
c Fault 1 Hi Zocene or later
23 Cedar Creek Fau 6 gh Angle 4 (cuts McIntosh Fm) ?
. Post Miocene
Caldwell Creek Fault . 1
24 reek Faul 9.5 High Angle 2 (cuts Montesano Fm) ?
2 Confl Fault .5 High Angl . Post Miocena
5 onfluence Fa 5 gh Angle 1.5 (cuts Montesano F) ?
Smith Creek South Miocene or later
26 17 Righ Angl
Fault gh Angle 2 {cute Astoria Fm) ?
Pack Seck Lookout Post Miocene
27 16 High Angl ?
Fault gh Angle 3 (cuts Montesano Fm)
28 Ward Creek Fault 17 High Angle 3.5 Miocene or later ?
(cuts Astoria Fm)
29 Forth Fork Fault 18 High Angle 4 Miocene or later ?
{cuts Astoria Fum)
Miocene or later
30 Fairchild Creek Fault 18 High Angle 2 (cuts Astoria Fm) ?
31 Fall Creek Pault 14 High Angle 7 Post Miocene 2
B {cuts Montesano Fm)
22 Rochester Lineamens (6) 16 High Angle 10 r® ?
Footnotes
(1) Scaled from cross section
(2) Estimated from stratigraphic hiatus
(3) Sngvely et al 1958
(4) Rau 1967
(5) Field studies
(6) Based on geophysical evidence
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TABLE 2.4-2 FAULTS AND LINEAMENTS LONGER THAN § MILES
AND 20 T6 50 MILES FROM THE SITE (after WPPSS)

Minioum Distance Sanse of Length (Miles) Last Movemoat/
Map No. Nenme from Site (Miles) Motion (Measured on Map) _Activity Displacesens
5 Willapa River Favit 2 High Angle or 25 Miccena or laet 3000 fe+ (1) (&) y¢ nggn
Zone Strike Slip (1~5 wide) {cuts Lincoln Cresk ¥u) angle; 10 miles if strike
Miocene or later slip
34 Wilson Creek Fault 21 High Angle 10 (cuts Astoria Fa) ?
35 South Pork Fault 30 High Angle 7.5 Eocene or latex ?
(cuts Crescent Fm)
36 Firdale Fault 21 High Angle 6.5 Miocene or later ?
(cuts Astoria Fm)
37 Alder Creek Fault 34 High Angl 6 Eocene or later 2000 £e (1)
e . g gle (1-2 wide) (cuts "Unit B™)
) Naselle River Faul 37 it 1 . ZFocene or latex 000 £¢ (2)
3 agselle River Fault igh Angle ) 7.5+ (cuts "Unir B 3 t
Salmon Creek Fault 38 High An 1 Miccene or larer oo £r (1)
39 a, reel . 4 gle . 3+ (cuts Astoria Pa) 50
40 Crooked Creek Fault 40 High Angle 9.5 Post Miccene (cute 3000 £e (1)
. post Astoria strata)
3 (owarlapped 4000 £r (3)
41 Doty Faul 21 Normal ( 9 Pre-Miocene (owarlappe t
y Feule Reverse (4) . by Astoria Fox} 400 £z (&
Post Eocene (cuts (&)
42 Salzer Creek Fault 25 Normal 14 Skookumchuck Fm) 1500 ft
& Kopiah Fault 22 Re 23 Post Eocene (cuts e B
3 P au. verse Skookumchuck Fm) 500 ft
& Newaukym Fault 35 " Re 11 Miocene or lagew 700 £r 1
4 evaukum Fau verse {euts Lincoln Cyreek Fm)
Post Eocene (cmts (4)
45 Coal Creek Fault 28 Reverse 19 Skookumehuck Fad 400 ft
46 Olyspia Lineamenc (12) 22 . Rormal (7) 55 Holocena(?) (19) 1+ m(n®
a7 Nisqually Lineament‘12) 30 Normal (?) : 50 Holocene(?) (10) 1+ k() P
Miocene (cuts Astoria Fm, (5)
48 Canyon River Fault 20 Strike Slip 5 overlapped by Montesano Fum) 2000 ft
49 Weacherwax Fault(13) 26 Bigh Angle(? 15 Post Focene ?
eache gh Angle(?) (cuts Crescent ¥m)
7 Post E
50 Rumptulips Fault 28 High Angl 15 ( ost Eocene ?
P pa T8 gh-Angle 32 (8) (cuts Crescenc ¥m)
51 Quinault Shear Zone 40 High Angle 28 Holocene(?) ?
} High Angle/ Pcat Eocene(curs iate
52 Burricsne Ridge Fault 37 Thrust 65 Eocene strata) ?
Postulated Offshore .
53 Pault (13) 35 Righ Angle(?) 500 ? ?
~s0 (11)
54 fiood Canal Lineament (120 28 High Angle(?) B ® Holacene (107 brm 9
Tacoma-Gig Harbor Holoc (11} (9)
55 8 43 High An 45 ene - )
Lineament (12 gh Angle (cuts late Pledstocene) 34
56 Sumner Lineament (12) 45 ? 35 " Holocensz(?) (1) ?
57 Buckley Lineament (12} 49 ? S5+ Holocene(?) (16) 1
8 South Olywpic - 25 ?
5 Mountains Lineament 3 ? : !
59 Shelton Lineament 22 High Angle 30 Helocene(?) (103 ?
Coastal Magnetic
6o Lineament 26 Normal (?) 250+ ? 1
61 Salmon River 44 Thrust 18 ? ?
Shear Zone
6la Saddle Mountain Fault 40 Reverse 1 tive 6-20 £t
Pootnotes :
(1) Prom cross section (10) Area is seismically active
(2) Estimated from stratigraphlc hiatus (11) Rogera 1970
(3) Pease and Hoover 1957, cruss section (12) Existence largely based on geo-
(4) Snavely et al 1958 Physical evidence
(5) Scaled frow map . (13) Existence speculative; little
(6) Fronts on prominent scarp supporting evidence
(7) Harvey 1959
(8) FKing 1969 *Faults less than 5 miles long are

(9) Danes et al 1969 rot considered



Map No.

62
B X)
84
65
66
67
68
69
70

7n
72

Footnote
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TABLE 2.4-3 FAULTS AND LINEAMENTS LONGER THAN 10 MILES

AND 50 TO 70 MILES FROM THE BITE

Minimus Distance Sense of Length (Milas) Last Mowessant/

Nanoe from Site (Milea) Motion (Measured on Map) Activiey
Seattle-Bramertou (1) 52 Normal (?) 50 Active
Lineament

1

Duvamdsh-Puyallup (1) 61 High Angle 18 Insctiva
Valley Lineament W
Kingston~-Bothell 69 Righ Angle 42 Active
Lineament
Laland Lake-Snow
Creek Lineament 58 High Angle(?) 24 ?
Gray Wolf Ridge Fault 55 Thrust 32 Inactive
Lost Pass Fault 55 Thrust 30 Inactive
Mount Carrie Fault 54 Thrust 24 Inactive
Clearwater River 56 Serike Slip 20 ?
Shear Zone
Hoh River Shear Zone 69 Strike Slip 13 ?
Heulsdonk Shear Zone 65 Thrust 10
Beaver Creek Fault 58 High Angle(?) 13

(l)m-unce largely based
on geophysical avidence

(after WPPSS)

Displacament

10 km
3000 fc (?)
Large

?
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2.5 GEOLOGIC HISTORY

In order to better understand the deposits present at
the site, some understanding of the processes that made the
deposits is helpful. The early to middle Tertiary history 1in
the site locality is recorded by the deposition of submarine
basalts and elastic sediment in a periodically subsiding and
uplifting geosynclinal basin. The record began with the
deposition of Eocene basalts, but these deposits are not
known to be present at the study site. The oldest rocks under-
lying the site were formed during the middle Miocene (approx.
17 to 9 million BP) as sediments deposited in a subsiding
geosynclinal basin. At the site, these sediments of coarse
elastics, sand and gravel were laid down on older tilted and
eroded strata and compose the Astoria formation. Deposition
was into a shallow water marine basin and included feldspathic,
basaltic, and quartz sands. Concurrently, intermittent vol-
canic activity occured. This resulted in the deposition of
two extensive pillow basalts early in Astoria time and

tuffaceous deposits in middle and Tate Astoria time.

The depositional environment during late Astoria time was
such that deltaic or alluvial plain deposits were submerged at
the site, at least periodically, allowing the growth of clams
and snails. Carbonaceous material was carried into this

environment by rivers that drained adjacent lands to the east.
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Continental volcanoes errupted ash, adding tuffaceous material

to the basin.

During late middle Miocene time, the site underwent de-
formation which folded the rocks along northwest-southeast
aXes. This deformation folded, faulted, and uplifted the
Astoria formation and underlying older rocks. During late
Miocene time, and possibly through late Pliocene time, the area
continued to be uplifted and eroded, and the dralnage systems
present today were formed. It 1is largely the erosional surface
resulting from this period of uplift which exsists today as

the upper surface of the Astoria formation. (See fig. 2.5-1)

Throughout the Quaternary the site was subjected to con-
tinuing stream erosion, and hence, the major younger deposits
are alluvial deposits of the Chehalis and ancestral Chehalis
Rivers. But Tertiary erosional surfaces were deeply weathered
prior to this later alluvial dissection. The depth of oxida-
tion of the sandstones and siltstones of the uppermost Astoria
formation is generally greater than 100 feet and locally may

be greater than 200 feet.

The Quaternary alluvial deposits present at the site
reflect & complicated sequence of stream erosion and deposition
during several veriods of glacial outwash. This outwasn came

from the Puget Lobe of the continental glacier that terminated
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I

Legend

.a00” Contour, elevation erosional surface
of Astoria formation

—
’\sO/ Contour, etevation Astoria formation

concealed by glaciofluvial deposits
{?62 Boring location showing elevation of
€ top of Astoric formation, ft
@ Outcrop
Note :This map based on interpretation of

presently availoble geologic dato and
applicant field investigations.

0. 500 1000 2000 3000
— § N )

Contour Interval: 5011

FIGURE 2.5-1 (after WPPSS)

SITE, CONTOUR MAP OF EROSIONAL
SURFACE OF ASTORIA FORMATION
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near Olympia, Washington, and discharged meltwater down the
Chehalis and Satsop Rivers to the Pacific. The Plelstocene
discharge of this river system was many times greater than at
present because the Chehalis River was the only drainage path
available for meltwater from the Puget Lobe and nearby alpine
glaciers. 'The result is that the Chehalis River is plainly
underfit at present. The contrast in discharge is shown in
the present meander pattern of the Chehalis River, which is
consliderably smaller than one would expect from the width of

the Chehalis River Valley.

in Quaternary time, glacial outwash streams, coupled with
raisgin- and lowering of sea level, created conditlions which
were 1deal for valley cuttine and filling by the Chehalis
River and 1its tributaries. The terraced topography at the site
as well as the deep alluvial accumulation in the Chehalis River
valley reflects this sequence of events. Furthermore, the
present position of the Chehalis River, along the south: side
of ite valley, appears to be caused by & greater influx of
coarse alluvial material from the Satsop and‘Wynoochee Rivers
on the north than the Chehalls River can now remove, The
Satsop and Wynoochee Rivers have consideralby steeper gradients
than the Chehalis River, hence, these rivers can carry coarse
debris into the Chehalis River valley which continually
accumulates and forces the Chehalis to erode southward. Thus,

the Chehalis River 1ig actively eréding the Astoria sandstone
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alonm its southern bank.
2.6 SKEISMOLOGY

It is generally held that the study site 1is located in
a region of moderately high seismic activity. MWaximum seismic
intensities recorded within the site region are shown 1in
ficure 2.6-1. Historic earthquake activity in southwestern
Washington state is also presented in fugure 2.6-2. From this
plot of the historic record, seismic trends near the site may

be observed.,

he area within 20 miles of the site includes one Intensity
V shock located about 19 miles north of the site. This

shock may be associated with elther the Olympia fault or the

Hood anal fault (linéaments numbers 46 and 54 on fig, 2.4-2)
since it lies aporoximately at the intersection of the fault
traces. There are a number of historic earthquakes located with-
in 20 to 50 miles of the site. These range un to Intensity VII
put are all overshadowed by the magnitude 7.0 to 7.1 Olympia
earthquake of April 13, 1949, Thié earthquake 1is estimated to
have caused an intensity of MM VI[ at the site, with accelers-

tion peakes greater then 0.1 2 lasting approximately 20 seconds.

(ref. 25) -
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Thus, it seems that the site 1is located.in a reglon of
moderately high seismicity. However, there 1s no indication
of sisnificant earthquake activity within 20 miles of the site.
A two-month microearthguake survey of the area lying within
approximately 30 miles of the site was conducted by the
Washington Public Power Supply System during the summer of
1973. (Ref. 27) This survey indicates that the study area
is in a region of current relatively low seismicity with an
equivalent of 14 earthquakes greéter than Richter magnitude
1 per 1000 Km @ per year. The distribution of microearthquakes

did not indicate aligment of activity along any known faults.
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3.0 DATA COLLECTION AND PROCESSING

The data collection and processing sequence used in

this study is summarized in fisure 3.0-~-1.
3.1 INSTRUMENTATION AND DATA COLLECTION

During the summer of 1975, field recordings of micro-
seisms were made simultanecusly at two triaxial seismometer
sations at the study site. One of these waé designated the
"hase station" and was located on an outcrop of weathered
sandstone of the Astoria formation. (See figure 2.2-1) At
the study site, this formation may be considered to be bhed-
rock. The =econd selsmometer station was designated the
"nprtable station" and was overated at three different loca-

tions on the Helm Creek deposit. (See figure 2.2-1)

At each selswmometer station, the recording equipment
and accompanying power supvly consisted of the following

vieces of equipment:

3 each Critically damped Rangey seismometers
3 each Newport 60 differential amplifiers with
ad justable gain and low-pass filter

1 each ampex PR-500 FM analog tape recarder



FIGURE 3.0-1
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SUMMARY OF DATA PROCESSING SEQUENCE

i
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bage 4 portable <
station / display station [/ o
£
o]
Q
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A/D
, converter
display | (100 points| o
per second) S
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)
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o
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- O C
. plot
read tape oomponent
on smooth power spectip
CDC 6400 - .
1
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anplification smooth plot ‘
spectra ‘ (@)
J O
3
1 -~ ‘ o
| resultant Q
power smooth: plot o
spectra : ‘
L
resultant
gmplificatiop
spectra smooth \~jfff;;,—q
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1 each Topaz 24v DC to 110v AC static inverter

4 each  Automobile-type batteries

In addition, an oscilloscope was available at the portable:
station to visually monitor lncoming sighals. PFlgures 3.1-1 and
3.1-2 show the recording equipment as used at the base and
portable étations respectively and figure 3.1-3 shows the
generalized equipment layout of the portable station in

block diagram form.

When recording, a gain of 2000 and a 30 hz low-pass
filter were used at both fleld stations. This recording gain
allowed the range of the recorded signal to be matched as
nearly as posible to the dynamic range of the recording system.
The use of the 30 hz low-pass filter during recording (and
again during playbéck) allowed the signal lying within the
predetermined frequency band of interest (0 to 10.hz) to
remain essentially unchanged while removing undesirable
higher frequendy signal components. Figure 3.1-4 shows the

frequency response of the filter system used in this study.

F:rom 10 to 12 recordings were made at esach portablé'
station location. Simultaneous recordings were made at the
base station while base and portable station operations were
synchronized by means of verbal radio communication. Of 33

palrs of field recordings made in this manner, 15 pairs were
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BASE STATION EQUIPMENT

FIGURE 3.1-1
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FIGURE 3.,1-4 PREQUENCY RESPONSE OF RECORDING EQUIPMENT
(DOUBLE PASS THROUGH 30 HZ LOW-PASS FILTER)
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later selected for further analysis.

In addition to normal traffic on nearby'roads, there
was some logelng taking place on land adjacent to the study
site during the period of field data collection. All possible
care was taken to record only during periods of minimum dis-
turbance from these and other sources of undesirable seismic

noise.
3.2 DATA PROCESSING
3.2.1 Analog to Digital Conversion

Unon returning from the field, all recordings were visually
reviewed on an oscilloscope. Any record which showed obvious
evidence of equipment malfunction, excessive noise, or undesir-
able signal was discarded at that time. Concurrently, "good"
vairs of data were selected for further analysis. These were
again nlayed back through the anplifiers and 30 hz low-pass
filters and reviewed on the oscilloscope. Analog playback gains
were then selected so 28 to give each record a dynamic ransge
less than but as nearly as possible equal to 10 volts peak-to-

veak (the dynamic range of the digitizer to be used).

The frequency response of the record/playback system

is shown in figure 3.1-4. The signal is down nearly 38 db
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(the dynamic range of the recordiné equipmént) at 50 hz. There-
fore, a digital sampling rate of 100 samples per second was
Judged adequate to avoid aliésing of data processed in the man-
ner descrlbed above.

Aiiasing is the phenomena whe-reby upon conversion from
analog to digital form, high frequency signal components may
impersonate low frequency ones. (See figure 3.2f1.) Whether
or not allasing takes place is dependent upon the rate of digital
sampling and upon the frequency content of the sampled waveform.
Aliasing will take place if frequency components higher than
what is called hhe Nyquist or "folding" frequénc& are present.
The Nyquist frequency (fn) may be defined as being equal to
half the reciprocal of the sampling interval (Tg) or to half the

vsampling frequency (f ). Thus,

f, = 8fg = 1/(2T,) | (3.2.1)

In the present case, 50 hz is the highest frequency compon-
ent present in the analog signal as it is played back. (See
figure 3.1-4.)- Therefore, we must sample in such a manner that
the Nyquist frequency will be egual to or‘greater that 50 hz

in order to avoid aliasing. Thus,

fn = 3f, = 50 hz (3.2.2)
f_ = 100 hz (3.2.3)
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By this argument, 100 samples per second was chosen as an
appropriate sampling rate and the analog data was digitized on
a Varian 620 computer with Analog/Digital Converter at the

University of Washington Geophysics Data Processing Center.

3.2.2 Transformation to the Frequency Domain.

Digitized data was transformed to the frequency domain on
the Varian 620 by means of a Cooléy—Tukey-type fast Fourler
transform. The Fourlier transform has long been used{to charact-
erize linear systems and to identify the frequency components
which go to make up a continuous waveform. The transform is
founded on the Fourler theorem which states that any waveform may
be represented as the sum of a series of sinusoidal waves. The
transform provides a means of mathematically decomposing a wave-
form into its component sinusoids and calculating their amp-
litude. This calculation has traditionally been a very tedious
and time consuming operation. Also, the very large amounts of
data calculation required tended to reduce the precision of the
operation. The relatively recent development of an effecient
computing algorithm now allows the numerical calculation of the

Fourier transform with relative ease,

When dealing with a sampled waveform, the finite or discrete
form of the Fourier transform (the discrete Fourier transform or
DFT) must be used. The fast Fourier transform (FFT) is simply

an efficient means of computing the DFT.
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The Fourier transform pair for a continuous signal may be

written in thé form

™
i2 ftd

x(t) &wx(f)e t (3.2.4)

§ x(e)e” 2 Mgy (3.2.5)

X(f)

]

for -0 <x <0 , ~0<f 0 , and 1 =y‘- . The lower-case
x(t) represents the time-domain function and the upper-case
X(f) represents the corresponding frequency-domain function. It

should be noted that the transform is sSymmetrical. and reversible.

The analogous discrete qurier transform pair which applies
to periodically sampled versions of the functions x(t) and X(f)

may be written in the form

N-1 1 2f sk /N
k)el .

x(Jat) = x(J) = 2 X{ (3.2.6)
k=0
N-1 o
X(kpr) = XK(k) = & ;;ox<j>e»12”3k/N (3.2.7)
for J =0, 1, «v¢y, N-13 and k = 0, 1, ..., N-1l.where N is the

nunber of sample voints. A complete derivation of the discrete
Fourier transform may be found in referencesf(h) and (7).

-21i/N

When the expression e in equations 3.2.6 and 3.2.7

ls replaced by the term W , the DFT pair takes the form

N-1

x(§) = -k |
g;gukﬂwn | (3.2.8)
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N-1
NS DI (3.2.9)

Let us now lock at the derlvation of the Cooley-Tukey e
aleorithm for the evaluation of equation 3.2.9 in the case where
N = &, When N = 8, 1t is convenient to represent both j and k

as binary numbpers; that is, for
= 0,1, vy 7 and k=0, 1, o0y 7
we can write
J = jzb + 312 = Jo and ¥k = kob + k12 *+ kg (3.2.10)

where jO, jl’ 32’ RO’ kl, and k2 can take on the values 0 and 1
only. Using this representation and remembering that in this

case N = B, equation 3.2.9 becomes

% (ky,kq, ko) =

o

. E%f%jg,31,jo)w(32“*312+30J(k24+k12+k0)
o™ (3.2.11)

“ﬁbﬁw

% )
J 17

03
where W = exp(-21i/8).

+
Noting that wm - who+ Wn, we have

w (3B k1 2+30) (kplitk 04k ) =
wiRRH Y 240 ) 3ok p(kplitky 2+kg) 312 (Kph+ky24k0) I g

(3.2.12)
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If we look at these terms individually, we see that they

may be written in the form

w(k24+k12+k0)32u - [w8(k2+k1)32]wk0324

(3.2.13)
w(Kal+kg2+k0) 392 _ [w8k2j1]W(k12+ko)32_ (3.2.14)
g (Eplky 240 ) (kpltky 24K0) 39 (3.2.15)
Note however that
We = (em2T1/818 _ ;—2“1 =1 (3.2.16)

Therefcre, the bracketed portions of equations 3.2.13 and
3.2.14 may be replaced by a one. This means that equation 3.2.11

may be written in the form

x(kzak}yko)lr‘

1

B % (355315 30 K092 (k20 ) J12, (eybtiey 24k0) 3 g

0

1M

>z =
Jo=0 31=O J
(3.2.17)

In this form it 1s convenient to perform each of the sum-
mations separately ahd to label the results. Note that each
set conslsts of only eight terms and that only the latest set
need be saved. Thus, the equations can be written in the form

1

x1 (kosjl,Jo) = jZX(Jz’Jl’jO wkojzu | (3.2.18)
2
%2 orkysdo) = §x L (g, 3q, 30 (K12 ¥K0 )12 (3.2.19)

I

1
1 - N s

, _ (kol+k42+k0) ]
x3(Kgskyskp) = g N S PO A A 0 (3.2.20)
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Then,

=y

X(kz,kl,ko) =5 x3(ko,k1,k2) (3.2.21)

Although the direct evaluation of equation 3.2.7 for N = 8
would require nearly 64 complex multiply-and-add operations,
the FPFT equations show only 48 operations. By noting that the
filrst multiplication of each summation is actually a multiplic-
ation by +1, the number of multiplications may be reduced to 24,
By further noting that w® = -w*, Wl = -W5, etc., the number of
multiplications may be reduced to 12. These reductions carry on
to the genersl cage of N = 2™ where m is an integer reducing the
computation of nearly N2 operations to (N/2)logzN complex multi-
plications, (N/Z)logzN complex additions, and (N/Z)logZN sub-

tractions. (See figure 3.2-2 for comparison of FFT and DFT)

By using the Varian 620 and the Cooley-Tukey FFT, it was
possible to transform 2048 data points or about 20,5 seconds of
record for each data set. The specific transfrbm program used
yields a.Fourier power spectrum which consists of the squares of
the Fourler transform amplitudes. By using this algorithm,

8 computational reduction of slightly over 180 to 1 was realized
over direct computation. Transférm arrays from the Varian 620
were output to magnetic tape for later analysis by the CDC 6400.
The tapes were read at the University of Washington Computer
center and ccnverted to a format compatible with the CDC 6400

at that facility.



FIGURE 3.2-2 COMPARISON OF FFI AND DFLU
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3.2.3 Component Power Spectra

Transform arrays from the Varian 620 were read into the
CDC 4400 and a CalComp plotter was used to plot all transform
pdints in the range 0 to 10 hz. For each data set (triaxial
base station record and simultaneous triaxial portable station
record) the Fourier power spectra of the three base and three

portable station components were plotted. (See figure 3.2-3)
3.2.4 Component Amplification Spectra

Amplification spectra are derived in the following manner.
The site soil and subsurface are assumed to act upon selismic
signals as a filter with linear characteristics. Then, the
system throuzh which seismic sighals:pass may be modeled as
shown in figure 3.2-4 where the symbols s(t), f(t), 1(t), and
r(t) denote time-domain functions. If all system components are
assumed to possess linear characteristics,‘linear operator theory
tells us that the response of‘the system , r(t), will be defined

by
r(t}) = s(t) * £(t) * i(t) (3.2.22)

where the symbol "#" denotes the mathematical process of

convolution.

Also, if S(f), F(f), I(f), and R(f) are taken to represent
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FIGURE 3.2-3 EXAMPLE OF BASE STATION COMPONENT POWER SPECTRA
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frequency-donain functions corresponding to those time-domain
functions shown in figure 3.2-4 (l.e. s(t) and S(f) are a
Fourier transform vair), then the frequency-domain respoﬁse,

R(f), of the system will be defined by
R(f) = S(f) x F(f) x I(f) : (3.2.23)
where "x” denotes multiplication. In this study, the Fourier

power spectrum is equated with R(f).

Therefore, the ratio of the power spectrum of the portable

station to thet of the base station will be

Bp(f)  8,(f) x P (f) x I,(f)

R (f) Sp(f) x Fp(f) x I (f) (3.2.24)

Now, if it is assumed that S,(f) = Sb(f) because the data from
both stations was recorded simultaneously, and that Ip(f) = Ip(f)
because the instruments at both statlions are identical, then

equation 3.2.24 reduces to

Ry(f)  Fplf)
R (f)  Fplf) (3.2.25)

Thus, the power spectral ratio ylelds a function which reflects
solely the pelative effect of the site filter on the system

response.

It must be noted that Fourier power srectra which are used
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in this study as measures of freqﬁency—domain functions .are
by definition composed of the squares of Ffourier amplitudes.

Thus,

Ry(F) (%, (£))°

Bo(f)  (Xp(£))° (3.2.26)

where Xp(f) and Xb(f) are analogous to X(f) in equation 3.2.5..
We therefore see that the square root of the power spéctral
ratio will yield a function which is a measure of the amplific-
ation as a function of frequency of signals measured at the
portable station relative to those measured at the base station.

This function is called the amplification spectra and is defined

f . f 2 |
AMPLIFICATION SPECTRA =+ 2D (F) o 1 [%p(f)7 _ Xo(f)
| Bp (1) vabmz X_(f)

(3.2.27)
| Amplification for all indlividual triaxial portable station

by

components relative to the corresponding base station comvonents

were calculated and plotted. (See figure 3.2-5)

3.2.5 Resultant Power Spectra.

The resultant power spectra of the triaxial components of

each data set were calculzted by the eguation

v

(3.2.26)

y — 2 2 2
RESULTANT (Cns + CeW + QVt )
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FIGURE 3.2-5 EXAMPLE OF COMPONENT AMPLIFICATION SPECTRA
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where Cn%’ C ., and Cvt are the power svectral amplitudes of the

ew
north-south, east-west, and vertical triaxial components respect-
ively. The resultant power spectra of each.station was plotted

as shown in figure 3.2.6.
3.,2.6 Resultant Amplification Spectra

For each data set, the amplification spectrum of the portable
station resultant relative to the base station resultant was
calculated and plotted in the same manner as for individual

component amplification spectra. (See figure 3.2-7)
3.2,7 Plotted Presentation of Processed Data

All computer generated plots described above were smoothed
with a (1,--18, 63, 164, 63, -18, 1) moving average filter
immediately prior to plotting. All such plots are presented

‘in Avpendix A.
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FIGURE 3.2-6  BXAMPLIL OF RESULTANT POWER SPECTRA
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FIGURE 3.2-7 EXAVMPLE OF RBSULTANT AMPLIFICATION SPECTRA
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4.0 DISCUSSION AND ANALYSIS OF PROCESSED DATA

4.1 POWER'SPECTRA

Inspection of the power spectra of individual triaxial
components reveals the fact that these spectra often exhibit
sharp peaks or narrow bands of very low power while resultant
power spectra do not. (See fig. 4.1-1a and 4.1-1b) This
suggests a frequency dependant polarization of the incoming wave
train. Also, a cursory examination of resultant power spectra
of recordings made at the same Location at different times
shows these power spectra to be nonstationary. In other words,
the power distribution changes with time. (See fig. 4.1-2)
This fact is in agreement with Spiekers' findings that micro-
seismic power spectra are not stationary over time periods in

excess of .one hour.
4.2 RESULTANT AMPLIFICATION SPECTRA

An examination of resultant amplification spectra calcul-
ated for data recorded at the same location at different times
indicates that, like the resultant power spectra, they are non-
stationary. However, the amplification spectra appear to retain
certain general trends through time. (See fig. 4.2-1)

Perhaps then, the resultant amplification spectra may be

termed "semi-stationary." The fact that these amplification
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FIGURE L.1-1a  EXAMPLE OF INDIVIDUAL TRIAXIAL COMPONENT
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FIGURE 4.1-1b  KXANPLE OF RASULLTANT POWER SPECTRA
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RTGURE #.1-2 COMPARISON OF RESULTANT POWER SPECTRA
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RIGURE L.2-1 COMPARSION OF RESULTANT AMPLIFICATION SPECTRA
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spectra do not exhibit a greater_degree of stationarity may

be attributable to one of two things: Either 1) the response
of the site filter is nonstationary in time, or 2) the site
response 1s scationary but.other factors make it appear to

be nonstationary; Intuitively it would seem that the behavior
of the site filter should be .stationary, at least within the
time frame and strain range of this study. Therefore, let us
consider what other factors might make it appear to be non-

stationary.

Assuming that the response of all site and equipmént com-
ponents of the system shown in figure 3.2-4 is linear within
the'range of strains experienced in this study, nonstationary
emplification spectra must be attributable to nonidentity of
the excitation functions acting at the two recording stations at
the time of recording. In other words, referring back to
Section 3.2 c¢f thls paver, equation 3.2.25 is not valid if
Sp(f) # Sb(f). This nonidentity of exciltation functions may
be the result of either temporal identity of excitation func-
tions and inadequate synchronization of recording stations or
of actual nonidentity of excitation functions. True non-
identity of excitation functions might be caused by either
dispersion of the wave train between recording stations or by
the presence of sources of lecal excitation whilch are éctive
at one recording station but not at the opher. Both of these

conditions are believed to have contributed to the nonstation-
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arity of ampiification spectra in this study. However, it
is believed that the effects of undesirable excitation of local
origin were the primary causes of the observed nonstationarity

of amplification spectra.

In future studies, a greater degree of stationarity might
be obtained by the use of a more sophisticated and efficient
means of synchronizing operations at the two recording stations
and by the use of a different source of seismic excitation.
Artificial or stronger natural excitation may be more appro-
priate energy sources than microseisms. The use of micro-
seisms is attractive because they are everpresent, nonde-
structive, and very economical. However, the point of origin
of microseisms is indeterminate. Moreover, they are commonly
of mixed origin, it being extremely difficult to distinguish
motions of local origin from those of more remote origin. If
the microseismic excitation is partly of local origin, excit-
ation at the base and portable recording stations will likely
be nonidentical unless the distance between recording stations

is very small.

Therefore, if the distance between recording stations is to
be other than very small, it is suggested that future work be
conducted using a unique excitation source readily disting-
uishable from the microseismic background and originating at

a point sufficiently remote from the two recording stations that

the distance between the stations is of relative insignificance.
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The use of natural earthquakes as an excitation source is limited
by practical considerations. Thus, artificial means of
excitation such as impact, explosive charges, and vibration
generators would seem to be appropriate. For the investigation
of sites of practical size, the distance which the enefgy

source must be removed from the site and the need to maintain

a signal of minimum strength would seem to favor the use of
explosive energy sources. Cherry (ref. 9) has used offshore
underwater explosions to mimic earthquake signals with favor-

able results,

In order to mitigaté the effect of nonstationafity of
amplification spectra in the present study, spectra derived
from recordings made at the same locatlons at different times
were averaged. Figures 4.2-2, 3, and 4 each Snow the mesn and
extreme values of a set of five amplification spectra for a
given portable station location. It should be noted that the
mean values are skewed wéll toward the upper limit of the
range of values in each case. Therefore, the mean resultant
amplification spectra should be reasonable indicators of thne

maximum amplification probable at a given freqﬁendy.

_Furthermore, it should be notéd that ﬁhe meaniresuttant amp-
11f1catidn spectra are characterized by many.peaks But not by
any one or two ﬁdominant frequenciés."4 (See fig. h.2-2,3,‘and
4) This implies that the ground at the study site is not high-

ly tuned. Presumably, this may be attributed to a low.level of
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resonance or to the destructive interference of multiplly re-

flected waves within the soil column.,
4.3 COMPARISON OF RESULTS WITH OTHER THEORETICAL CALCULATIONS

Comparison of spectfal amplification peaks with other
measures of resonance frequency necessifates the use of a much
broader spectral window than that used in the determination of
power and amplification spectra in this study. Therefore,
mean amplification spectral values were averaged over intervals
of approximately 0.25 hz. and plotted as shown in figures 4.3-1,
2, and 3. These fligures represent smoothed forms of the mean

values shown in figures 4.2-2, 3, and 4,

During the prellminary design phase of the ﬁroposed Satsop
NHuclear Power Plant, seismic velocities of the major geologic
units present in the area were determined by cross-hole velocity
measurements . (ref. 25 & 27) Both compressional and shear wave
velocities (here designated Vc and.VS respectively) were deter-
mined. First, a range of velocity values was determined for
each geologic unit by actual field measurement. Then, design
values were selected in such a manner as to be most nearly char-
acteristic of each geologic unit. Measured and design values
for geologic units found at the study site are listed in tables

l;‘ 53 -1 and 2 .
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TABLE 4.3-1  COMPRESSIONAL WAVE VELOCITIES ( ft/sec )

(measured)

AVC

{desien)

l.oess

6£50=-1000

900

Residual Soil & Weathered Sandstone

above
water table

1300-3500

2200

below
water table

5000

5000
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TABLE 4,3~2  SHEAR WAVE VRLOCITIRES ( ft/sec )

Iness Residual Soil Weathered Sandstone
v 1100 1100-2000 2300-4100
(measured )
v 1100 1100 3200

(decign)
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From such seismic velocities and geologlc unit thicknesses
it is possible to calculate an expected_resonance frequency for
a given set of subsurface conditions. First, it 1is assumed that
resonance will take place vertically within the soil column.
This assumption is supported by Snell's Law which defines the
refracted path of waves in a layered medium. Snell's Law states
that,

sin 1 zl

(4.3.1)

sin r V.
where "i" and "r" are the angles of incidence and refraction
and "V3" and "V." are the wave velocities in the incident and
refracting medium. (See figure 4.3-4.) In a multilayered
medium where Vy 1s consistently gfeater than Vr (as in the case
of a seismic wave rising through a typical soil ooluﬁn) sin r
will apoproach zero and the wave path become more nearly vertical
at each velocity interface. If resonance is assumed to take
place verticalily, it may be expected that the longest resonant
period of the soil column wili be equal to the two-way travel
time of a seismic signal passing vertically through the entire
column. In other words, the lowest expected resonant frequency
will be defined by,

1

f_ = (4.3.2)
roon (v )

where "fr" is the expected resonant frequency, and “H" and "V"

are the thickness and design seismic veloclity for all geologlc



FAGURE 4034 SNELL'S LaW

Where, V. = incident velocity

<
i

refracted velocity
i = anele of incidence

r = angle of refraction

- wnR. ea AR GDE S
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units overiying bedrock.

In order to provide a reference with which to compare
resultant amplification spectra, the expected resonance frequency
at each portable station location was calculated according to
equation 4.3, 2.using design seismic velocitles from tables 4.3-1
and 2 and geologlc unit thicknesses from boring logs (figures
2.3-2, 3, and k). Tables 4.3-3 and 4 summarize the data used
to make these calculations and the results obtained in the
compressional and shear modes respectively. It should be noted
that expected resonant freguencies derived in thils manner rep-~
resent only expected resonances of the entire column of soil
overlying bedrock. Higher frequency resonances originating
within individual soil and geologic units are fto be expected

also.

Comparison of calculated expected resonance frequencies
(see tables 4.3-3 and 4) with averaged mean amplification spectra
(see figures 4.3-1, 2, and 3) shows excellent correlation of
expected resonance frequencies and spectral amplification peaks
in the shear mcde. Correlation in the'compressional mode 1is
poor or indeterminate. It 1s believed that this poor correlation
in the compressional mode 1s due to the masking effect of higher
frequency shear resonances involving one or more geologic units

but not the entire column.
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VAL bo3=9 SUNMARY OF wXPUCTKD BSONANCE CALCULAT LONS
((OKPRESSLONAL MODH)

fness 5011 & Weathered dandstone BEXPRECTED

, RESONANCE
above below FREQUENCY
water table water table
Ve (ft/sec) 900 2200 5000
Thickrr=s {(£t)
“tation ) 12 Gl 84 7.3 hz
Statinn P 10 48 124 8.7 hz

Atation 3 10 585 150 7.4 hz
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TABLE 4.3-4 SUMMARY OF EXPECTED RESONANCE CALCULATIONS
(SHEAR MODE)

Loess

VS (ft/sec) 1100

Thickness (ft/sec)

Station 1 = 12

Station 2 10
Station 10

Weathered

Residual
Soil Sandstone
1100 3200
163 5
172 0
208 0

EXPECTED
RESONANCE
FREQUENCY

3.1 hz
4.2 hz
2.5 hz



It 1s siegnificant that, at all test locations, the lowest
frequency amplification peak of significant size corresponds to
the resonance frequency predicted by calculation from two-way
travel time of shear waves throusgh the soil column. (See
figures 4.3-1, 2, and 3.) This is particularly pertinent in view
nf the fact that most earthquake damage to bulildings is generally
attributed to shear waves. Therefore, it is concluded that, even
thoueh much refinement of the method is‘needed, the investigation
of site selismic characteristics by the method of amplification
spectra yields Te=ults compatible with other more conventioal
methods of sanalysis. Finally, 1t ls sueggested that the method
of smplification spectra may be developed so as to meke possible
the determination of =ife selsmic characteristics more economic-

ally and in greater detall than by other metods in current use.
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5.0 CONCLUSIONS

Microseismic power spectra are nonstationary within the
time consgtraints of this study. Comparison of triaxial

component and resultant PFourier power spectra indicates

that incoming waves are polarized in a freQuency depend-

ent manner.

Amplification spectra are not stationary in the strict
sense of the word, But, they appear to be consistently
more stationary than the corréspdnding power spectra. In
light of the fact that such natural site conditlions as soil
density. water table elevation, and internal stress may be
expected to vary with time, statistical averaging of five
or more—amplification will glilve a reasonable measure of the
site response at a given location. In addition, the sta-
tionarity of amplification spectra may be improved if
measures are taken to insure identity of excitation func-

tions at the time of data collection.
Correlation of site resonances predicted by microseismic
amplification spectra with those predicted from shear wave

velocities and geologic unit thicknesses is good.

With future development and refinement, the method of
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amopllification spectra may provide an asccurate, economic,
and practical means of determining the seismic response of

a specified site.
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INDEX OF PROCHISED DATA

STATION 1 Satsop 01 1315 20 Aug 75 90

Base Component Power Spectra

Portable Component Power Spectra
Component Amplification Spectra
Resultant Power & Amplification Spectra

Satsop 02 1450 20 Aug 75 o4
Satsop 03 1125 21 Aug 75 g8
Satsop O4 1006 12 Sept 75 102
Satsop 05 1153 12 Sept 75 106
STATION 2 Satsoo 06 1142 20 Aug 75 | 110
Satsop 07 1506 26 Aug 75 114
Satsop 08 16730 26 Aue 75 118
Satsop 09 1032 10 Sept 75 | 122
Satsop 10 1330 10 Sept 75 126
STATIONvB Satsop 11 1205 21 Aug 75 130
Satsoo 12 1630 21 Aug 75 134
Satsop 13 1016 11 Sept 75 138
Satsop 14 1245 11 Sept 75 | 142

Satsop 15 1435 11 Sept 75 146

S
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