MISSOURI
s Missouri University of Science and Technology

Scholars' Mine

International Conferences on Recent Advances 1991 - Second International Conference on
in Geotechnical Earthquake Engineering and Recent Advances in Geotechnical Earthquake
Soil Dynamics Engineering & Soil Dynamics

12 Mar 1991, 2:30 pm - 3:30 pm

Estimation of Amplification Spectra for P and SV Waves

Ken'ichi Abe
Kumagai Gumi Co., Ltd., Tokyo, Japan

Kin'ichi Kasuda
Kumagai Gumi Co., Ltd., Tokyo, Japan

Michiyasu Terada
Kumagai Gumi Co., Ltd., Tokyo, Japan

Teruo Shimizu
Kumagai Gumi Co., Ltd., Tokyo, Japan

Follow this and additional works at: https://scholarsmine.mst.edu/icrageesd

0 Part of the Geotechnical Engineering Commons

Recommended Citation

Abe, Ken'ichi; Kasuda, Kin'ichi; Terada, Michiyasu; and Shimizu, Teruo, "Estimation of Amplification Spectra
for P and SV Waves" (1991). International Conferences on Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics. 12.

https://scholarsmine.mst.edu/icrageesd/02icrageesd/session08/12

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License.

This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been
accepted for inclusion in International Conferences on Recent Advances in Geotechnical Earthquake Engineering
and Soil Dynamics by an authorized administrator of Scholars' Mine. This work is protected by U. S. Copyright Law.
Unauthorized use including reproduction for redistribution requires the permission of the copyright holder. For more
information, please contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd/02icrageesd
https://scholarsmine.mst.edu/icrageesd/02icrageesd
https://scholarsmine.mst.edu/icrageesd/02icrageesd
https://scholarsmine.mst.edu/icrageesd?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F02icrageesd%2Fsession08%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/255?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F02icrageesd%2Fsession08%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/icrageesd/02icrageesd/session08/12?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F02icrageesd%2Fsession08%2F12&utm_medium=PDF&utm_campaign=PDFCoverPages
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:scholarsmine@mst.edu

B

March 11-15, 1991, St. Louis, Missouri, Paper No. 8.19

Proceedings: Second International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics,

:stimation of Amplification Spectra for P and SV Waves

en’ichi Abe
umagai Gumi Co., Ltd., Tokyo, Japan

lichiyasu Terada
umagai Gumi Co,, Ltd., Tokyo, Japan

YNOPSIS:

Kin’ichi Kasuda
Kumagai Gumi Co., Ltd., Tokyo, Japan

Teruo Shimizu
Kumagai Gumi Co., Ltd., Tokyo, Japan

In order to evaluate site effects on strong ground motions,the earthquake motions

btained from the vertical array deploying toward the depth of U4L0OOm and a part of the

atellite array around its array are used.

Dividing horizontal and vertical

Lime histories

nto two potions which have primary and secondary arrivals respectively,their amplification
‘pectral ratios between particular two points in and around the vertical array are examined

s a problem of incident P-

INTRODUCTION

In earthquake engineering, it has been
~ecently recognized as one of the most
important problems to evaluate site effects
>n strong ground motion. A great variety
>f topographic and geologic conditions of a
s5ite would affect its strong ground motion,

and that would make it difficult to
svaluate site effects. Since our
angineering structures have been

tonstructed on these sites, to clarify site
affects on strong ground motion is also a
zreat problem on the practical dynamic
iesign. In spite of such difficulty, site
effects on strong ground motions have been
actually estimated as the amplification
factors in the case of the SH-wave
incidence to the stratified soils. On the
other hand, with recent advancement of
earthquake proof design, dynamic design 1is
being required not only in horizontal
direction but also in vertical direction.
Thereby, with regard to the evaluation of
site effects, vertical motions can not be
neglected as well as the problem of
horizontal motions. As far as the authors
are aware, there have been little
discussion on evaluating site effects in
vertical direction.

In this paper, using recorded motions
of the vertical array deployed toward the
depth of 400m under the ground,
amplification factors of vertical motions
are examined in comparison with horizontal
motions. Assuming that vertical motions are
composed of body waves, amplification
factors would be given as the transfer
ratio on P and SV-wave incidence. Here,
both recorded motions in vertical and
horizontal direction are divided into two
portions (; Primary and Secondary portion
assumed to be composed of P and SV-wave
respectively), and their amplification
spectral ratios between particular two
points in the vertical array are compared
with the theoretical ratios 1n the case of
P-and SV-wave incidence to the stratified
soils. In addition, comparing outcrop
motions on rock sites to underground

1229

and SV-wave into stratified structures.

motions in their identical layers, site
effects on outcrop motions are evaluated,and
it is examined whether our rock sites can
be regarded as a standardized point to
estimate amplification factors.

CHARACTERISTICS OF THE ARRAY OBSERVATION
SYSTEM AND RECORDED MOTIONS

The dense instrument array observation
system “KASSEM" has been developed, and more
than hundred earthquakes have been observed
on the coastal area in Miyagi and Fukusima
prefecture since 1984.9. As shown in Figure
1, KASSEM consists of Center Array (C.A.)
and Strong Motion Array (S.M.A.) systems.
C.A. is three-dimensionally deployed with 14
seismographs (three components type) on and
under the ground. In addition, S.M.A.
consists of 8 seismographs on the ground and
covers wide areas. This array forms the "
simple extended array"” with C.A. which is
classified into the "local laboratory
array"”. The system contents will not be
described more over since there exists
reference (1) which dealt with in detail.
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Figure 1 The locations of observation site

and epicenters



L)) M Table 1 Ground structures at the C.A.
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INSTRUMENT LAYER Vs Ve Qs [+3 CENTER S-2 S-
100 CENTER ARRAY 100 DEPTH | THICKNESS ( /p N PSS ARRAY SITE s
b o1 (m) {m) t/m* m/s m/s
ALLUVIAL DEPOSH\' V-1 $-2 o v "
0+ L] v = 0 (-2m) 17 1. 65 130 1300 - 10 EO V-1 S—-2 S
100 SOFT ROCK V-4 100 8 1.46 190 1300| 10| 50
5 1. 46 150 1300 10 50
~200+ 200 15 153 20| 130 10| 50
VOLCANIC ROCK B e TR B
-300 +--300 6 1.81 300 1300] 10| 50
(M 1 N
16 2.00 700 2000 221 110
-4000 0 500 1000 - --400 O vt
—_ GRANITE V-6 (-5Tm) 23 2.00 700{ 2000{ 22| 110 V-
-500 4 th—SOU 7 15 2.07 1100 2500 33| 1865
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Figure 2 illustrates the cross section w | 254| 2100] 4s00| 83| 415
along the line from S-4 point to S-2 point R PPV oS v ite hyve
containing C.A.. This geological section  — 0 .
was constructed from the results of bore 35 22| 1600 | 3200, 50| 250
hole investigation (B-1 and B-2), electric T w0 1 2251 2000 3500] s3] 315
prospecting and in-site exploration. Table O V-6
1 shows the velocity structure of V-1~ 6 AU S 23| umf 4s0) - | — v-§
point which forms a vertical array. The
data obtained from the P and S-wave
velocities logging in the bore hole B-1 both horizontal and vertical motions. The
(the depth of 330m) and B-2 (the depth of wave forms contaln two main envelope shapes-
400m) are used in Table 1. The Q ;5 values Primary and Secondary portions. P-portior
are estimated using the formula proposed by is defined by the duration starting from &
Toki ©?' in the case of V ( <400m/s. In P-wave arrival to a S-wave arrival.
the case of Vs >400m/s, these values are Secondary portion (S-portion) consisting of

obtained from the mean values described in
reference (3) on the Qs values (; that is
presented by the equation; Q ¢ = V 5 /32). " 1987. 04. 07 (W=6. 6)
On the other hand, Q , values are assumed as P-PORTION g !,1 S-PORTION -
five times of Q s values. : AT N T

S-4 point on the ground would be —““*“““VW““”*Ww#mw%&%MWWVﬁﬁ%ﬁ%ﬁw
considered to be the outcrop of a granite V-1
layer (Vg 2400m/s) in which V-6 point is -80%, - . . - S . o
set up. Likewise, S-2 point would Fa————— P-PORTION . - S-PORTION -y
correspond to the outcrop of a soft rock :
layer (Vs = 700m/s) in which V-4 point is
set up. To examine amplification spectra,
these outcrop points; S-2 and S-4 are chosen
with V-1, V-4 and V-6 point forming a
vertical array.

The estimation of responses due to P-
and SV-wave are generally affected by the
incident angle. Therefore, observed v-6
earthquakes to be examined in this study are i e
limited to the ones of which apparent TIE (SE0)
incident anglesg , defined by the Figure 3(a) Examples of acceleration time
epicentral distanceA and the focal depth H history in vertical direction
at C.A. (0 = tan 'A /H), are as similar as
possible. The epicenters of these
earthquakes are shown in Figure 1 and the
data of the earthquakes are indicated in
Table 2. The mean value of apparent
incident angle can be estimated at about 70
" at C.A.. Figure 3 shows the examples of -8,
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Table 2 Data of analyzed earthquakes
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najor envelope shape is assumed to have the
juration time T, , starting from arrival of
-wave, defined by Hisada and Ando ®’ as
iritten in the following equation.
T, = 100-31wm -0.774 (1)
Wwhere M; magnitude
T, j;duration time (sec)

In order to process the data based on P
ind SV-waves, horizontal waves in NS and EW
iirections are transformed into the
apicentral and the transverse direction (L
and T-direction), and in this study, the
spicentral component (L-component) 1is
aissumed to represent horizontal motions
induced by P and SV-wave. Wave trains in P
and S-portion are assumed to be induced
mainly P and SV-wave, respectively.

THEORETICAL AMPLIFICATION SPECTRUM

The theoretical amplification spectra
ire examined as a problem of P and SV-wave
incidence to stratified structures. Silva's
method ®’ in which anelastic layers on an
elastic half-space are considered is applied
in the analysis. According to Silva,
complex wave number vector K, s 1s written
as equation (2) with propagation vector P
s and attenuation vector A , Then as

shown in Figure 4, the angle between two
vectors is equal to the incident angle and
the direction of the vector A , s is

parallel to the z axis.

Kp, s = Pp. s - 1 A s (2)

and then K, s is obtained from equation (3).

Ky s = | Ko s
w ° 2
V 2s p 1+ T+Qp 5 72
1
(1- ) (3)
Q]’. s
where V, s presents the real part of

complex velocity and Qs s
value of P and S-waves.

The amplification spectrum to be
calculated here implies not only the ratio
between the motions at particular two
points in the same structure, but also the
ratio of an outcrop motion to the motion
within the corresponding layer. The
geological structure including the array
observation system as shown in Figure 2 can
be regarded as the stratified system. S-4u
and S-2 points on the ground are assumed as
respective outcrop of V-6 and V-4 point in
the ground, and the ratios, V-1/V-4, V-U/V-
6, S-4/V-6 and S-2/V-4 are calculated using
the date in Table 2.

Following Silva's formulation, an
extention of the Haskell-Thomson matrix
method, the displacement potential matrix C
. at some mth layer can be presented as the
following equation (4) with the matrix J
and the stress-displacement matrix Xo
(Suffix O means “on the ground*).

presents the Q
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A1

Figure U4 Specification of P,A and 7y

B 2 m
[ a J. ) (1=]
= [Uo,Wo,0,0] T
and , B, . :;displacement
potential
amplitude
Uo ;jhorizontal displacement on the
ground
Wo;vertical displacement on the
ground

mAe s

Replacing m layers wWwith n layers(;The
n th layer is an elastic half space.), the
surface displacement ue, and wWo, 1s presented
as equation (5) with the incident potential

A, 1in the case of P-wave incidence to
the n th layer.
up = -2[ Ja22 + Juz ] . Ay / R
Wo = 20 J20 + Jus 1 . A, / R
R = [ Jzy + Juy 1 [ Jiz + Js3z ]
[ Jez + Juz ] [ Jaiv + Tz ] (%)

In the same way, We can write the solution

to the case of SV-wave incidence as
equation (6) with the incident potential ,
As
Uo = 2 Jiv, + Jaz ] . As / R
Wo :*2[ Jia + Jaq ] . As / R (6)
From the differential of the

displacement potential, the displacement u
-~ and w , of m th layer can be given as the
function of the potential amplitude , A, 5
and the wave number K, s . Using equation
(u4), (5) and (6) , u, and w , are expressed
as the form of the product of incident
potential amplitude ,A , . s multiplied by
the formula composed of coefficients of
wave number vector K, ¢ ard matrix J . .

Therefore, the amplification speotral
ratios of m layer to another layer,in which

A . s can be neglected,are expressed by
the formula composed of coefficients of J ..
. and K, . Since the outcrop
displacement of m th layer is obtained from
equation (5) or (6) adopted for n-m+1
layers' system, the amplification spectral
ratio to the outcrop can be also calculated
in the same manner.

Figures 5 and 6 show the amplification

spectral ratios due to P-wave incidence in



vertical and horizontal directions
respectively. In the same wWay, Figure 7 and
8 show the ratios due to SV-wave incidence.

In comparison between both spectral shapes
in the case of P and SV-wave 1incidence, the
shapes would be seen to be similar in the
same direction in spite of different kind
of waves (P and SV-wave); It 1is found that
the shapes of the vertical ratios as shown
in Figure 5 is similar to the same 1In
Figure 7 as well as the shapes of the
horizontal ratios in Figure 6 to that in
Figure 8. In the range of incident angle in
the calculations, the response of
horizontal component due to P-wave and that
of vertical component due to SV-wave give
the minor amplitude respectively, and it is
seen that the spectral ratios 1in the
direction of the minor amplitude are
inclined to indicate the great variation
with frequency as shown in Figure 6 and 7.
On the other hand, in the direction of the
major amplitude, the shapes in the case of
P-wave incidence as shown in Figure 5 are
found to be identical and independent of
incident angles. Moreover, the shapes 1in
the case of SV-wave incidence as shown in
Figure 8 are seen to be independent of the
incident angles, although a little
difference can be found in the case of the
angle 30 ° . The amplification spectral
ratioc estimated by P and SV-wave 1incidence
to the multi-layers system would be 1in
dependent of the inclident angles.

EXAMINATION ON OBSERVED AMPLIFICATION
SPECTRA

It is assumed in this study that
amplification spectra of observed motions
can be obtained from the spectral ratios
between particular two observation points.
To estimate the observed spectral ratio,
velocity response spectra (h=0%,where h
shows the damping constant) are used because
they are equivalent to Fourier amplitude
spectra of acceleration motions. Thus,
these spectral ratios between particular two
points can be compared with the theoretical
amplification spectral ratios described in
the previous section.

Figures 9 and 10 show the spectral
ratios on both the P-and S-portion of the
vertical motions ( (a) V-1/V-6 (b) V-1/V-u
(c)y V-u/v-6 (d) S-2/vV-u (e)s-u/sv-6 ).
Comparing between the P- and S-portions, we
can find that the shape of spectral ratio in
the P-portion is similar for every
earthquake, but less similar in the S-
portion.

As shown in Figure 9 (b) and (c),
spectral ratios in the low frequency range
are inclined to be amplified in the rock
layers ; the obvious resonant amplitude on
V-U/V-6 exists at about 2.0Hz, while in the
soil layers these resonant amplitude is
inclined to exist in the high frequency
range between 5Hz and 7Hz, and resonant
amplitude on V-1/V-6 just exists at these
frequencies. Concerning the outcrop and
underground motions, the spectral shape of
ratio S-2/V-U4 is recognized to be similar to
that of ratio V-1/V-u4. On the other hand,
the similarity of S-4/V-6 to V-1/V-6 is not
so apparent as that of S-2/V-4 to V-1/V-4,

SPECTRAL RATIC
SPECTRAL RATIO

(a) v—s/v—e (a) V-1/V-6

, TS R RN PV IO K
8.1 v R 0 50 . 0.1 1 i
FRROGENCY (He)

FREQUENCY (Hz)
1oy~ -

r
|

SPECTRAL RATIO

SPECTRAL AATIO

T
T

(b) V—J/V—u i (b) V-1/V-u
! B Y

FREQUENCY (M2}

sl e o

FREQUENCY (Hz)

108 = -y

R 109, e
o V-4 5 E. LY
10— - 10
e F =3
s z
4 ¢}
o S -
5 . g
W A‘J. -
(c) V-u/v-6 (c) V-u/v-6
R SR TS (' S N0 St PRy S P R
FREQUENCY {He) FREGENC
100y g - e IR 100z pn -
o o S22V 4 e
r - 19 [
30"
w - — L RY IR i0fr——
= e £
= =
2 .
g g1
& gl
3 4
= - 1o
(d) s-2/vV-4 (d) s-2/V-4
L T e R R AT ey S R S R RETT A
FRUQUENCY (3¢ ) FREQUENCY {142)
100 - 100p. -
L S 4/v 8
10 [T S—
e b 4
H L
o4 L
2 z
5
|3 5
1} t—
(e) S-u/v-6 (e) S-u/v-6
patianl o ,x,u,m,!,,,,‘_‘b,.,,..,m enad gyl sl Lclc crud e s
FREQUENCY (he)

FREUFNGY (itr)
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hough common resonant frequencies are

ound. For the S-portion, in Figures 10 (a)
~ (e), there seems to be the same tendency
s the P-portion. However, common resonant

requencies are appeared to be not so
~emarkable as the P-portion.

We can compare these observed spectral
~atios on vertical motions with the
‘heoretical amplification spectra described

n the previous section. Here, an
-xamination was made on how spectral ratios
_.n the P- and S-portions correspond to
amplification spectra for the case of P- and
3-wave incidence respectively. Comparing
-he spectral ratios in the P-portion as
shown in Figures 9 (a)~ (e) Wwith the
_heoretical ratios due to P-wave incidence,
it can be found that the major resonant
beak frequencies in the observed and
_heoretical ratios agree substantially.
1lthough the observed amplification factors
ire inclined to be smaller than the
theoretical ones, it is recognized that the
amplification spectra in the P-portion can
be generally explained as a problem of P-
Jave incidence to multi-horizontal layers
system. The same comparison on the
spectral ratios in the S-portion as shown
in Figures 10 (a)~ (e) can not lead to the
obvious conclusion as in the P-portion.
That would be not only due to variable
shapes of spectral ratios for every
earthquake, but also due to the existence of
different resonant frequencies from that of
SV-wave incidence to multi-horizontal
layers system. The example 1s indicated in
the comparison of spectral ratic V-1/V-6
with the theoretical transfer ratio (compare
Figure 7 (a) wWwith Figure 10 (a) )

An examination for the horizontal
motions 1s shown next. Figures 11 and 12
illustrate spectral ratios on the P- and S-
portion of the horizontal motions (; (a) V-
1/V~-6 (b) V-1/V-4 (c) V-U/V-6 (d) S-2/V-14
(e) S-uUu/V-6 ). In these figure ,wWwe can
find that the shapes of spectral ratios on
the P-and S-portion are substantially
similar. As described in previous section,
both theoretical spectra of P-and SV-wave in
horizontal direction are inclined to agree
at first and second resonant frequency, and
to disagree at higher resonant frequencies.
Especially, amplification factors due to P-
wave incidence are seen to be variable in
the high frequency range. Therefore, the
shapes of the observed spectral ratiocs on
the P-and S-portion seem to be more fitted
with those of theoretical spectral ratios
due to SV-wave incidence than due to P-wave
incidence. However,it is recognized that
observed resonant frequencies are inclined
to disagree with the thecoretical ones as
they become higher.

DISCUSSION

Because the theoretical amplification
is independent of the incident angles (as
far as the range is between 0" and 30° ),
the vertical component ratios on P-wave and
the horizontal component ratios on SV-wave
are shown to be expressed by the case that
the incident angle on respective wave is 0
c. Considering with the observed
amplification ratio, the major resonant
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frequencies which are the first,or
sometimes the second, substantially coincide
with the relating theoretical ones except
for the case of the S-portion of vertical
motions. That i1s, in vertical direction,
the theoretical ratio due to SV-wave
incidence can not explain the observed ratio
of the S-portion appreciably. For this
reason, 1t can be considered that the
shapes of the observed ratios are not so
similar for every earthquake,and that the
theoretical ratios are greatly variable with
the frequency due to the assumption of Q ,
=5Qs - In addition, judging from the fact
that the observed ratios are amplified in
low frequency range, the existence of
Rayleigh wave and the influence from the
three-dimentional ground structure would be
suggested. Especially, these ratios in the
frequency range of lower than 1.0 Hz are
inclined to be amplified as the motions
propagate near the ground surface. This
shows the influence due to the ground
structure considering further depth and the
surface wave resulting from this structure
should be examined.

With regard to the S-portion in the
horizontal motions,the observed
amplification ratio due to No.l
earthquake(M=5.5),0f which magnitude is the
minimum value among the objective
earthquakes, indicated more or less large
values than that due to all other
earthquakes. This fact would suggest that
the Q, value 1is dependent on the the
magnitude of earthquake motions in this site
and that the Q , value decreases as the
magnitude of earthquake motion increases.

The result from the comparison between
the ocutcrop and underground motions shows
that the shapes of the observed ratios on
both S-2/V-4 and S-4/V-6 are similar to
that of the theoretical amplification
ratios respectively ,and from this fact, it
is seen that both S-2 and S-4 motions could
be regarded as the outcrop-motions of the

same layer. We can also find that the
topographic site effect would little exist
at these outcrop points. However,as far as

the S-portion in the horizontal motions is
concerned, the amplification factors in the
frequency range of higher than 10 Hz
indicate six as the mean value(; about two
or three times for the relating theoretical
factor). It would be considered that this
matter is caused by the influence from the
surface weathering of the outcrop points
Judging from in-site conditions.

CONCLUSION

For the earthquake motions of which
apparent incident angle is almost identical
at C.A.site,horizontal and vertical
acceleration time histories which have
primary and secondary arrivals are selected
and divided into P and S portions. Using
these divided time histories,the ratios of
response spectra between particular two
points are calculated. In order to examine
these ratios in the P- and S-portions,they
are compared Wwith the theoretical
amplification spectra due to P- and SV- wave
incidence to multi-horizontal layers
system,and the following conclusions are
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btained.

(1) The shape of the
mplification ratios at C.A.site is little
ependent on the incident angle on the
ondition that the angle 1s between 0 °
.nd 30° .

(2)

theoretical

The major resonant frequencies 1in
he same direction for respective P- and SV-
vave are identical,although the
implification spectral ratios 1in the
jirection of the minor amplitude are much
rariable with frequency.

(3) In the vertical motions,the
amplification spectral ratios in the P-
sortion can be explained by P-wave

incidence into vertical direction. On the
Jther hand, these ratios in the S-portion
~an not be found to be the clear relation
4ith SV-wave incidence.

(4) In the horizontal motions, both
amplification spectral ratios in the P- and
S-portions are recognized to show the

ippreciable correspondence to the spectra
jue to SV-wave incidence in vertical
direction around the major resonant
frequency.

(5) In comparison between the outcrop
and underground-motions, the major resonant
frequencies seem to coincide with the
theoretical ones obtained from multi-layers
system. However, in the frequency range of
higher than 10Hz, the amplification factors
on both outcrop points are recognized to be
amplified about two or three times for those
under the ground, and this matter suggests
that more consideration should be provided
to predict the motions under the ground in
direct use of the outcrop motions.
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