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SYNOPSIS

A method is presented for estimating the root mean square distribution
of acceleration, velocity and strain with subsurface depth during earthquakes,
from seismic records obtained at the ground surface. The method is based on
the multiple reflection theory of waves in layered ground and utilizes the
relationship between the root mean square value at an arbitrary depth and the
autocovariance function of the ground surface motion.

The procedure is applied to the El Centro (1940), Taft (1950) and
Tokachi~oki (1968) earthquake records and a rough estimate of the maximum
acceleration and strain in the subsurface during these earthquakes is made.

INTRODUCTION

A great number of strong motion seismographs have been installed and are
in operation in the active earthquake zones of the world. These instruments
are capable of supplying accelerograms of local, destructive strong motion
earthquakes. Even though strong motion accelerograms are being accumulated
steadily in this way, the total number obtained to date is still relatively
small.

Some of the more important records have been used as input for struct-
ural response studies. However, it is recognized that most accelerograms
recorded at the ground surface are modified by near-~surface soil layers and
that an interaction between structures and the subsurface may be induced,
especially in the case of important and heavy structures which usually have
deep foundations. A number of studies have been performed relating to the
estimation of wave forms of motion in the subsurface and they have contri-
buted to an understanding of the problem of the response of multi-layered
ground to earthquakes, and to so-called inverse problems (1, 2, 3).

Considering the scarcity of destructive earthquake records, it is of the
greatest importance to extract the maximum amount of information from those
accelerograms in which the seismic characteristics and physical properties of
the ground are necessarily reflected. While it is well known that during
earthquakes the physical properties of the soil and surrounding structures
depend largely on the stress and strain levels induced in the ground, scarcely
any information exists regarding the strain levels actually reached. From
this point of view, the measurement and/or inference of stress or strain
developed in the subsurface is an area of research deserving of more attention.
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Japan.
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Because of the difficulty of measuring actual strains in the sub-
surface, it is particularly important to develop analytical procedures for
inferring the strains produced during actual earthquakes. If this infor-
mation can be obtained from a number of important existing accelerograms,
as well as from those which will become available in the future, it should
provide useful date for theoretical and experimental studies related to soil
properties, and for structural and ground response investigations.

In the present paper the relationship between the root mean square value
of underground motion and the autocovariance function of the motion at ground
surface is deduced and it is expanded to an inference of the r.m.s. distri-
bution of acceleration, velocity and strain with depth. These formulations
are then applied to nine strong motion accelerograms obtained at six stations.
Some important conclusions are deduced from these numerical computations.

ROOT MEAN SQUARE REPRESENTATION OF GROUND MOTION

Let £(t) be an ascending wave at depth z in a semi-infinite half space
as shown in Fig.l. Under the assumption of one-dimensional elastic wave
propogation, the motion at the ground surface and at the depth z, w_(t) and
wz(t) respectively, is written as follows: s

2 f(t - z/c) 1)

ws(t)

wz(t) £(t) + £(t - 2 z/c) (2)

where ¢ represents the velocity of the travelling waves.

Emphasis will hereafter be placed on the root mean square and/ox
variance of wave motion at various depths in the subsurface. The variance

og of the record wg(t), obtained at the ground surface over the time period
T is defined by the following equation:

2 1 (T,

OS = ',fJo ws(t) dt (3)

The variance of wz(t) for the corresponding period is similarly
expressed:

T
ci = -;—f [£(t) + £(t - 2 2/c)}? dt (4)
(o]
From Eq. (1) we have
£() = Fw (t+z/c) (5)

Substitution of this equation into Eq.(4) yields
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1 T-z/c T
ci = ZT—{J wg(t + z/c)dt + Jz/wi(t - z/c)dt

(o] [od

T-z/c
+ 2 J we(t + z/c) wo(t - z/c)dt}
z/c

Shifting the time base of each term leads to

1 T T-z/c
ci = {J w2(t)dt + f w2 (t)dt
z/c o 8
T
+ 2 [ w (t) w (t - 22/c)dt} (6)
2z/c8 8

In these expressions z/c represents the wave travel time between the
ground surface and depth z, From the engineering point of view, the depth
to be considered is of the order of about one hundred meters and, therefore,
the ratio z/c is very small compared to the time duration for usual earth-
quake records. That is

zfc << T N

The first term on the right hand side of Eq. (6) corresponds to the
variance of a record from which the first z/c time interval is missing, and
the second term corresponds to a record from which the last z/c time interval
is missing. The low amplitude portion at the beginning and end of an earth-
quake record with long time duration contributes very little to the variance
of that record. From these considerations the following approximation becomes
possible:

1 T-z/c
= J wg(t)dt & o§ (8)

2 JT w2 (t)de
T z/ s o

c

While the last term of the right hand side of Eq. (6) represents the
double of the cross-correlation function between the ascending wave and the
descending wave at depth z, it is regarded as the autocovariance function of
the incident wave f(t) itself, because the ascending wave does not change its
wave form by reflection at the ground surface. Therefore,

Hj

T 1 T-2z/c
J ws(t) ws(t - 2z/c)dt = o227 J ws(t) ws(t - 2z/c)dt
2z/c z/c

= ¢S(2z/c) (9)
where ¢s(2z/c) represents the autocovariance function of record ws(t).

From Eqs. (8) and (9), Eq. (6) can be rewritten as follows:
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s = 1 Yog + ¢s (2z/c)

10
4 /E ( )

This equation implies that the root mean square value of the seismic
motion at depth z is completely inferred from the autocovariance function
¢g (1) of the earthquake record which is observed at the ground surface,
provided the condition of Eq. (7) is valid. Since 0, is a function of the
depth z, which is arbitrary, we can infer the vertical distribution of the
r.m.s. from the record obtained at the ground surface by making use of Eq.
(10), provided the condition of Eq. (7) is valid. This important principle
is basic to the remainder of the paper.

ACCELERATION DISTRIBUTION UNDERGROUND

The development of the preceding section was formulated on the basis of
a semi-infinite half space. Even if the ground is multiple layered, these
results are applicable to the first layer without any modification, because
we can regard all waves travelling upwards as ascending waves regardless of
the multiple reflections and refractions at the interface. Therefore, the
vertical distribution of the r.m.s. of acceleration can be obtained by
making use of Eq. (10) for depths not greater than the interface. However,
if it is required to extend this method to depths beneath the interface,
further formulation is still necessary and may be performed as follows.

Consider a homogeneous layer with uniform thickness H , which extends
over a second layer of thickness Hy as shown in Fig.2. Let £(t) be the
incident ascending seismic wave at the bottom of the second layer. 1In this
case the refraction of the wave is induced at the first interface and
multiple reflections of the refracted wave are induced in the first layer.

Considering this reflection and refraction at the ground surface and
the first interface, the motions in the first layer and the second layer,
w1 (z,t) and wy (z,t) respectively, are written as follows:

H H -2z H H, + z
2
wl(z,t) =7, f(t - e ———lc ) + Y, f(t - -cl - __..._1c )
2 1 2 1
H 2H, H, -z
L
2 1 1
H 2H H, + z
2 1 1
* Y8y f<t-?2"q-—cr>
H 4H, H, -z
] e - 2 e ey
2 1 1
, B, 4H B +z
+ 'YZBl f(t - g - —CI- - —c—l-—) + ...,for Hl;z;O (11)
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H, + H -z H, -H + =z

wz(z,t) = f(t - —jL———4L———) + B, £(t - —2————2;———)
c 2 c
2 2
H 2H H - z
+le2f(t—?2-———l+ lc )
| 2
H 45 H -z
2 1 1
+ v,v,B, £(E - —-—+ )
1'271 ¢, ¢y ¢y
+ YleB% E(t=-..00)+ ..., for Hy>z> Hy (12)

In these equatioms, Bl, 82, Yl and Yy are, respectively, reflection
coefficients and refraction coefficients which are given by

B 1-0 a -1 2 20,

113 e® B IFa W"Ta* WG+ 1 (13)
PaC

where a = 2c2 (14)
P14

and p and c are densities and wave velocities which specify the layers.

Introducing an expression F(t) which is given by the following
equation:

H H H 3H
F() =y, { £e-2-D g -2
2 1 2 1
H S5H
relee-2-L e}
2 1
_ of an{t-—H_z_(Zn+l)Hl
Y2 1 c c (15)
n=o 2 1

Eqs. (11) and (12) reduce to:

z z
wl(z,t) = F(t + E—) + F(t - x Y, (16)
1 1
for HI;z;Q
H, +H -z H, - H, + z
2 1 2 1
wz(z,t) = f(t - = ) + 8, f(t - c
2 2
H1 H2 z
+y, F(t - EI + E; - z;),for H>z>H, (17)

b4



Eq. (16) is obviously equivalent to the set of Eqs. (1) and (2). Thus,
this is the basis for applying the results of the previous sectiom to the
first layer, independently of the motion of the second layer. Following the
same procedure as that of the previous section, the r.m.s. distribution oj(2)
for the first layer is obtained, namely

1
V2

g, (z2) = /62 Py (2z/cl) for H 2220 (18)

where 02 and ¢ _ (1) represent, respectively, the r.m.s. and autocovariance

function of the record obtained at the ground surface. By use of the above
equation the vertical distribution of acceleration in the first layer is
easily obtained from the autocovariance function alone, which also gives ci.

Next, a similar expression for the r.m.s. distribution in the second
layer is derived from Eqs. (15) and (17). By virtue of |Bl|< 1 the following
is deduced from Eq. (15)

H H
2 1 2 1
F(t + — t3 ) - BlF(t + —=

2 ¢ €2 4

=
j=n]

) = v, £(0) (19)

Substitution of this equation into Eq. (14) yields

H H H H
w2(z,t)=l{F(t+-c—l—-c—l+-f—)+F(t——l-+—l—L)
Y2 1 2 © ‘1 %2 &
H H H H
care BB e Bl n)
1 2 2 1 2 2
for H,2z>H, (20)
in which the relationship Y1Yy = 6182 =1 is used.
Writing z' = z - Hl » Eq. (20) yields
H H
1, 2z 1 z'
You,(z',t) = F(t+ —=+ =) + B F(t + = - =)
272 ¢ <, 2 cl <,
H 1 H A
—BlF(t——ci+Z—)+F(t——l——z—)
1 % ‘1 ©
for Hzgg';p (21)

Taking the mean square of wo(z,t) over the time period T of the

record, and assuming that Hl/cl and z'/cy are negligible compared with T,
leads to

45



Y5 05(z") = (2 + 82 + 82)a2
+2{(By - 8 [85(22" /c,) + ¢ (28 /e )]

+ ¢ (2H, /e, + 2z'/c,) - B By 0p(2H, /e - 22'/c2)}

for Hy22°'20 (22)

where 02 and ¢, represent respectively the variance and autocovariance of
F(t). At the same time, the following relationship exists between the

variance c% of F(t) and that of ws(t), which is the record at the ground
surface:
B o sl
F % s

and for autocovariance
=1
¢F(T) =G ¢S(T)

Accordingly

T |
a,(2") = 7, 7(2 + 82 + 83)0Z + 2{(8, - B))[¢_(22"/c,)

+ ¢S(2H1/cl)] + ¢s(2H1/cl + 22'/c2) = 8182¢S(2H1/c1 - 2z'/c2)} .
for HZ;g';p (23)

By use of Eqs. (18) and (23), the acceleration distribution with
subsurface depth, including the first and the second layers, can be
computed from the autocovariance function of accelerograms obtained at the
ground surface, provided the values of c¢,, ¢, and H. are Known. This
method can be easily extended to multi-layered ground, but the reliability
of the results decreases for deeper layers since the period of wave
transmission between the ground surface and the depth concerned is no longer
negligible compared with the record duration.

STRAIN DISTRIBUTION UNDERGROUND

Strain is defined, for practical purposes, as the ratio of the
relative displacement of two points to the distance between them. It is
possible to calculate strain during an earthquake if the displacement
variations at various depths from the ground surface are known. However,
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the ground surface displacement curve, for instance, which is obtained by
double integration of the accelerogram, is affected strongly by details of

the data processing procedure, such as digitizing interval of the record,

base line correction, duration time, integration method and so on. Moveover,
the subtracting which is inevitable in the computation of the relative
displacement between two points for a given time interval, necessarily

causes a drop in the number of significant digits in the calculations. There-
fore, the determination of strain by this method is not satisfactory for the
present analysis.

While it is possible to observe the actual displacement curve at various
deptls by seismometers which are arranged a short distance from each other,
it is nevertheless difficult and expensive to secure the required information
experimentally. On the other hand, in problems of wave transmission, strain
can be expressed directly in velocity terms. The necessary data for the
purpose at hand can be readily obtained from accelerograms, which are less
affected by the data processing procedure than are the displacement curves.
In the present analysis it is not the strain curve itself that is dealt with
but rather the r.m.s. of the strain; consequently, the subtraction procedure
is not required. Using this approach, the strain distribution can be
calculated from the ground surface velocity curve alone, and neither the
double integration of accelerograms nor the subtraction procedure is
required. Accordingly, the same method followed in the preceding section
will also be applied to the problem of calculating the strain.

After replacing the acceleration w(z,t) of the previous discussion with

the displacement u(z,t), and F(t) with U(t), the displacement can be written
as follows:

Z
up(z,6) = Ut +2) + U(t - 2), for H 2220 (24)
1 1
H , H ,
Ypup(z.t) = Ut + ==+ 2 4 (e + -2 - 2
1 "2 1
H ' H i
- BlU(t --ci+-z—) + U(t __1_2_),
1 e ‘1 %
for Hzgg';p (25)

in which U(t) is defined by the same expression as Eq. (15) with f(t)
replaced by the incident displacement wave. Strain in the first layer is
given by

aul 1 z z
t B e = L —_—) L] s
€ (2,t) = — ) {u' (e + cl) U'(t cl)} ,
for H1 z>0 (26)
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where U'(x) represents the derivative of U(x). From Eq. (24), the
displacement at the ground surface is

U (t) = 2u(t) (27)
and the corresponding velocity is
vo(t) = 2U'(t) (28)

Substitution of Eq. (28) into Eq. (26) leads to

e(z,t) = E%_ {vo(t +-f?) - vo(t - fL)} .
1 1

for H,22>0 (29)

Following the same procedure mentioned previously, the r.m.s.
expression el*(z) of strain in the first layer is given as follows:

1
e x¥(z) = 72—:1‘ /ol =g (2z/c)) o
for H,>220 (30)

where 05 and ¢V(T) are, respectively, the variance and autocovariance
function of the velocity record at the ground surface.

The autocovariance function ¢V(T) takes a value between 03 and —o%,
i.e.,

02 2 ¢,(1) 2 ~o2 (31)

Accordingly, the upper bound of the r.m.s. of strain in the first layer is
given by

o
v
g = —

u <y (32)

From this equation, a rough estimation of strain in the first layer is
possible if the wave velocity in the layer and the velocity curve at the
ground surface are given. Furthermore, it should be noted that this upper
bound corresponds to the case of a sinusoidal wave, which gives a somewhat

larger value of strain than the strain during an actual earthquake with the
same o_.

The strain in the second layer will now be derived.

Differentiation
of Eq. (25) with respect to z' leads to
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H H .
1 1, z' 210 1 =z
Yoe (zht) = — {U'(t + =+ L) - g2y (t +—= - )
272072 ¢y ) ¢y <,
H 1 H '
S U - iy Sute - -},
1 % 1 %
for Hzgg';p (33)
Substitution of Eq. (28) into Eq. (33) yields
H H
1, z' 1 z'
2c,Y,e,(2ht) = v (t +—=+ ") - B, v (t +— - —)
27272 72 o ¢y <, 270 SR
H H
1, 2 1 z'
SBv (£ -4 oy (- 2o 2
lo Cl c2 o cl 02
for H,>z'20 (34)

2_

Applying the same procedure used above; the r.m.s. expression for
strain in the second layer, 52*(25, is given as follows:

- ._..____l 1
"D =3y, T2+ 82+ 22 + 2{(8) - 814, (22'/c,)

- ¢v(2Hl/cl)] - ¢V(2Hl/c1 + 22'/c2) + 6162¢V(22'/c2

- 1
2H1/cl)f , for Hy>2'>0 (35)

Eq. (30) and Eq. (35) can be used to calculate the vertical distribution
of strain, which is expressed in the r.m.s., when the velocity curve at the

ground surface and values of Cys €95 Py Py and Hl are known.

MAGNIFICATION FACTOR IN THE SURFACE LAYER

It is sometimes convenience to introduce the concept of the magnification
factor as an expression of the seismic characteristics of the ground. The
magnification factor is defined as the ratio of the r.m.s. of the acceleration
curve at the ground surface to that at the interface between the first and the
second layers. Hence, as defined above, the magnification factor represents

the amplification in the first layer when acceleration at the two named points
are evaluated in the r.m.s.

This definition of the magnification factor may be expressed mathematic-
ally as
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cl(H) (36)
We may also write the following well-known relationships

4,0

o2, ¢,(1) = o2c_(1) (37)

and 01(0)

g
s

where CS(T) represents the autocorrelation coefficient function.

Considering Eqs. (18) and (37), the magnification factor, M.F., is
finally given by the following expression

7
MFly = ./{1 a3 CS(2H17cl)} (38)

When the thickness, Hj, and the wave velocity in the first layer are
known, the magnification factor in the layer is readily obtained from
Eq. (38) by finding the value of the autocorrelation coefficient corresponding
to 2H1/cl. This is independent of the magnitude of the record because the

autocorrelation coefficient is a normalized function.

Data about Hj and c; are not necessarily available at every strong-
motion earthquake recording station. In cases where these data are missing,
the magnification factor may be estimated by the autocorrelation coefficient
function provided the ground surface record shows evidence of layer ampli-
fication and the predominant period of the layer is clearly confirmed. In
such cases, the value of the autocorrelation coefficient function for lag
time 2Hj/c; will be given by the corresponding value of the first negative
peak in the coefficient function; this is so because 2Hy/cy is one half of
the predominant period to which the first positive peak corresponds. The
utility of this method will be shown later for some particular earthquake
records.

APPLICATION TO STRONG MOTION EARTHQUAKE RECORDS

Records The results obtained in the preceding sections were applied to some
strong motion earthquakes recorded at five stations in the U.S.A. and Japan.
These are E1 Centro (1940), Taft (1952) and three records obtained at
different sites during the 1968 Tokachi-oki earthquake. The site character-
istics of the observation stations are shown in Fig.3 and Fig.4. These data
are taken from existing records of site characteristics available in the
literature (4, 5, 6).

While the thickness of every layer and the wave velocity in each layer
were measured or estimated and reported for the sites at El Centro and Taft,
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a uniform representation of these data for the three Japanese stations,
Miyako, Muroran and Hachinohe, has not yet been reported in the literature.
However, since the ground conditions describing these stations are available
in the form shown in Fig.4, a rough estimation of the S wave velocity is
possible by utilizing the relationship between the S wave velocity, Vs and
the N value of the standard penetration test.

Table 1 shows the referred and estimated site data used in the numerical
computations. For Hachinohe, Miyako and Muroran, three sets of wave velocity
and density were assumed in each layer for comparative purposes. Table 2 is
a summary list of the basic earthquake data treated. The digitized accelera-
tion records were taken from data provided in the literature (7, 8).

The three records for Hachinohe, Miyako and Muroran are reproduced in
Fig.5 and the computed autocorrelation coefficient functions from these
records are shown in Fig.6. Reproduction of records for El Centro and Taft
were omitted because they are well known. While the original records for El
Centro and Taft have been digitized at unequal time intervals, corresponding
to all significant peaks and points of inflection, a linear interpolation
between points was applied to convert the data into equal time intervals of
0.02 seconds. This occasionally causes a slight difference in maximum
accelerations between the original and reproduced records. On the other hand,
the records for Hachinche, Miyako and Muroran have been digitized at equal
time intervals of 0.0l seconds; the acceleration at every second time interval
of the original record was taken as the acceleration for the 0.02 second
intervals used in the calculation.

The parabolic-type base line correction (9) was applied to all
accelerograms. Although a base line correction causes little difference to
the acceleration itself, it can produce significant effects on the velocity
and displacement curves when they are obtained through an integration of the
accelerogram. Hence, while some base line correction is necessary when
securing the velocity curves, from which the r.m.s. distribution of velocity
and strain are derived, it is now always necessary to provide the correction
when calculating the r.m.s. distribution of acceleration in the subsurface.

El Centro Fig.7 shows the r.m.s. distribution of accelerationm, velocity and
strain with depth, which were computed by the method mentioned previously.
The S wave velocity of the site was used for the two horizontal components
and the P wave velocity was used for the vertical component. The first graph
of this figure illustrates that the magnification of acceleration amplitude
is concentrated in the near-surface region, not deeper than about 10 meters.
It is also evident that the difference between the two horizontal components
decreases in proportion to the depth from the ground surface. Both of these
components are magnified about 1.5 times in the short distance of 15 ~ 20
meters.

For the vertical compomnent, the second mode seems to predominate in the
first layer of the depth if the first interface and the wave velocity in the
layer are appropriate. However, if the near-surface § wave velocity is
reasonable for the site and the depth of the interface is not 50, it could
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be assumed that another interface exists at about 10 meters depth. However,
this supposition should be abandoned if the predominant frequency observed

in the record at the surface is inherent in the incident wave. It may be
seen that the magnitude of the vertical component is comparable with that of
the horizontal components; however, it should be stated that the most
intensive 12 seconds were used for the vertical component studies, which means
that the magnitude of this component is slightly exaggerated compared with

the others.

The second graph compares the r.m.s. distribution of velocity in the
subsurface. Two notable differences are apparent when compared with the
r.m.s. distribution of acceleration. The first is that the change of the
r.m.s. amplitude with depth is not so remarkable as that observed for
acceleration. The second difference relates to the small size of the vertical
component when compared with horizontal components. The latter difference is
due to the fact that the dominant frequency of the vertical component is
higher than that of horizontal components, the explanation for the former
difference is that the frequency band, which would be magnified in the first
layer, is scarcely included in the velocity curve. Therefore, although the
velocity curve is suitable to predict the motion of the deeper regions, the
acceleration curve is adequate for regions near the surface. These tendencies
are further exaggerated in the r.m.s. distribution of displacement in which
case no change of amplitude is found with depth; a graphical illustration of
this fact is omitted here.

The last graph of Fig.7 shows the strain distribution expressed in r.m.s.
value; the r.m.s. of strain is of the order of 10=%. The ratio of the
maximum value to the r.m.s. cannot be presented in a deterministic expression
because of the randomness of the earthquake motion. This ratio, which is
discussed later, is usually about 3 to 5 for strong motion earthquake records
with long duration periods. Therefore a rough estimation of the maximum
shear strain is of the order of 10~3 or less. From this value of strain one
can estimate the strain level in strong motion earthquakes of the intensity
of E1 Centro 1940. Although the strain level within which the stress-strain
relationship remains linear varies widely, depending on the type of soil,
loading conditions, confining pressure, water content, type of travelling
wave etc., it may be of the order of 10~% to 10-3 (10, 11). Considering the
fact that the El Centro earthquake is one of the most severe recorded earth-
quakes, and that the maximum value is an instantaneous but not a sustained
value, it may be concluded that strain during earthquakes, even for strong
motion earthquakes, does not necessarily exceed the linear range.

On the other hand, the vertical component is assumed to be the longitud-
inal wave in which the direction of particle movement is vertical. Therefore
it produces not only compressive strain but also tensile strain. However the
tensile strength of soil is, in general, considerably less than the
compressive strength. Accordingly, if the tensile strain exceeds the linear
range of the soil under consideration, this method, which is based on linear
wave transmission, fails to be valid for the vertical component. This state-
ment is also applicable for the shear strain due to the horizontal components.

Taft A general discussion on the vertical distribution of accelerationm,
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velocity and strain has already been given in terms of the results obtained
from the E1 Centro records. In the acceleration distribution of Fig.8, the
two curves for the horizontal components are very close to each other and
both of the magnification factors between the interface and the ground surface
are about 1.5.

Strain distributions for the horizontal components are also comparable
despite the fact that these curves are calculated from the velocity records,
for which the distribution curves take slightly different values, as shown
in the graph. The reason for this is that the strain distribution is
calculated not from the variance itself but from the difference between the
variance and the autocovariance function. Consequently it is independent of
the magnitude of the r.m.s. of velocity. The upper bound, €,, given in Eq.
(32), coincides with the r.m.s. of strain at a depth which is equivalent to a
quarter of the wave length dominant in the velocity curve. Values of ¢, for
the two horizontal components in this example are, respectively, 356 x 1076
for the N 69 W component and 300 x 10~% for the other. Therefore, the estima-
tion of strain in the subsurface during an earthquake by this upper bound may
be said to be only very approximate.

Tokachi-oki Figs. 9, 10 and 11 illustrate the effect of wave velocity and
density on the r.m.s. distribution of acceleration, velocity and strain. In
the case of Hachinohe, no significant difference is found in the acceleration
and velocity distribution for the three sets of wave velocity and density,
however, the strain distribution is obviously inversely proportional to the
wave velocity. If the thickness of the layer is definite, the Fourier
spectrum is useful for estimating the wave velocity in the first layer. In
the Fourier spectrum for Hachinohe there are four dominant peaks at approx-
imately 0.4 c¢/s, 1.0 ¢/s, 1.6 ~ 2.8 c/s and 4.5 ~ 4.8 c/s. In view of the
ground conditions, the first three peaks give wave velocities which are too
large. The wave velocity of 192 m/sec., which corresponds to the last peak
at about 4.8 c¢/s, may be considered as a reasonable value for the site.

For the Miyako site, the dominant frequency was readily found to be
about 5.25 c/s. This leads to a 210 m/sec. wave velocity for the case of a
10 meters layer thickness. Therefore a wave velocity value of 200 m/sec. is
considered to be a reasonable estimate for the first layer. The magnification
factor in this case can be estimated directly by Eq. (38) without calculation
of the r.m.s. distribution because it is probable that the predominant
frequency is induced in the layer. A magnification factor of 2.5 is obtained
when using the value corresponding to the first negative peak of the auto-
correlation coefficient function shown in Fig.6.

Notwithstanding that the site characteristics of Muroran are close to
those of Miyako, the amplification in the layer is now as pronounced as in
the case of Miyako. This is mainly due to the frequency composition of the
incident wave to the layer. That is, the dominant frequency of the record
of Muroran is lower than the natural frequency of the layer. Usually, the
possible range of estimated values of wave velocity is reasonably narrow
provided the site characteristics are known, and any small changes in
velocity produce only small changes in the distribution. Therefore, the
inference of the seismic motion in the subsurface can probably be decided in
almost all cases from the site characteristics of the recording station alone.
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Maximum to Root Mean Square Ratio Although r.m.s. values rather than
maximum values of a record have been treated throughout this paper, some
relationship between these two quantities should be considered. If earth-
quakes or earthquake records are assumed to be a random process, there are
some methods for obtaining this relationship by taking the ensemble average
over the population. However, a single earthquake record cannot be considered
to be a sample record from the population. In practice, therefore, the
average on the time axis is used in place of the ensemble average and the
value of this average depends on the averaging period. Table 3 shows the
ratio of the maximum value to the r.m.s. value computed from each record used
in this analysis; these values get larger for longer averaging periods.

In the method developed in this paper, the necessary time lag in the
autocovariance function is equal to double the time taken for the wave to
travel from the ground surface to the depth under consideration. This value,
which for the two layer case is given by 2(Hj/cy + Hp/cy), equals 0.360
seconds for E1 Centro and 0.284 seconds for Taft at 60 meter depth. Thus a
time lag of 0.2 ~ 0.4 seconds may be sufficient for the analysis within 50 ~
60 meter depth in usual near-surface materials. Furthermore, it could be
said that the desirable record length for satisfying computations for the
autocovariance function may be longer than twenty times the required lag
time in the function. Therefore, the necessary record length in this
analysis becomes about 5 ~ 8 seconds. Normal strong motion accelerograms
are considered to be stationary over the most significant portion of the
records for such time intervals. Accordingly, under the assumption that the
seismic characteristics are the same in any portion of the record, it appears
that a 5 ~ 8 second section of a record seems adequate as a replacement for
an entire record when estimating the r.m.s. distribution to a depth of about
50 meters below the ground surface.

On the other hand, the moving average on the squared value of accelero-
grams has been successful for deducing the trend of intensity of an earthquake;
the suitable average period is approximately equal to ten times the predominant
period in the accelerograms (12). This period may fall within a range of
2 ~ 5 seconds for past strong motion accelerograms.

Fig.l2 illustrates examples of the r.m.s. of a 5 second moving average
period, which is normalized by the maximum value of the original record. 1In
a sense these curves represent the fluctuation of the intensity of earthquakes.
The reciprocals of the maximum values for all curves are listed in Table 4.
These values are less than those given in Table 3, and also their range of
scatter is seen to be considerably reduced; the values fall in the range
2.5 = 3.8s

These discussions are applicable also to strain. For confirmation,
the strain curves at the interface for a few records were calculated from
Eq. (29) and they are illustrated in Figs. 13 and 14. The maximum strain
and the r.m.s. of the most intemsive 5 seconds are 1.63 x 10-3 and 0.57 x
10-3 respectively for El Centro (1940), N-S component. The ratio of the
maximum to the r.m.s. value in this case is 2.9. The ratios are also about
3 for the other records shown in Table 4 and they remain within the range
mentioned above.

54



To summarize, approximate estimates of the ratio of the maximum value
to the r.m.s. value of acceleration and strain distribution, for depths not
greater than about 50 meters, will be in the range 2.5 - 3.3 provided the
most significant and stationary portion of the record, which corresponds to
a length of approximately ten times the predominant period, is chosen for
the computations.

CONCLUSION

The present study demonstrates that the root mean square value of
underground motion at an arbitrary depth can be expressed in terms of an
autocovariance function of the earthquake record obtained at the ground
surface. Thus the vertical distribution of underground motion and strain
can be estimated from accelerograms at the ground surface and the physical
constants of the ground alone.

The numerical computations indicate that for the example considered
the magnification of acceleration in the subsurface is concentrated in the
near-surface region, that is, not deeper than about 20 meters, while the
velocity amplitude distribution shows no significant change with depth.

The maximum strain obtained from the El Centro earthquake record is
roughly estimated to be in the order of 10~3; the corresponding strains
associated with the other earthquakes are of the same order of magnitude or
less. These results suggest that the maximum strain level in strong motion
earthquakes, excluding extremely destructive or near-epicentral earthquakes,
does not necessarily induce non-linear behaviour of soil. However, this
does not imply that a non-linear consideration is unnecessary in all situa-
tions. In particular, the strain analysis in the vicinity of structures is
of importance in view of the interaction between the structure and ground;
this problem remains unsolved.
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Autocorrelation Coefficient

HACHINOHE. MAY 16, 1968. NS
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= I'0 5 20 25 sec.
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\/ \/ 05 Ik)/ 1.5 2.0 2.5 sec.
MURORAN. MAY 16, 1968. NS
\/ 0.5 .o 15 2.0 2.5 sec.

Fig.6 Autocorrelation Coefficient Functions

60



(8961 ‘0N0AIN) yided yum suonNGINsSIQ 'S W Y

ot B

52 TN TN
8961 ‘oo
Loz Loz Foz
€ 98D e
2 9s0) ———-
| @s0) Bl FSt Frsl o
-
°
>
Foi ro; 3
e e
€ | ol S o o9 ot oz o

2
(,_01 %) uioyg

(28s/wo) A§100(8A

{ ;995 /W3 ) uoiiDIBI8 DY

(8961 PYOUYoDH ) YideQ Uiim SUOHNQINSIQ "S "W 'Y 6 "Big

\
\ v.nu TN Tu
1
\
8961 9youlydoH |
_. roz roz roz
¢ 880D _—
2 980) ——— ——
1 980) Nl kSt Fs1
! 4
.— <
— ¥
! E)
ror Lot bor 2
Fo ] rs
€ z i 0 ot < ) ov oz [

(,.01 X } vidsg

(9987w ) £j1008p

{2995/ ) UOH D093y

(26614401 ) yidag yitm suolNQINI8IQ "S W'y

8 "6i4

(,.01 X ) utoss

(998/wd) Aj190|9p

{ uOtn\Eo ) uolpideddy

TN TN TN
2661 *430)
oz oz Foz
a-n
Mizs ——
M 69N Fsi Foi Fot o
[
S
-
? E)
For o =
Fs s
5 % o1 o 0% 3 oz [
{,.01x}uiong (2887w ) K4190|8A (:998/W2) UoN D18 290Y
(Ov61°04ued 1T ) yideg unm suoyng 124810 'S ‘W'Y PR IF]
fos
ot6l‘onus) |3
Loy ___ los
Gl e !
M-3 ——— __
S-N -0E | 0t o
| &
_ A=
| z
I 3
! Loz
I
1
[
i
! ol
i
1
|
|
r T v _’ - T T
€ z 1 ° ol S o o9 oy oz 0

61



Acceleration (cm/sec?) Velocity (cm/sec) Strain (x107%)

o 20 a0 82 0 2 = § l —
[ 5
—~ 101 i
: o 10
<
s
a
S 5
5 15
Cose |
SO Case 2
............ Case 3
204 204 1
Muroran , 1968
- . 254 259

(Average Period: 5sec.)/ Max. Value

R.M.S.

Fig.t1 R.M.S. Distributions with Depth ( Muroran,i968)

El Centro, 1940

------ E-W
N-38
1 L 1 L L v |
s 10 15 20 25 30
Time (sec.)
Taft, 1952
NEIW
s2Iw
L 1 L L a3 )
5 10 ] 20 25 30
Time (sec.)
ST, Tokachi-oki, 1968
Miyako

inohe

Muroran

i L L L L

5 10 1S 20 2% 30
Time {sec.)

Fig.12 R.M.S./ Max.value - Time curves

62



JOVIHILNI LV SIAHND 3WIL - NIVYLS ¢ Big
SPU029S uj Al
02 8t

I 92 vz 2z 9 @ o ) 3 v 2 o
&
%\i&f\(ﬁ%/?é\f}%?%é/\{go
. S

ININOGWOD iS5 2SRT° T2 ANM 140l ,Am

ot 8z 92 vz 22 oz a 91 b1 21 ol e ] b 2 o
g

;\z)géixCﬁ?ﬁ\f\g?S\s\a( >
W

ININOAWOT MEEN"2GB1 12 ATNM " 14H] o

os 82 92 ve oz 0z 8 91 » 2 o ] 9 v 2 0
3

g

o

>

1S3IM 06T 81 Adw  “0%IN3ID 13 °

of 82 92 73 22 0z 8i 9! ¥ 2 ] 8 9 ) 3 0
o

W

1o

>

HIYON “OP6T 81 AbW “Q¥IN3D 73 °

(e.O1 x)uiouyg g-01 x) utoyyg -0l x) ubyg

(g-01x) uiong

63



(9904494u1 §D) SOAIND BWi] - UDNS | Biy

SpPU0Das ut aw}

oe 8e 92 ¥ 22 oz w__ 9l 4] el [o]] 8 ] 1.4 2
T : )

T Y T

SN "8961 "ST AW ‘NBYOMNW

¢0- 01-

o
(g-O1X) uibls

o)}

(¢-01%) ulolS

M3 "8S61 "1 AHW “OMHAIW

ol-

$0-

S0

o1

SN "8961 ST AYW “3HONIHIBH

0 so0- O
(.01 %) uio s

)

o'l

64



