SECTION 9
ESTIMATION OF SOIL STRAIN

We have obtained relatively good agreement between the observed peak values of motions and the
predicted values from the proposed model. The best agreement was found for peak velocity. This
motivates us to apply it to the estimation of soil strain which is associated with peak velocity. In
this section, a simplified method for estimating soil strain is presented together with comparisons

between predicted and observed values.
9.1 Simplified Method for Estimating Soil Strain

Soil strains induced during earthquakes have been known to play a pivotal role not only in
controlling non-linear behavior of ground motions including liquefaction of sandy soils but also in
determining the seismic performance of buried pipelines. Despite such importance, there have
been relatively few observations of soil strain because of the technical difficulties involved. Hence
it is almost impossible at present to derive an empirical expression for soil strain using the
technique described previously for strong-motion peaks. However, since strain is theoretically
proporticnal to the corresponding particle velocity, it is possible to indirectly estimate maximum
soil strain using our semi-empirical model for peak velocity. According to wave theory for one
dimensional propagation, the maximum horizontal soil strain £gax , in the direction of
propagation, 1s given by

Y max
Enax ™ T (91)

where vmayx is the peak particle velocity, and C is the apparent propagation velocity of the wave
with respect to the ground surface .

The term vyax in Eq. (9.1), needless to say, can be calculated for a site if the soil profile is
known, using our semi-empirical model. We now consider methods to approximate the apparent
propagation velocity C.

'The apparent propagation velocity C is a function of the wave type. In the case of body waves,
the apparent velocity is a function of angle of incidence and material properties of the surface soils.
O'Rourke et al.[37] studied the apparent horizontal propagation velocity of S-wave using
theoretical analysis as well as observed values in the U.S.and Japan. They concluded that it falls in
the range of 2.0 to 5.0 km/sec with an average of about 3.5 km/sec. Since they studied a
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number of different sites, the average velocity of 3.5 km/sec would be acceptable as a first-
approximation. Herein we employ the value of 3.5 km/sec as the apparent propagation velocity of

body waves with respect to the ground surface.

For the case of surface waves, Rayleigh wave(R-wave) induces soil strain alternating between
tension and compression in the direction of propagation. For R-waves, the propagation velocity is
a function of frequency. This relation is quantified by a dispersion curve for the phase or
propagation velocity. For typical soil profiles with shear wave velocity increasing with depth, the
propagation velocity is an increasing function of period. For example, Fig.3-1 shows an
approximate dispersion curve developed by O"Rourke et al.{38] for the fundamental R-wave for a
uniform soil layer over a half space. For long period motion nf/c, = 0.25, the phase velocity is
somewhat less than the shear wave velocity of the half space, while for short period motion
hf/c = 0.5, the phase velocity is equal to the shear wave velocity of the surface layer, Cy. .
Note however that the R-wave phase velocity corresponding to the natural frequency of the soil
layer in shear f =C /4h is 0.875Cy that is, it is controlled by the shear wave velocity of the
half space. For sites subject to both body and surface waves, we assume herein that the peak
particle velocity vyay occurs during the later arriving R-wave portion of the record. We further
assuine that the predominant frequency of the R-wave portion matches the natural frequency of soil
layer in shear. That 1s, for sites subject to surface waves

Umax
mox = GBS T, (9.2)

E

where vimay is the peak particle velocity from Eq.(5.3) or Eq.(5.4)) and Cy is the shear wave
velocity of the seismic bed rock which underlies the site. Based upon the reference site and the
seismic bed rock for peak velocity in section 5.1, we choose 2.0 km/sec as a representative value
for Cqy.

The above considerations gives us a simplified way to estimate the maximum longitudinal or
normal strain separately for body waves and surface waves. The next problem is to identify which
wave type is likely to be most prominent in a given record. This complicated phenomenon has
been studied by several workers. In general a large earthquake with a shallow focal depth is more
likely to generate surface waves. Since the detailed consideration about this problem is beyond the
scope of this report and our target is to develop a simplified method for estimating the maximum
soil strain, the discussion is herein confined to an assumption of surface wave generation
suggested by Nakamura[39]. Nakamura[39] investigated the existence of surface waves in
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Fig.9-1 Approximate Dispersion Curve for Fundamental R-wave for Uniform
Soil Layer over a Half Space( after O’Rourke et al.[38))
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records obtained during a total of 29 earthquakes by the use of non-stationary spectra analysis. A
table in that work identifies the generation of surface waves as being dependent on earthquake
magnitude and an apparent angle defined by focal depth and epicentral distance. From the

Nakamura table, we herein estabiish the following conditions for generation of surface waves:

M>6.0 and %:» 1.5,

60=M>5.0 and %:-6.0

where M is the earthquake magnitude, A is the epicentral distance and D is the focal depth. It
should be noted that the above standard for surface wave generation is an approximation. Hence
our stmplified method for estimating the maximum soil strain can be summarized as follows;
For sites subject to surface waves, thatis M> 6.0 and A/D> 1.5, or 6.0=2M> 5.0 and
A/D> 6.0

¢}

e oo mex 93
o 175x 10° 9:3)

while for all other sites, body waves control and

Umax
... S 9.4
> 3.5x10° ©.4

where vmay is the peak particle velocity in criv/sec given by Eq.(5.3) or Eq.(5.4).

Eqgs.(9.3) and (9.4) make it possible to estimate the maximum strain at a site provided that
earthquake magnitude, epicentral distance, focal depth and hypocentral distance are known as well
as the surface profile. For example, Fig.9-2 is a plot of the attenuation of estimated maximum
strain at a rock site, for which AMP;(v) is taken as 1.0 in Eq.(5.3) or Eq.(5.4), subject to
surface waves.

9.2 Comparison of Estimated Soil Strain with Observed Values

In this section, the estimated strains given by Eq.(9.3) or Eq.(9.4 ) are compared with strains

observed at representative sites to check the validity of the simplified method.

The Kubota Corp. in Japan has been observing soil strains as well as the behavior of pipelines

during earthquakes at two separate sites in Aomori Prefecture, namely Kansen and Shimonaga.
94



100

MAXIMUM STRAIN (105 )

HYPOCENTRAL DISTANCE (KM)

Fig.9-2  Attenuation for Estimated Maximuin Soil Strain at Rock Site Subject to
Surface Waves



The details of these observation systems including soil profiles at both sites are available in
Iwamoto et al.[40]. Figs 9-3 and 9-4 each show the soil logs at the Kansen and Shimonaga sites.
Although the observations at both sites have been carmed out since 1975 giving useful data relevant
to seismic performance of buried pipelines, the maximum soil strains observed unti} 1983 are
compared with estimated normal strains from Eq.(9.3) or Eq.(59.4).

In order to estimate the maximum soil strain based on Eq.(9.3) or Eq.(9.4), one needs the
amplification coefficient AMPj(v) applicable to both the Kansen and Shimonaga sites. We
offered two methods: the “qualitative method” and “quantitative method” for the estimate of
AMP;(¥) at a site not included in our statistical analysis. According to the qualitative method, the
value of AMP;j(v) at the Kansen site is expected to be about 2.70 since the Kansen soil profile in
Fig.9-3 is most similar to the [tajima site in Fig. 5-13(1). On the other hand, the estimated
AMP;(v) by the quantitative method which consists of Eq.(5.8) and Eq.(5.9) is 2.18 because
the value of Camp is 8.30 by Eq.(5.8). The calculation of Camp for the Kansen site is shown in
Appendix B. This example shows that the qualitative method gives fairly accurate amplification
factor, although it is simple. Since the quantitative method is expected to yield the more accurate
value, we use 2.18 as the amplification factor for the Kansen site. Similarly, the quantitative
method resulted in AMP;(v) =5.28 at the Shimonaga site via Camp=35.9. Having obtained the
amplification factors AMP;(v) at both sites, it is possible to predict the maximum soil strains
expected at both sites knowning the earthquake magnitude, epicentral distance, focal depth and
hypocentral distance. The predicted maximum soil strains at the Kansen and Shimonaga sites are
plotted, respectively, in Figs.9-5 and $-6 and compared with observed maximum normal or
longitudinal soil strains. In both figures, data points with an open circle are estimated values using
Eq.(9.3) (surface wave source) while the closed circle indicates values from Eq.(9.4) (only body
wave source). Fig.9-5 and 9-6 show that the predicted values coincide relatively well with the
observed values. Comparisons similar to Figs.9-5 and 9-6 between the predicted and observed
maximum strains are shown in Figs. 9-7 and 9-8 for two other observation sites. These are
University of Tokyo, Chiba site[41] and Chubu Electrical Power Corp., Chubu site[42]. The
observed strain at the Chiba site was obtained by observing pipe strain[41] and herein we assume
that the pipe strain represents soil strain. Again Figs.9-7 and 9-8 show that the comparison
between predicted and observed strains is relatively good.

9.3 Discussion of Simplified Methed for Soil Strain

As shown in Figs.9-5 through 9-8, on average the simplified method predicts well the observed
maximum normal or longitudinal soil strains. However there is some scatter between observed
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and predicted values. Some of this scatter 1s attributed to errors 1n estimated values for the peak
particle velocity, Vmax, as shown for example in Fig.4-3. Another source for error is inaccuracy
in the measured soul strain. For example the measured strain would be less than the maximum so1l
strain at a site if the measunng device was not parallel to the direction of wave propagation. This
is a possible explanation for points above the 1 to 1 match line in Figs.9-5 through 9-8. Finally
for sites where surface waves are hikely, we assume that the-peak velocity, vmax, Occurs during
the later surface wave portion of the record. In addition we assume that predominant period of that
peak motion corresponds to the natural frequency of soil layer in shear. It is of course possible
that the peak velocity, vmax, may occur during the body wave portion of the record. It is also
possible that the predominant frequency of surface waves 1s somewhat higher than 0.25Cy/h
and R-wave phase velocity in Fig.9-1 would hence be less than 0.875Cy . However if both
these happen together, the soil strain which is a quotient might remain relatively unchanged from
that given by Eq.(9.3).
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SECTION 10
SUMMARY AND CONCLUSIONS

This report dealt with a semi-empirical model for estimating the peak values of strong motions with
emphasis on the peak velocity which is needed for lifeline earthquake engineering studies. In the
derivation of the model, theoretical information about setsmic sources was combined with a
statistical analysis of strong-motion data from Japan. The concept of dummy vanables was used to
obtain amplification factors due to individual local site conditions in the statistical analysis. An
attenuation law for the peak acceleration, peak velocity and peak displacement on a rock was also
obtained in terms of earthquake magnitude and hypocentral distance. The resulting amplification
factors for peak velocity due to local site conditions were examined in connection with spectral
amplification and soul profile, providing a method to predict the amplification factor at a new site.
In addition, the resulting attenuation law for peak values on a rock was successfully compared
with strong-motion data observed duning three representative earthquakes in the U.S. and Mexico.
Attenuation laws for strong motions by other researchers were also compared against the proposed
model. Finally, a simplified method for estimating soil strain was developed. The main

conclusions from this study are summarized as follows:

(1) Purely empirical models for prediction of strong-motion parameters suffer due to the fact that
there usually is a correlation between the supposed independent variables in the strong-motion
data. It is possible to overcome this difficulty as done herein by employing a standard attenuation
coefficient empirically derved from extensive earthquake data collected by JMA.
(2) Ampiification factor due to local site effects depends on the individual observation sites in
contrast to the rough classification system commonly used by other researches. We developed a
method for obtaining amplification factors at each observation site with the help of dummy
variables. Results indicated that amplification factors vary remarkably from site to site and also
depend on motion characteristics of interest. 1.e.: acceleration, velocity and displacement.
(3) From a comparison against the amplification spectra, it was conciuded that acceieration
amplification is exclusively determined by perniod components less than about 0.3 sec while
velocity’s amplification is closely related to penod components greater than about 1.0 sec. These
amplification factors are also intimately related to the soil profile. In this study, we proposed two
methods for predicting amplification factors, the “qualitative method” and “quantitative method.”
In the former method the amplification factor 1s estimated by a visual comparison of soil profiles.
In the latter method the amplification factor 1s caiculated from the distribution of N-values in the
soil profiles.
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(4) Besides the amplification factors due to local site effects, we obtained a set of attenuation laws
for peak values on the seismic bed rock using the proposed model The seismic bed rock was
defined based on the selection of reference site for the regression analysis and then a
reconsideration based upon the resulting amplification factors. For example, the seismic bed rock
for peak velocity corresponds to the rock outcrop at OFUNATO whose shear wave velocity is
about 2000 m/sec. The attenuation laws for seismic bed rock are expressed in terms of
earthquake magnitude and hypocentral distance. The expressions for attenuation including the
amplification factors AMP; are given in Egs.(5.1) to (5.6).

{5) On the assumption that earthquake strong motions are analogous to simple harmonic motion,
we obtained a rough estimate of the predominant periods of acceleration and velocity motions
expected at a rock site. The resultant predominant periods, which are summarized in Table 6-],
indicated a tendency of longer peniods with increasing earthquake magnitude. Also the resultng
predominant periods compared favorably with observations by Seed et al.

(6) The peaks of strong motions at a rock site predicted by the proposed model were compared
with the observed values from the 1589 Loma Prieta earthquake, the 1985 Michoacan earthquake
and 1971 San Fernando earthquake. It was shown that the proposed model predicis relatively well
the observed data. In particular, we found a good agreement between the predicted and observed
values in the compansons of peak velocity which is a primary goal of this study. Since the
proposed model was based solely on Japanese strong-motion data, this suggests that strong-
motion peaks have a common attenuation law irrespective of country of origin. Empirical models
developed by other researchers, though established using the strong-motion data in the U.S., were
also compared with the proposed semi-empirical model. The comaprison showed that these
existing empincal relarions do not provide better estimates to the observed data than the proposed
semi-empirical model.

(7) Based upon the proposed semi-empirical model for peak velocity, a simplified method for
estimating maximum normal or longitudinal soil strain was developed herein. A comparison of

predicted strains with observed values showed that the simplified method is reasonably accurate.

Finally it is pointed out that the basic logic used in this report could be used to estimate not only
peaks of strong motions but also other parameters related to earthquakes.

In this report, some simplified procedures were adopted based on practical considerations. For
instance, the denvation of the amplification factors for a soil profile was performed using only
typically available N-value data for soil, and deep layers down to real bed rock were not

considered. Using more detailed soil and rock information, more accurate amplification factor
10-2



could be obtained. Furthermore, non-linear material characteristics of soft soils were not dealt
with in this report. These problems are open questions for possible further study.
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