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Abstract

ABSTRACT

Motivated by increasing demands for more rational and reliable
methods for the seismic safety design of special structures and
facilities such as dams, nuclear power plants and lifeline systems, some
‘of the fundamental problems included in the seismic design and analyses
of representative structures are studied based on observational facts.

The first item examined is the seismic soil-structure interaction
(SSI) effects significant for the seismic analyses and design of
critical facilities such as heavy structures like dams, nuclear reactor
buildings and some lifeline structures.

The author clarified the significance of the radiation damping
effects in the foundation impedance problem through a comparison of the
recorded response motions and the predicted response motions of an arch
dam by using a three-dimensional finite element code based on frequency
domain analysis scheme and consisting of the three-dimensional finite dam
elements attached with far-field impedances of infinite strips along the
abutment and with the reservoir water elements upstream with transmitting
boundaries defined by impedance ratios at the water-water boundary and
the water-gorge and bottom boundary. Through the analysis that could
successfully reproduce the recorded response motion of the dam, the
significance of the far-field boundary effect, the characteristics of the
reservoir water upstream to suppress the dam response of upstream-down
stream direction and the spatial variation of the input motion to the dam
were clarified.

Under the same item, the significance of three-dimensional SSI
analysis for truly three-dimensional structures is reaffirmed through a
comparison of the recorded motions obtained for a small scale model
during the forced vibration test and two earthquakes of different ground
motion intensities with the numerical simulation of these records by the
linear three-dimensional analysis code HASSI-4, non-linear analysis code
HASSI-7, the linear two-dimensional code HASSI-2D and non-linear analysis
code FLUSH-VB. In the two-dimensional analyses, the frequency shift was
not so significant but the over damping is very serious resulting into a
serious underestimate of the response of the structure because of its
incapability to make the generated wave at the soil-structure interface
decay rapidly to the far-field. The strain levels of the free-field soil
and the soil near the foundation structure are remarkably different and
the soil strongly affected by the soil-structure interaction was limited
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Abstract

to a fairly small region, the radius of which was less than two times the
radius of the structure. This confirms that only a three-dimensional
analysis can reproduce the rapid decaying nature of the wave generated at
the soil-structure interface of truly three-dimensional structures.

The second item that was studied extensively is the empirical
formulas upon which practicing engineers have been relying for predicting
and determining the design peak ground motions. By preparing a new strong
motion record sets and considering the response nature of buried ducts,
two sets of new empirical formulas for estimating both the maximum
acceleration and velocity were derived as suitable formulas to predict
the peak ground motions for structures on the ground and underground
under seismic environment of our country, where high seismicity at very
shallow to intermediate depths can continue to be expected.

As an application of these formulas and to provide a design data
base for power transmission systems which include various types of
structures constructed on ground and underground, the above two sets of
new attenuation curves were combined with a three-dimensional source
model of the Kanto area to assess its seismic hazard. Assuming a Polisson
process of occurrence of earthquakes, the seismic hazard of the Kanto
area was presented in forms of contour maps of the expected peak ground
acceleration and velocity for representative exposure times which can be
used for predicting the peak ground motions meaningful for both
structures on the ground surface and buried in shallow depths.

The last item discussed is to provide the practicing engineering
community with a more rational and reliable design analysis tool for
buried structures. This involves the development and validation of the
quasi-static two-dimensional analysis method GRAMBS.

The author proposed his simplified analysis method GRAMBS(Ground
Response Acceleration Method for Buried Structures) for the cross-
sectional design of structures such as buried ducts and tunnels in
layered soils. Assuming a plane strain dynamic system consisting of
buried structures surrounded by a layered soil, it was shown
theoretically that the proposed GRAMBS is a quasi-static method which
approximately predicts the maximum response of buried structures
surrounded by soil which otherwise would require a two-dimensional
dynamic finite element analysis.

By introducing the acceleration distribution at the time when the

portion of the soil in contact with the structure reaches the maximum
strain energy state as the conserved body force acting on the system and

viii



Abstract

using the converged strain-dependent soil properties, both given by the
response analysis of the free-field soil surrounding the structure, the
GRAMBS solves the system idealized by a two-dimensional finite element
model as a static problem.

The results obtained by GRAMBS of the maximum cross-sectional forces
of a single story duct surrounded by a uniform socil as a parametric study
for varying conditions of embedment depth, soil properties and thickness
of the soil layer were very close to those obtained by the more rigorous
dynamic analysis code FLUSH-VB.

Based on the fact that the FLUSH could successfully reproduce the
cross-sectional bending moment of a single story duct model embedded in a
dry sand layer obtained from an experiment performed and reported by
Tohma and others(1985) of CRIEPI, the validity of GRAMBS was confirmed
for application to a single story duct surrounded by a uniform soil.

The data and the results of the study on the comparison between the
observed maximum response of re-bar stress and contact soil pressure of a
multi-storiy shaft in a multi-layered soil and those responses
numerically reproduced by FLUSH-VB(Kaizu and others, 1989(a), (b),1989)
were also obtained by GRAMBS. The agreement between the observed maximum
response of the stress and pressure and those obtained by GRAMBS was very
good. With this and the above result, the validity of GRAMBS was
finally confirmed. Another example of its application to a large scale
cavern assembly was also shown and compared with the corresponding
results by FLUSH-VB.
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Chapter 1

CHAPTER 1. INTRODUCTION
1.1 OBJECTIVES AND SCOPE

We have already constructed many heavy structures and facilities
such as high-dams and nuclear power plants that are very critical for
generating electricity needed by the industrial activity of our modern
society. These structures and facilities have been very productive;
however, at the same time some structures have had very high-potential
hazard over the population in case of their failures. In this regard,
these structures have been designed and constructed with the best
analytical tools or model experiments, materials and construction
practice available at the time, and have been keeping good operational
records not causing any significant failure.

Further, recent development of electronic technology and communica-
tion networks in highly populated cities has given increasing importance
on the reliability of power transmission facilities that include many
types of underground structures such as tunnels and ducts extending over
distance in the longitudinal directions.

With also recent advances in computer technology and finite element
analysis modeling, large scale numerical models gradually became popular
in the analyses of these critical structures by two-dimensional and
three-dimensional finite element method; however, there are still little
studies on the validity of these codes. Validation of the inherent
assunptions and the effectiveness of the sophistication that have been
implemented within these codes needs to be examined.

In practice, there are still not a few problems to be resolved that
bar us in reaching a complete satisfaction especially in the area of
dynamic analyses and designs against earthquakes; problems in implement-
ing advanced theories into practical computation, limit of computer core
size, wide fluctuation of input ground motions and foundation material
properties, seismic soil-structure interaction problems and non-linear
behavior effect of soft foundation media on structures, etc.

On the other hand, some extensive observations of behaviors of these
structures have been accumulating and have given us a good chance to
reflect the observations on the validation of available computer codes or
new development of computer codes for refining our design analyses.

Under the circumstances described above and being motivated by
increasing demands for more rational and reliable seismic safety design
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of critical structures and facilities such as dams, nuclear power plants
and lifeline systems as represented by buried structures, some of the
fundamental problems included in the seismic design and analyses of the
representative structures above described are studied primarily based on
observational facts.

The first item looked into in Chapter 2 is the seismic soil-
structure interaction (SSI) effects significant for the seismic analyses
and design of heavy structures like dams and nuclear reactor buildings.

In Chapter 2.2, the author examines the significance of the
radiation damping effects in the foundation impedance problem, as one of
the fundamental components regarding SSI problem, through the comparison
of the recorded response motions with the predicted response motions of
an arch dam analyzed by a three-dimensional finite element code attached
with a far-field impedance boundary and a reservoir water boundary.

As the second subject of Chapter 2, the significance of three-
dimensional SST analysis for truly three-dimensional structures is
reaffirmed in Chapter 2.3 through the comparison of the recorded motions
obtained at a small scale model during the forced vibration test and two
earthquakes of different ground motion intensities with the numerical
simulation of these records.

Subsequent two items to be described in Chapters 3 and 4 are the
subjects primarily very familiar to practicing engineer's community in
the design analyses of not only the critical structures described above
but also conventional structures:

The item which is studied extensively and described in Chapter 3 is
the development of new attenuation curves and seismic hazard maps that
are more rational to be applied in the earthquake environment of us and
'meaningful for various structures constructed on the ground and
underground.

The last item discussed in Chapter 4 is the development and
validation of the quasi-static two-dimensional analysis method GRAMBS to
provide the practicing engineering community with a more rational and
reliable design analysis tool for buried structures. The theoretical
aspect and the application procedure are described, and the validation
study are performed using experimental results of a simple duct and
response records of an actual shaft during an earthquake.
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1.2 RELATED PREVIOUS STUDIES AND PRESENT APPROACH TO SOLVE PROBLEMS

It is the fundamental attitude of the author's that all the items
selected for the study on and evaluation of the significance in
engineering analyses will be supported by observational facts relevant to
the appropriate items in case such facts are available. Therefore, in
each item relating to dynamic analysis, each analytical procedure or
computer code hired will be tested by the facts first and then the
fundamental problems are pointed out and discussed.

In the seismic safety evaluation and design of critical structures
such as dams and nuclear power facilities, a variety of sophisticated
dynamic analysis codes have been applied; however, as already described
above there are only limited studies on the validity of these codes
including the inherent assumptions and the effectiveness of the
sophistication that have been implemented within these codes, and at the
same time most of these treat the basically three-dimensional soil-
structure interaction problem in two-dimensions, mainly because of
practical limitation of computer core size and computer economy.

The author selects SSI problem among dynamic analysis problems and
examines some fundamental components for SSI analysis and SSI analysis
codes based on the correlation results between analytical results and
actually recorded response motions obtained at an arch dam and a model
structure of nuclear reactor buildings.

Presently, such codes that can consider the seismic response of a
dam and its foundation with the reservoir water upstream by finite
element analysis techniques exist already; however, the foundation was
considered as elastic media of limited volume neglecting its mass.
Dependent on the volume idealized by the finite elements, such assumption
of finite foundation causes not only many insignificant modes of
vibrations for the dam response but also unrealistic refracted waves from
the fixed boundary to the dam as clearly shown in Chapter 2.2. The
reservoir water boundary is also an another important mathematical and
engineering subject to be extensively studied separately and needs
observational validation.

Including the both above, there were almost no reports that compared
the computed response of dam and water response of arch dams with the
observed response during earthquakes. As a set of precious response
records was obtained at a high arch dam, the first item above, the
radiation damping effects in the foundation impedance problem, was
studied as one of the fundamental components regarding SSI problem by
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comparing the recorded response motions with the predicted response
motions obtained by a three-dimensional finite element code having been
modified to consider the foundation scattering problem, soil impedance
problem and reservoir water interaction problem. Because dynamic water
pressures were not measured, the detail of the reservoir water acting on
the upstream face of the dam can not be clarified, however, its effect
on the response of the dam as a whole may be examined through the
parametric approach varying these significant assumptions of boundary
conditions as will be shown later.

Even the seismic safety evaluation and design of critical structures
such as nuclear power plants, in most cases, basically three-dimensional
soil-structure interaction problems have been treated in two-dimensions,
mainly because of practical limitation of computer core size and
computer economy. However, it is well known that the conversion of a
three-dimensional problem into two-dimension has usually caused serious
modulation of the dynamic characteristics of a structural system.
Especially for such a vibration system that has to consider seriously the
effect of soil compliance on the fundamental vibration characteristics
of the system, this two-dimension simplification should be avoided unless
the results can be guaranteed by some supplemental measures.

There are some reports on the validation study of dynamic analysis
procedures used in the design analysis of reactor buildings through the
comparison of the predicted response and observed records, however, the
contribution of SSI over the whole response has not been thoroughly
clarified due to fairly high rigidity of the foundation rocks relative to
that of reactor buildings. And there was a report describing a good
agreement between the observed response and the predicted results by a
two-dimensional finite element code where the SSI effect on the response
of the reactor building was not major.

Under the situation above, in order to make clear the significance
of three-dimensional analyses in SSI problem, the recorded motions at an
experimental model constructed at an open air site are compared with the
predicted response motions obtained by the two-dimensional finite element
codes, FLUSH-VB - a modified version of FLUSH with bi-directional viscous
dampers at bottom boundary, HASSI-2D - the two-dimensional version of
HASSI-4 having an equivalent soil impedance functions of infinite strip
foundation, and the three-dimensional finite element linear and non-
linear analysis codes, HASSI-4 and HASSI-7. A classical dynamic model is
also employed for understanding the characteristics of the response
motions.
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Based on the validation study of the HASSI codes and the correlation
study above, some significant characteristics of three-dimensional
features of SSI phenomena will be shown. By extracting appropriate
results from the numerical results successfully reproducing the observed
response motions and comparing them with the results obtained by the two-
dimensional analysis and classical analysis codes, the importance of
three-dimensional treatment of SSI problem for truly three-dimensional
structures is clarified.

The subject to be described in Chapters 3, e.g. the development of
new attenuation curves and seismic hazard maps, is primarily very
familiar to practicing engineer's community and similar results have been
already given elsewhere; however, those attenuation curves and seismic
hazard maps are almost none which were developed using Japanese strong
motion data carefully corrected, considering the appropriate contribution
of focal depths on the resultant peak ground motions and the application
to buried structures.

The last item discussed in Chapter 4, e.g. the development and
validation of the guasi-static two-dimensional analysis method GRAMBS, is
first proposed by the author and is unique. Similar simplified method
called "Response Displacement Method" is available but this method can
not be deemed as unique because there are some types of methods under the
same name that hire different analytical assumptions and procedures.

The author again validates his method through the comparison of the
computed results with experimental results and observed structural
response records during an earthquake. The fundamental difference
between GRAMBS and other simplified method described above is clearly
described.

Most of the conclusions to be derived for these items described in
this dissertation may be already well known, however, it is the basic
stance of the author to clarify what were already pointed out in most
cases theoretically with the support of facts actually observed. Through
this, the author intends to provide some key, even if it be small,
leading to new insight in the fundamental problems left unclear or
unresolved in the area of seismic design analyses for special but
critical structures.
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CHAPTER 2. TIMPORTANCE OF THREE-DIMENSTONAI. ANALYSIS IN SOIL~STRUCTURE
INTERACTION ANALYSIS

2.1 OBJECTIVES AND SCOPE

Seismic soil-structure interaction (SSI) effects are important for
the seismic analyses and design of critical facilities such as heavy
structures like dams, nuclear reactor buildings and some lifeline
structures.

Recent advance in the area has made available for us some computer
analysis codes by two-dimensional and three-dimensional finite element
method; the two-dimensional finite element code FLUSH, the three-
dimensional finite element codes such as CLASSI by the continuum half
spacebimpedance method, SASSTI, and HASSI by hybrid method.

These computer codes have been used in various analyses of the
critical facilities, however, there are only limited studies on the
validity of these codes including the inherent assumptions and the
effectiveness of the sophistication that have been implemented within
these codes.

The author examines the fundamental components required for SSI
analysis and SSI analysis codes based on the correlation results between
analytical results and actually recorded response motions obtained at an
arch dam and a model structure of nuclear reactor buildings.

First, as for the radiation damping effects in the foundation
impedance problem as one of the fundamental components regarding SSI
problem, the recorded response motions of an arch dam in the event of an
intermediate earthquake are compared with the predicted response motions
obtained by a three-dimensional finite element code having been modified
to consider the foundation scattering problem, soil impedance problem and
reservoir water interaction problem. Through the correlation study, the
importance of radiation damping effect in the foundation impedance
problem is confirmed and a practical approach is proposed.

Secondly, as for the significance of three-dimensional analysis in
SST problem, the recorded motions at an experimental model used for the
validation study of the hybrid analysis code for soil-structure
interaction, HASSI, are compared with the predicted response motions
obtained by the two-dimensional finite element codes, FLUSH-VB - a
modified version of FLUSH with bi-directional viscous dampers at bottom
boundary, HASSI-2D - the two-dimensional version of HASSI-4 having an
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equivalent soil impedance functions of infinite strip foundation, and the
three-dimensional finite element linear and non-linear analysis codes,
HASSI-4 and HASSI-7. Based on the validation study of the HASSI codes
and the correlation study, the importance of three-dimensional treatment
of SSI problem for truly three-dimensional structures is clarified.
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2.2 ANALYTICAL REPRODUCTION OF THREE-DIMENSIONAL BEHAVIOR OF AN ARCH DAM
2.2.1 INTRODUCTION

On September 14th, 1984 at 8:48 a.m., in the western part of Nagano
prefecture, an intermediate earthquake of magnitude 6.8 occurred at the
epicenter 35.82 N, 137.56 E and the depth 2 km. The Naganoken Seibu
earthquake caused devastating landslides and subsequent debris flows
around the epicentral area, resulting in 29 fatalities and 10 injured.

The accelerograph array installed in 1969 at Nagawado dam, 37 km
northeast of the epicenter, recorded the response of the dam and the
foundation rock. When the earthquake occurred the water level of Nagawado
reservoir was at elevation 961 m (24 m below the crest).

The recorded motions in the above earthquake are first shown. Next,
the significant modes of vibration of the dam, obtained through waveform
analyses of the processed data, are analyzed and the fundamental modes of
vibration of the dam are compared with those results having been obtained
by the laboratory test of a small-scale model. Finally, by using the
recorded motions in three-dimensional dynamic analyses of the dam
response, the author confirms the significant feature of far-field soil
effect with combination of some available assumptions in three-
dimensional dynamic finite element model.

2.2.2. PROFILE OF NAGAWADO DAM AND GEOLOGY OF THE SITE

The Azusa River Hydropower Project, which includes three arch dams
of Nagawado, Midono, and Inekoki, facilitates 960 MW electrical output.
The construction of these dams started in 1965 and was completed in 1970.
Table 2.2.1 summarizes the dimensions of these dams and relevant
reservoirs.

Nagawado arch dam is the highest of the three arch dams. The dam
axis lies approximately north-south. As shown in Figure 2.2.1, the dam is
a double-curvature circular arch dam, i.e., curved in both the vertical
(cantilever) -and horizontal (arch) planes. The height of the dam is 155
m and the thicknesses at the crest and the base of the crown cantilever
are 5 and 35 m, respectively. The crest length along the axis is 355.5 m,
subtending a total of 97 deg. The dam is three-centered in each arch
planes, i.e., one for the circular extrados and intrados curves of the
central uniform section, and the other two for fillets at the two ends of
the intrados curves. It has a vertical "open-joint" 35 m long from the
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crest to the foundation rock in the north fillet section.

Figure 2.2.2 shows a representative geologic section of the foundat-
ion rock. The foundation rock consists primarily of sound granites with
a small amount of lamprophyre covered by fractured hornfels, predominant-
ly at the right bank near the crest level.

The in situ rock deformability tests and the elastic wave speed
measurements were carried out in the test adits dug along the dam
abutments. Allowing a considerable fluctuation, the elastic modulus of
the foundation rock tends to increase from the upper to the lower level
of the gorge; the static and the dynamic modulus increase from 30x103 to
120103 and from 180x103 to 500X1_O3 kg/cm2 , respectively (TEPCO, 1966).

In the geologic investigation stage, some fracture zones were found
in the periphery of the dam abutments, most of which had east-west
strikes and nearly vertical dips. They were treated with plugs or dental
works using ordinary concrete before placing the dam concrete. Their
locations are shown in Figure 2.2.2.

2.2.3 SEISMIC MOTION INSTRUMENTATION
2.2.3.7 Location of accelerographs

Figure 2.2.3 shows the locations of accelerographs. Six accelero-

graphs in the dam structure measure the radial motions of the crest arch
(D2, Dy) and its abutment (D), and the mid-height arch (D3, D5) and its
wing (Dg) where an "open-joint" directs the thrust force to the foundat-
ion rock of the level. Nine similar accelerographs were installed at
four locations in the foundation galleries for recording the foundation
rock motion; these are one set(Gq) of three orthogonal components and
three sets (Gy, Gz, Gy) of two horizontally orthogonal components. One
.component of each set is parallel to the upstream-downstream (E-W)
direction. Another four sets (S1 and Sy, S3 and Sy, Sg and S, Sg and
Sg) of accelerographs, each with horizontally orthogonal components, are
installed across the treated portion of four fracture zones in the
foundation rock.

All the accelerographs mentioned above are of the electromagnetic
type. For cross-checking these accelerographs, the electromagnetic
accelerographs at the crown and the left abutment of the crest arch were
partnered with SMAC-B triaxial accelerographs next to them.
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2.2.3.2 Overall response characteristics of accelerographs

The recording system has an Automatic Gain Control (AGC) system,
which suppresses the amplitudes of input signals from accelerographs by
one-half when a signal level of any given accelerograph exceeds the
nominal level equivalent to 100 gal. This control function lasts for
several seconds, and then the system restores its initial recording
condition.

As the actual data on how the AGC system worked during the
earthquake were not available, we performed an in situ test to examine
the actual response of the AGC to accurately recover the suppressed
portions of the records after the earthquake. The test verified the
response characteristics of full signal line from accelerograph to dry
photo paper recorder by shaking some representative accelerographs on a
portable shaker. This test was limited to two radial components at the
crest arch and one component in the inspection gallery. We also tested
all accelerographs by driving, at 1 Hz, the built-in calibration coil of
each accelerograph using a test oscillator.

Figure 2.2.4 shows that the amplitude-frequency curves of the
acceleration recording system are flat over the frequency range of
significant dam response (1 Hz-10 Hz) and that the amplitudes at 1 Hz
obtained by built-in calibration coils are in good agreement with those
from the portable shaker tests. The linearity of the output signal on the
recorder for varied accelerations is well maintained over the range from
50 to 280 gal as clearly shown in Figure 2.2.5. The actual acceleration
that activates AGC system was found to be 80 gal, 20 gal less than the
nominal value originally specified. The duration of signal suppression by
AGC was 4.7 seconds, precisely common for all signal lines.

2.2.4 OUTLINE OF THE RECORDED MOTIONS
2.2.4.1 Processing and correction of records

The earthquake motions were carefully traced and digitized from the
paper records by using a time increment of 0.01 second during 12 seconds
of record, where the earthquake signals maintained a level sufficiently
larger than that of the noise. The digitized data were then corrected for
slight fluctuations of the paper speed among the recorders by using the
simultaneously recorded standard time codes. Further, the wave heights
during the time of activation of the AGC were adjusted to give correct
amplitudes in accordance with the test results described above.

10
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These digitized records were then filtered by a band-pass filter
with the low and high cut-off frequencies of 1.0 and 30 Hz for the sub-
sequent analyses. These filtered acceleration records were numerically
integrated twice to obtain the absolute displacements in the limited
frequency band.

2.2.4.2 Characteristics of the recorded motions

The maximum values of the corrected digital acceleration records of
the dam and the foundation rock are listed in Table 2.2.2. The
acceleration time histories, except those recorded at the treated
fracture zones, are shown in Figures 2.2.6 and 2.2.7, with the computed
displacement time histories of the points on the crest arch. From the
table and the figures of these records, the following features can be
pointed out:

1. The three seconds between 2.8 and 5.8 contains the major part of the
acceleration records; the initial one second duration of each record
is the most intense portion.

2. The recorded maxima of the acceleration time histories of the points
in the foundation rock, including those of abutments, lie within the
range of 18 to 35 gal. Those of the right bank are larger than those
of the left bank.

3. Acceleration amplitudes obtained at the deeper point in the foundation
rock (Gy) are smaller than at points near the surface (G1, Gy). This
seems consistent with the trend in elastic constants shown by in situ
tests of the foundation rock.

4. The maximum accelerations of the points of the crest arch are 193 and
242 gal for the crown (Dy) and 1/4 point (D2), respectively. This
suggests that the antisymmetric mode of vibration is dominant on the
response of the crest arch.

5. Assuming that the records obtained at the points G; and G, are the
input ground motions for the dam, the ratios of the maximum accelerat-
ions of these points to the input motion accelerations lie in the
range 7 to 9.

11
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2.2.5 ANALYSES OF THE RECORDED MOTIONS
2.2.5.1 Fourier analysis

We calculated Fourier spectra for three groups of records, one for
the crown(D,; No. 597) and the 1/4 point (Dy; No. 595) of the dam, and
the other two for the north-south components (No. 1116 in left bank and
No. 1118 in right bank) of the points (G1 and GZ) and for the east-west
components (No. 1115 in left bank and No. 1117 in right bank) in the
foundation rock at the crest level. They are plotted in Figure 2.2.8, in
which some peaks are denoted by the letters "a'" to "j" for convenience of
subsequent analyses.

In the frequency bands denoted by a and ¢, the amplitudes of the
dam and the foundation responses are almost of the same order. This
could be attributed to the fundamental modes of vibration of the
foundation rock. The difference in the foundation motion spectra across
the gorge (N-S components) could have affected possibly the response of
the dam.

At the crown point of the crest arch (Dy; No. 597), those components
of 3.6 Hz (f), 4.1 Hz (g) and 4.7 Hz (h) have large Fourier amplitudes.
On the other hand, at the 1/4 point (D2; No. 595) of the crest arch, the
Fourier amplitudes show large peaks at 5.5 Hz (j) and 3.3 Hz (e).

2.2.5.2 Characteristics of the dam and foundation responses

To examine the overall response of the dam and the foundation rock
and the relationship between them, we filtered the computed displacement
time histories with band-pass filters. The frequency bands of these
filters were selected to take into account those peaks on the Fourier
spectra previously noted. Then we drew the temporal and spatial diagrams
of displacements of the dam and the foundation for each frequency band at
selected time intervals during a half cycle of the most significant
portion in the filtered time history. Figures 2.2.9 to 2.2.15 are
examples of those diagrams which showed significant response modes of the
dam and the foundation rock.

From the comparison of the Fourier amplitudes and the time dependent
spatial variations for each selected band, we conclude that the freguency
bands a and c are those of the foundation response modes and the bands
e,f,g, and j show the response modes of the dam, as described below.

12
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1. _a (1.0-1.3 Hz): The dam and the foundation rock were found displaced
in the same manner, as shown in Figure 2.2.9.

2. ¢ (2.0-2.35 Hz): The foundation motions in EW direction were small.
In contrast, the foundation motions in NS direction were in phase but
their magnitudes were unequal at the banks(Figure 2.2.10).

3. e (3.1-3.4 Hz): The dam showed large deformations relative to those
of the foundation rock at 3.36 s, in an antisymmetric manner, as shown
in Figure 2.2.11. This mode may correspond to the first antisymmetric
mode of the dam.

4. f (3.45-3.75 Hz): The dam showed significant deformations in this
band at 3.48 s which could be attributed to the first symmetric arch
mode, as shown in Figure 2.2.12.

5. g (4.0-4.4 Hz): The crest arch alone showed a large relative
deformation. However, the mid-height arch did not show significant
displacement. In this mode, the second cantilever mode of vibration
seems to be represented(figure 2.2.13).

6. h (4.55-4.85 Hz): The crest arch showed a large deformation, and the
phases of motion at the crown and the 1/4 point were reversed during
a half cycle. This mode may correspond to the second symmetric mode
(Figure 2.2.14).

7. _J (5.35-5.65 Hz): The deformation of the crest arch was significant
but that of the mid-height arch was negligibly small. The dam may
show antisymmetric arch and cantilever type of the second mode (Figure
2.2.15).

A small scale model was tested during the design stage of the dam,
and the measured frequencies of the first antisymmetric arch mode, the
first symmetric arch mode, and the second symmetric arch mode were 3.08,
3.50, and 4.67 Hz, respectively, as is shown in Table 2.2.3 (Takahashi et
al, 1964). These correspond respectively to the peak frequencies of the
antisymmetric first mode in band e ( 3.1-3.4 Hz), the symmetric first
mode in band f (3.45-3.75 Hz), and the symmetric second mode in
band h (4.55-4.85 Hz).

As for the observed records across the treated fracture =zones, we
take, as representative, a complete set of orthogonal records obtained at
both sides of the treated fracture zone along D fault (S8g and Sg). We
slightly rotated the corrected records into the normal and parallel

13
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directions to the strike of the fracture zone. Each pair of records is
compared in Figure 2.2.716. The major portions of the computed
displacements are shown similarly in Figure 2.2.17. Significant
differential motions did not occur during this earthquake, as evident
from these figures. A similar result has been reported for another
earthquake(Fujii, 1973).

2.2.6 NUMERICAL MODELING OF THE DAM AND FOUNDATION

The deformability of the foundation rock supporting the dam can have
significant effect on the dynamic response of the structure during an
earthquake. We idealized the dam and the foundation rock with a finite
element model for the dam surrounded by boundary springs and viscose
dampers as shown in Figure 2.2.18. The input ground motions of the dam
are defined in a multiple and spatially varied input scheme.

2.2.6.1 Formulation of equation of motion

The equations of motion of the combined dam-foundation system with
the reservoir water on the upstream face in Figure 2.2.718 can be written
as

4 h 3 ( N / N 7 3

M MSb O : US CS CSb CSé U : K Ksb O U

T < T j ! T ;

0 o Mél/\"J \csqucbéTcé“q's 00 g8
fO h

g L (1)
@ Cvé.ﬂjbé)

where Ugr Uy are the total displacement vectors of the dam and the dam-
foundation interface. M, C, and K denote the mass, damping, and
stiffness, respectively. The suffix s denotes the degree-of-freedom(DOF)
of the dam excluding that of the dam-foundation interface. The suffix b
refers to the DOF of the interface. The right-hand side(RHS) term, fb,
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is the interaction force acting at the dam-foundation interface.

The reservoir water was taken into consideration as was shown in the
third of Eq.(1), where @, M¢, Ké, and C¢ denote, respectively, velocity
potential, mass, stiffness, and damping of free water. Cbé and Csé
denotes damping related to the bottom and side boundary of the reservoir
and to the boundary of the upstream face of the dam.

The RHS term, [Cvé]. 6b¢ ;, is the force acting at the boundary of
the water.

S d

Let | Ug ud ug
- + (2)

S d

Up Ug Up

where thé vector Ugs and Ug are, respectively, quasi-static

displacements and the dynamic interaction displacements at the boundary.

The prescribed multiple input motions, @l(t), gc(t), and gr(t),
which are measured accelerations along x, vy, and z axes in the founﬁation
rock, are assumed as those of the free-field. They are related to Ugs by
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where ajy,(t)
aj(t) = < aly(t)‘>, a.(t), and a,.(t) are similar. (4)
alz(t)
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and matrix % is defined by the interpolation functions as described
later; thus Ugsbecomes known.

Substituting Eg.(2) into Eg.(1) to get
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Taking quasi-static terms into account, we obtain the following
relations from Eg.(1).

S
Kg Kgpl| [U2 0
- (6)
KL % ||uds 0
sb “b b

Because of Eg.(6), the stiffness terms on RHS of Eq.(5) drop out.
The damping terms on the RHS of the first and second of Eg.(5) are small
and can be deleted, but the hydrodynamic damping terms on the RHS of the
third of Eqg.(5) are retained.

Fourier transforming Eg.(5) to the frequency domain and noting o
becomes, with the frequency dependent far-field foundation impedance
matrix, Ig(iw), and the interaction boundary displacements, U%(iw),

£y (iw) = - Ig(iw) U8 (iw) (7

then we obtain
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h U98 (iw) = -K_"'*K_,.*U9S (iw), from the first of Eq. (6
where g (iw) = -Kq sb p (iw), from e first o J.(6).
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Now the RHS of Eg.(8) is completely known, so one can solve for
{uguw), vl (iw), é(iw)}T,
}fu ) n ) o ) ) )
then LUg(lW), Ug(lw), é(lw}.T = _WZ‘{Ug(lW), U%(lw), é(lW{}T,

and finally we can obtain

]

Ug (iw) U3 (iw)| | ud(iw)
nm = 1] + " (9)
U (iw) U2 (iw)| | UE(iw)

The normal modes of the above dynamic displacements can be obtained
from the eigen problem

( N ng) ( N( T )
d d
| Mg Mgy, 0 ; Ug K Ksp 0 Ug 0
T 1) gl « T R iJ al.
1n
0 0 M b 0 0 K b 0
\ é/ \ J \ ¢ 9 J ./
where I%(w) is the real part only of the foundation impedance matrix

I¢(iw) evaluated for a particular frequency.

2.2.6.2 Definition of input ground motions

The horizontal input ground motions in form of acceleration were
varied by bank and depth. On the other hand, the vertical motion was
always defined uniquely and uniformly because we have only one vertical
component observed at Gy of the left bank.

By following the observed records, the contributions of the in-phase
and out-of-phase motions calculated from the horizontal records obtained
at Gy and G, were almost equal as displayed by the Fourier spectra of
Figure 2.2.19. In contrast, the intensity of the group of records at Ggr
S3, and S, relative to that of Gq and G, was smaller as can be seen also
in the figure.

Hence, we defined the horizontal input ground motions at the
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boundary of the dam which are composed of three types of free-field
motions as illustrated in Figure 2.2.20.

(I) in-phase motion uniform at the whole boundary based on the records
at Gy and G,
(IT) out-of-phase motion, defined by the records at Gq and Gy, linearly
varies vertically to zero at the bottom of the dam
(IIT) in-phase motion decreasing from the crest to the bottom of the
dam in parabolic curves and defined independently at both banks by
using the pairs of records Gq to (S3, S4) and G, to (S3, Sy4) -

2.2.6.3 Material properties

The specific weight, shear wave velocity, dynamic Young's modulus,
and Poisson's ratio of the dam concrete and the foundation were chosen
respectively as ( 2.3 t/m3, 2800 m/sec, 4.3+10° t/mz, and 0.17 ) and (
2.6, 2000, 2.9'106, and 0.32 ). The specific weight and dilatational wave
velocity of the water as 1.0 t/m3 and 1500 m/sec, respectively. These
values were finally adopted after comparing the calculated eigen
frequencies of the dam response with the significant frequencies derived
from observed records. As shown in Table 2.2.4, various parameters were
varied to obtain reasonable results within the limit considered as
permissible. A material damping ratio of 2 % was used for both the dam
concrete and foundation rock as the value appropriate in small strain
level, compatible with the recorded response of the dam.

2.2.7 SIMULATION OF THE DAM RESPONSE
2.2.7.1 Application of equations

In applying the preceding formulation of dynamic analysis, the
following assumptions and procedures were introduced to meet practical
requirements in computation;

(1) First, the normal modes, eigen frequencies, and participation factors
were calculated for the dam and foundation system model in which the
foundation is fixed at its boundary. Then, the foundation impedance
Ie(iw) (real spring and imaginary dash-pot) for rocking, normal,
transverse, and longitudinal motions were approximately estimated
from two-dimensional compliance functions derived with the assumption
of an infinite rigid massless strip of finite width lying on an
elastic half space. With the results of the preceding eigen value
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analysis, the frequency independent springs along the boundary of the
dam were determined by averaging the frequency dependent springs over
the significant frequency range of the dam response in order to make
subsequent calculations easier.

Next, the normal modes and eigen frequencies of the dam and
foundation spring system model were calculated and used for
calculating the total modal damping constant for the jth mode of the

dam and dam-foundation interface, h%, by

NN S
hf = bl + b3 (11)

r _ . . T

where h' : material damping constant of the dam and foundation

J
hg : radiation damping constant according to the
radiation effect at the dam-foundation interface
NH : = [¢j]T[M][¢j] relating to j th mode
[M] : mass matrix of the dam
[Cel t = [0+ TE(W)]
[éj] : = eigen modes of the dam and foundation system

The condition of infinity at the most upstream boundary and dis-
continuity at the side boundary of the water reservoir were
implemented by making respective impedance ratio equal to 1 and 5.

When solving Eq.(8), by taking the approximation;
Let } {qu sud, uds +Ug}

and taking the upper two equations of Eq.(10), the separation of
variance as Ug =[¢]'{q}T was performed, where [@P] and {q}T are
respectively the eigen vectors and normalized coordinates of dynamic
displacements of the dam-foundation system, and performing

appropriate operation, we obtain the final form of Eg.(8) as
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! t. T. 2 fooy
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o bl | [cgglTIB1  [Cy) 0 (K41| é(iw)J
| ¢TT Mg Mgy 093 (iW)}
- - [ ' [Mst My ]{i}qg (iw) (12)

(1/2w) * [CggT09E (1w) + Cpg™ U (1) = Cg Upg(iw)]

In solving Eq.(12), first, the eigen modes and frequencies of the
dam-foundation system were calculated up to the 30th mode equivalent
to 15 Hz and the equation was fixed. Then, the relative displacement
response of the dam were solved, using discrete frequency w
convenient for subsequent Fourier inverse transformation to obtain
the time domain response, for the frequency range up to 10Hz. The
absolute displacement and acceleration response were calculated using
the relationship in Eg.(2).

2.2.7.2 Results

The response to the quasi-static input motions at the dam-foundation
interface for each loading type are shown in Figure 2.2.21, which was
used to verify the adequacy of the computer source code.

Figure 2.2.22 shows the calculated results of the dynamic response
of the dam-foundation system by the final model (hereafter denoted by FM)
in the form of acceleration time histories and Fourier spectra, and
comparison with respective observed motions.

For the crest arch, the calculated response at the crown(Dy) and the
abutment(Dq) nicely simulate the observed motions, where the 1st
antisymmetric and symmetric modes are observed around 3.4 Hz. However, at
the left 1/4 point(D;), the calculated response is much smaller than the
observed and this mainly comes from shortness in the calculated response
of frequency components of the 2nd symmetric and antisymmetric modes
around 5 to 6 Hz and unidentified mode of 2.7 Hz in the observed record,
as evident from the comparison of the Fourier spectra.

Regarding the mid-height arch, the fitness between the calculated
and observed is poor and the frequency components both around 2.7 Hz and
5 to 7 Hz in the observed records are not sufficiently reproduced.

The input ground motions in the cross canyon direction (N-S direct-

20



Chapter 2

ion), which have been recorded under the environment of the gorge but
assumed here as those of free-field, might be affected by the shape of
the gorge. Here, we assume that the the shape of the gorge affected these
ground motions, resulting in suppressing these motions by about two
third, and therefore we alter these ground motions by a multiplying
factor of 1.5. Then, ,as is shown in Figure 2.2.23, the results becomes
much improved generally. As for this assumption, some appropriate
analysis is needed for verification.

2.2.8 IMPORTANT ASSUMPTIONS IN SIMULATION ANALYSIS

As described above, we have tried dynamic analysis in order to
simulate the recorded motions of a dam, based on the three-dimensional
hybrid model which presumes spatially varying multiple input free-field
ground motions acting at the dam-foundation interface and allows the
radiation of the wave to the far-field from the interface.

The results are not completely satisfactory if we compare the
results with the author's experience in the simulation of other
structures. However, by utilizing the model and the simulation procedure,
the author will examine the importance of the modeling concept and
assumptions which might generate different results.

2.2.8.1 Spatial variation of input motion

The first question is the spatial variation of input ground motions.
Figure 2.2.24 shows the calculated results when the input motions were
defined as unvaried with space. We take two representative input motions,
namely, (a) the horizontal ground motions at (S3 and S4) and (b) the
horizontal motions averaged from those at (Gq, Gy, and G3). The vertical
motion is always the same that was obtained at G4. The results are shown
for those obtained at D; and D, in forms of time histories and Fourier
spectra.

The case (a), in Figure 2.2.24(a), is not better than the previous
results and also the case (b), in Figure 2.2.24(b), is worth especially
for the response of the crown of the crest arch where the best fitting
has been obtained in the previous model (FM).

From this, we may suggest that the spatially varied input motions
are necessary.
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2.2.8.2 Fixed bouhdary or far-field boundary

This question whether to use the fixed boundary or the far-field
boundary is somewhat controversial, because it also refers to the problem
of basic definition of input ground motion; free-field motion or motion
within a profile. Regardless of the latter problem, we compare the
results obtained by two models; one with limited volume of foundation
rock modeled by finite elements with fixed boundary and the other with
far-field boundary along the dam and foundation interface, e.g. the final
model (FM) used in the previous analysis.

The results are shown for two points of the crest arch in Figure
2.2.25. When the boundary of the foundation rock is fixed, the damping
in the calculation is limited to the material damping of 2 % for the dam
and foundation rock. The resultant response at D, became much larger
than the observed, whereas the model with far-field impedance could
provide much more adequate results with a fairly large modal damping
values including radiation damping, as shown Table 2.2.5. Though the
maximum acceleration at the 1/4 point of the crest arch obtained in the
fixed boundary model seems a little closer to the observed, the phase lag
is significant and the damping at high frequency range is clearly
insufficient. The acceleration level of the observed records can not
correspond to material damping value much larger than 2 %, even though
higher material damping might result in improved results with this model.

From this, we may say that the model with far-field impedance will
provide more rational evaluation of dynamic characteristic as a whole,
with a more reasonable material damping.

2.2.8.3 Reservoir water

As for the interaction of reservoir water on the dynamic response of
arch dams, several assumptions regarding the reservoir water upstream has
recently been proposed(the additional mass method is one of them, for
example) but we considered the contribution of reservoir water
interaction throughout the preceding calculations by idealizing the water
by finite elements as has been already described. Here, we simply
display the contribution of the reservoir water to the final simulation
results and emphasize its significance on the final results.

Figure 2.2.26 compares the results obtained with and without water
on the upstream face of the dam. When the water is neglected, the

22



Chapter 2

response at the crown of the crest arch(D,), where the T1st symmetric mode
dominates, becomes very large. On the other hand, at the 1/4 point of the
crest arch where the 1st and 2nd anti-symmmetric modes are dominant, the
Fourier spectrum peaks at around the 1st symmetric and 2nd symmetric
modes show remarkable shift to higher frequency but at around the 2nd
antisymmetric mode, such shift does not occur.

From this, as easily understandable, it is evident that the water
strongly suppresses the response of the dam in the upstream and
downstream directions. The shift of frequency observed may also depend
on the assumption used for determining material properties of the model,
since our final model properties have been chosen to make the model hold
comparable frequency characteristics of the proto-type under the presence
of the reservoir water.

2.2.8.4 Free-field motion

In the foregoing analyses, we have skipped the examination on how
the free-field input ground motions were selected among the recorded
motions in the foundation rock of the dam. In practice, it seems very
difficult to acguire at any arch dam site the true free-field ground
motions needed for rigorous analysis because of the complicated nature of
the gorge suitable for arch dams. Therefore, even if the importance of
the spatial variation of input motions was examined above, the spatially
varying free-field input ground motions were replaced by the ground
motions recorded in depth and from this they can not be said as true
free-field motions. Further, it is possible to obtain the true free-
field ground motions by performing the deconvolution analysis by a three-
dimensional model of the gorge without dam structure. However, this is
not practical, because the properties of the foundation material of the
entire foundation area are usually not explored to the extent required
for a deconvolution analysis.

In this regard, even if we performed some parametric studies to
estimate the free-field motions along the surface of the abutment by a
two dimensional model that takes the configuration of the gorge into
account, the apparent lack of dynamic properties of the foundation rock
area necessary for such a deconvolution analysis precludes us from
obtaining reasonable results.
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2.2.9 CONCLUSION

The author clarified some reasonably practical modeling methods to
simulate the response recorded for an arch dam. Through the study, the
author found some significant conditions required for performing a
rational three-dimensional dynamic analysis of arch dams.

The reservoir water was found to suppress the upstream-downstream
response of the dam; however, there is no effect on the antisymmetric
modes of vibration.

When the dam was modeled with limited volume of foundation rock with
fixed boundary, the dam response became unreasonablly large unless
unreasonably large values of material damping for the dam and the
foundation rock are used.

The analytical model capable of reflecting the far-field boundary
effect along the dam abutment will give more reasonable response of the
dam.

To get a good fit to the recorded motions of the dam, it was
required to take the spatial variation of input ground motions into
account. This fact suggests the need for observing reliable spatially
varied input ground motions preferably in the form of free-field motions.
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Table 2.2.1. . Dimension of Dams and Reservoirs

Item Nagawado Midono Inekoki
Catchment area (km?) 380.5  431.0  470.4
Dam
Type arch arch arch
Height (m) 155 95.5 60
Crest length (m) 355.5 343.3 192.8
Concrete volume  (10°m3) 660 304 65.4
Resexrvoir
Surface area (10%m?2) 274 57 51
Total capacity  (10°m3) 123 15.1 10.7
Effective capacity(106m3) 94 4 6.1
Available depth (m) 55 8 14
High water level (m) 982 853.5 787
- B . | _s. B8%
A | SR

~
Y
~
iy
3
870
9

Axis of Dam

353514

HW.L. 982,000

(b) FElevation () Sect%on
(developed upstream surface) (crowp cantilever)

Figure 2.2.1 Design layout of Nagawado Dam
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Figure 2.2.5 Linearity test result of overall recording system
before and after AGC is activated (No. 595).
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Table 2.2.2 List of maxima of corrected accelerograms and of
computed velocity and displacement

Instrument Filtered Maxima (band pass 1,0-30.0 Hz)
Observation
Point No. | Direction Acceleration Velocity Displacement
(Obs. ):gal (comp. ):kine (comp.):mm
Dam D1 594 R) 34.5(2.95) 1.59(2.87) 0.89(4.26)
D2 595 (R) 242.3(3.14) 8.68(3.18) 3.59(3.23)
D3 596 (R) 48.2(3.25) 2.04(3.14) 1.34(3.06)
D, 597 (r) 192.7(3.02) 6.08(2.98) 3.45(3.03)
D5 598 R) 72.3(3.07) 3.25(3.11) 1.75(3.05)
D6 599 R) 35.8(3.17) 1.48(2.72) 1.25(3.17)
Ground Gy 1114 (u-p) 12.7(2.89) 0.70(2.80) 0.59(2.90)
(left) 1115 (N-S) 26.4(2.93) 1.32(3.00) 0.97(2.92)
1116 (E-W) 20.5(2.80) 1.23(2.73) 1.14(3.35)
Gy 1117 (N-8) 30.7(2.85) 1.85(2.92) 1.30(2.83)
(right) 1118 (E-W) 26.4(3,81) 1.61(3,13) 1.48(4.30)
Ga 942:2; (s52°35'W) [ 36.7(3.39). 1.46(3.08) 1.02(2.88)
(right) 943 (N35°49'W) - - -
Gy 1119 (N-S) 18.3(3.33) 0.79(3.27) 0.71(3.07)
(right) 1120 (E-wW) 21,0(3.08) 1.04(3,04) 0.84(2.95)
Fractured Zone S3 940 (N-8) 16.9(3.17) 0.78(2.87) 0.66(2.80)
at Dam Base Sy 941 (E-W) 28.5(3.00) 0.96(3.04) 0.72(4.23)
3-Fractured 8) 938 (§-8) 20.8(2.84) 0.92(2.90) 0.72(2.83)
Zone (Bank Side) 939 (E-W) 28.3(3.02)" 1.07(3.05) 0.75(4.24)
S5 93653 | (s8°2'W) | 20.1(2.85)  0.82(2.90)  0.76(2.83)
(River Side) | 937 (N79°42'W) _ - -
D-Fractured ’ Sg 950 (N-8) 22.6(3.36) 0.84(3.16) 0.72(3.11)
Zone (Bank Side) 951 (E-W) 20.1(3.02) 0.93(3.05) 0.77(3.79)
Sg 948 (N-8) 21.8(3.26) 0.86(3,16) 0.72(3.11)
(River Side) 949 (E-W) 24.4(3.02) 1.11(3.05) 0.82(3.81)
r-Fractured S7 946 (N-S) 26.7(3.39) 1.28(2.91) 0.98(2.82)
Zone (Bank Side) 947 (E-W) 16.1(3.76) 1.19(3.09) 1.05(3.81)
S6 9uiy2) | (s26°24'W) -
(River Side) | 945 (N63°45'W) -
*1) Not recorded.
%2) Fraction of record not available.
*3) Not transformed into NS-EW component due to imperfection
of record of orthogonal pairs.
Note: Numerals in parantheses are reference onset time (sec) of maxima.

30

~




\10.59?(R) ICREST] ARCHllN ]/14 LEFIT ABUT‘MENT I(D2) |MAX=2|42'3G|AL

50.0
25.0

-25.0

ACCELERATION.GAL
o
=}

-50.0 -

80.0

0.0

~40.0

< 250.0

<

Z 125.01

o0 hwwenth AdA Aty i

5 . AN \VVV vvaUVV

o -125.0

(%]

2 -250.0 ] J | L ! ] | | I

2 2000\10.597 (R) CREST ARCH CENTER (D4) MAX=192.7GAL

= T T T T 7 T T T T

Z 100.0f : !\ -
E 0.0 A/\A!\AA;\.AI\’\nA nA AAAAA\HMAN AL A A A M A AAABAA s A i

Sf' . \JVVVUVV W'VU \ruvv VVVWU AV AL A Vv‘vvvv VVV"VV"-/VVV \/\N A
o -100.0 -
(5]

€ -200.0 I ! | ! | | ] I . !

'—. _MMAn‘n.Ah “M\AAMMMMN\AA Am.mA TN OV O U0 - DV VPN
Vi vyl

\10.59? (R) lMID—-HIEIGHTIARCH IIN I/I4 LEF\l' ABUTIMENT I(DIS) lMAX=4‘8.2GA_

WU'VVVVYWW VYV‘W\VVVVWW'V Aoy LA A A o A e e
{

O-SQ? (R) 'MID—HIEIGHTIARCH ICENTEB (DS)I MAXI=72.3:3AL

AAAMAI’\/\AA/\AA M /M!\ M AN Ana s s en faraiad s Agim s ab AR momro Al b oo
s vvvw'vaUUvuwmwvw emnor

-

ACCELERATION, GAL

-80.0
40.0
20.0

0.0

-20.0

ACCELERATION.GAL

-40.0
40.0
20.0

0.0

-20.0

] | | f 1 1 I | | | |

\IO.SQ?(R) ICRESTI ARCHIIN LEIFT AB[UTMENWI' (DI)l MAX]=34.S(I§AL

\JO.SQSI)(R) I[]F’EN—IJOINT]AT RIIGHT FIILLET§ (D(S)I MAXI=35.8(I}AL

xA {\I\A A0 pm A Ao L AP A A ANAA A A
V\.\!vwvw Vvvvu-vvvvvvvv A\

ACCELERATION, GAL

~40.0

NO. 595(R) CREST ARCH IN 1/4 LEFT ABUTMENT (D2) |MAX=3|'59MMn

/\r\/\ ANA(\AAM Mv A¥N .\ AAV/\'AI\VAV
VVVWU\]JVV\/VVWV‘ AN ASAY

DISPLACEMENT . MM
’ o
(=)

~4.0 =

DISPLACEMENT. MM
o
=]

\16.597 R CREST ARCH CENTER (D4) MA>|< 3.4SIMM

_/\/\/\/\/\/\A/\f\[\(\ AV WA N /\n/\,»\,\,\—

i

-2.0T —

-4.0 I} 1 ) I I | 1 I |

"Y0.0 1.0 2.0 3.0 4.0 5.0 6 0 7.0 8.0 9.0 10.0 11.0 12.0
TIME,SEC

Figure 2 2 6 Corrected accelerograms of the dam and computed

displacement time histories of 1/4 point and the crown
of the crest arch (radial inward direction as positive)

31



2 30-0\10'”||5(N_Sx) LE!:T BAT}IK AT ICRESTI LEVEIT Gy : MAX=[26.4G/1\L

(4]

Z 5.0 A n i
2 0.0 oot S L hnnrh Af\ﬁuml\m /‘I\M ot AN bl At A AR DA A
T T A
o -15.0 -
(37

£ -30.0 ! | [ ! | ! I ! i ! L

) ‘70.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11

g NO.1116(E-W) LEFT BANK AT CREST LEVEL (G1) MAX=20.5GAL

x J0.0 T T T T T 7 T T T

S

2

w

=)

&

2

NO.

1114(U-Q)

ACCELERATION.GAL

LEFT BANK AT CRESTILEVEIT(GI) :

MAX=(1 2. 7G/I\L

2 40.0 O-III|7(N-SI) RIGHT BANK AT CREST LEVI?L(G2)I MAX1=3O.7(I§AL
(4]
é 20.0 |- A J\ ~
E 0.0 M/\f\f\ poaon A D A h A Ao A A A A AP AMAL AP
& ' VVWVVUVVV\IMVWVWWV“ vy CAALACAR A A AR A
@ -20.0 -
(&)
£ .50.0 ! | | 1 | ! I 1 ]
0.0 1.0 2.0 3-0 4.0 5.0 6.0 7.0 8.0 8.0 10.0 1. 12.0
2 40.gNO- 1] 18(E—W) RIGHT BANK AT CREST LEVEIL(G2)I MAXI=26.4(1§AL
(4]
Z 20.01 “A i
E 0.0 '“v’\vl\ wAv"v A.vvf\ M\ YARLLY ” [\'\.v... N oM A_VI\ A A M’\W»/\wwmwﬂ I\U/\Vlk NN
g v o Vvv WA 7
@ -20.0} -
(]
2 _40.0 I ) L I ! L ) i I L ;
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 1 12.0
o NO.1119 (N-S) RIGHT BANK AT BASE LEVEL (G4) MAX=18.3GAL
X 25.0 T T T T ; T 7 T T T
Z 12.5
< 0.0
w
@ -12.5
©
2 -s5.0 1 ! i I I I ! i I ] !
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11 12.0

: MAX=|21 .OGII\L

RI]GHT B/I\NK ATl BASEI LEVEIT (G4)

n

ACCELERATION. GAL
1
o o

[}
N
wi

TIME. SEC

Figure 2.2.7 Corrected accelerograms of the foundation (North and

East direction as positive)

32



BAND=0.210

DAM (RADIAL)

FREQUENCY (l1Z)

] ! | !

° o o o =

c < ° o <

o - - - ~
(2H/IV0) ALISNZG TV¥L103dS FAALITTINY

(radial)

BAND=0. 30

FOUNDATION (E-W)

15,

12,0

(TH/TYD)

ALISNZQ TYYL23dS IANLITEHY

FPREQUENCY (HZ)

(E-¥)

Foundation

(b

BAND=6. }0

o
—_~ e
- T T T T G
iy -
““ o fl -t
. e °
O6}- N .
=z -

- A/ -
22 P
e LS L]
o™ S o
ATx] 2~ Tlw
- AY

- /
i < T
o Y e
2 e [ S
] - -
o ol

L )

A 4
bt - -
acacl \ e
zz
<<} JH ! J
oo

©
SR
] ﬂ L.
we
seL =1 > ]
3 —
ol z .
" . -
s ———— <
\ —ee o
- — -
- ”l'd
@ T 4
* o = e
Zr —— -
—
=L
3 4
el I < °
- =
a
=1
>
© e
- I 1 1 1 .
o o o kS Y i
" - - - - °©

(ZH/TYD)Y ALISN3IQ- TVELID24S 2AALITLHY

FREQUENCY (HZ)

(N-S)

Foundation

(c)

Figure 2.2.8Fourier spectra of corrected accelerograms

33



T=3.39SEC T=3.50SEC

- W

E’ T=3.61SEC T=3.72SEC

6.0 0.6Qmm
e

,Fig'ure 2.2.9 Spatial and Temporal displacemenﬁ diagram
of Band - a (1.0 - 1.3 Hz)

'Wﬁ—]

T=3.52SEC T=3.58SEC

-t -— Ky
- A -
T=3.63SEC T=3.69SEC
7
N-s 0.0 0.30mm

Figure 2.2.10 Spatial and Temporal displacement diagram
of Band - ¢ (2.0 - 2,35 Hz)

34



-1 - * *
> -
1=3.28SEC T=3.32SEC !
' s » —~
- -
T=3.36SEC T=3.40SEC
> ! 0.0 0.40am
A —
N-8

Figure 2.2.11 Spatial and Temporal displacement diagram

7=3.48SEC T=3.51SEC

r -— - / -
[ -
1=3.5%5SEC T=3.58SEC
Er 0.0 0.40emn
N-§

Figure 2.2.12 Spatial and Temporal displacement diagram
of Band - f (3.45 - 3.75 Hz)

35



7

+ L
- \ -
T=2.36SEC T=2.39SEC
- L - ¢ R -
T=2.42SEC ] T=2.45SEC
E ‘ 0.0 0.30mm
Figure 2.2.13 Spatial and Temporal displacement diagram
of Band - g (4.0 - 4.4 Hz)
\/
- V A ' V A
T=3.58SEC T=3.63SEC
. " - ,‘
T=3.61SEC T=3.66SEC
j . 0.0 0.15nm

Figure 2.2.14 Spatial and Temporal displacement diagram

36



Nt

T=3.49SEC

=

+

’

3@2: '
".

. 46SEC

r

T=3.51SEC

0.0 0.150m

F:Lgure 2.2.15 Spatial and Temporal displacement diagram

of Band - j (5.35 - 5.65 Hz)

Table 2.2.3 Comparison of significant modes of vibration bevtwe,en

observation and laboratory test.

Observation Laboratory
Test
Mode Frequency | Peak (Hz)
Band | Band (Hz) | Frequency (Hz)
a 1.0 -1.3 1.2
c 2.0 -2.35 2.2
Antisymmetric 1st e 3.1 -3.4 3.3 3.08
Symmetric 1st f 3.45-3.75 3.6 3.50
g 4.0 -4.4 5.1
Symmetric 2nd h 4,55-4.85 4.7 4. 67
Antisymmetric 2nd 3 5.35~5.65 5.5
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Figure 2.2.22(a) Comparison between the observed and simulated
motions by final model(FM); Solid and dotted lines denote
the observed and simulated, respectively.
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Figure 2.2.24(b) Comparison of the simulated results obtained by
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'Table 2_2,5i Damping values obtained by the final model (FM) in percent

Mode | Freq.(Hz) | Material Radiation Total

- - damping damping damping

| 1 3.65 2.00 2.73 4.73
| ) 3.78 2.00 4.67 6.67
3 5.75 2.00 6.13 8.13

4 6.37 2.00 6.24 8.24

5 6.80 2.00 8.96 | 10.96

6 7.07 2.00 10.54 12.54

7 7.56 2.00 27.38 29.38

8 8.48 2.00 6.31 8.31

9 8.90 2.00 24.35 26.35

10 9.95 2.00 27.49 29.49

11 9.96 2.00 15.36 17.36

12 10.36 2.00 - 8.99 10.99

13 10.70 2.00 13.01 15.01

14 11.88 2.00 16.47 18.47

15 12.52 2.00 5.75 7.75

16 12.65 2.00 35.38 _ 37.38

17 13.69 2.00 21.51 23.51

18 13.83 2.00 21.22 923.22

| 19 14.33 2.00 25.52 27.52
1 20 14.81 2.00 27.03 29.03
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!. Figure 2.2.25 Comparison of the simulated results obtained by

i the fixed boundary model with the final result; For time
histories, line type is same as Figure 2.2.22. For
spectra, solid, dotted, and chained lines are for those
of the observed, the final results , and the results by
the fixed boundary model.
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2.3 ANALYTICAL REPRODUCTION OF THREE-DIMENSINAIL, BEHAVIOR OF A NUCLEAR
REACTOR BUILDING MODEL

2.3.7. INTRODUCTION

In the seismic safety evaluation and design of nuclear power
facilities, a variety of sophisticated dynamic analysis codes have been
applied; however, most of these treat the basically three-dimensional
soil-structure interaction problem in two-dimensions, mainly because of
practical limitation of computer core size and computer economy.
However, the conversion of a three dimensional problem into two dimension
has usually caused serious modulation of the dynamic characteristics of
a structural system. Especially for such a vibration system that has to
consider seriously the effect of soil compliance on the fundamental
vibration characteristics of the system, this two-dimension
simplification should be avoided unless the results can be guaranteed by
some supplemental measures.

To make clear the needs for true three-dimensional dynamic analyses,
the author first tested a series of newly developed three dimensional
dynamic analysis codes based on a hybrid finite element method through
comparative analyses with using recorded motions obtained in forced
vibration tests and real earthquake response observations of a small
scale concrete structural model constructed at an open air site for the
study.

Next, the author will explain how the three-dimensional response
will be distorted by some typical two-dimensional analysis codes and
confirm the need for true three-dimensional analysis. Finally the author
discuss some valuable insight on three-dimensional soil-structure inter-
action features.

2.3.2 VALIDATION STUDY OF HASSI-4 AND HASSI-7

For the purpose of testing the validity of the developed HASST
codes, the correlation studies as described in the followings has been
performed. A series of small scale concrete structural models were
constructed at a stiff soil site and the dynamic soil properties were
explored by in-situ and laboratory tests. Then the response of the
structures were measured under sinusoidal vibration forces and to real
earthquakes. Finally, these measured response records were compared with
the results obtained in simulation analyses of these experimental data
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and earthquake response records.

2.3.2.1 Outline of HASSI-4

The hybrid modeling approach to seismic soil-structure interaction
analysis is basically a substructure method. However, instead of
partitioning the total soil-structure system along the interface of the
soil and the structure, it partitions the system (Figure 2.3.1(a)) into
the near-field and the far-field soil region, by using a hemispherical
interface which cuts through the soil region under the structure(Gupta
and Penzien, 1981).

One substructure (the near-field) consists of the structure to be
analyzed under prescribed loading conditions and a finite portion of soil
encompassing its base as shown in Figure 2.3.71(b). The second sub-
structure (the far-field) is a semi-infinite half-space which shares a
common interface with the near-field as in Figure 2.3.7(c). This inter-
face is hemispherical in form so that it provides a smooth surface along
which mathematical boundary conditions to permit radiation of energy away
from the foundation of the structure into the half-space can easily be
satisfied. This modeling uses a far-field impedance matrix which relates
far-field forces at the interface nodes to the corresponding nodal dis-
placements by the system identification technique(Gupta and Penzien,
19281).

Chronology of HASSI-series computer codes

The HASSI series computer codes evolved from Version-1 to Version-8,
the chronological development of which are as follow:

HASSI-1: Linear response analysis of the soil-structure system subjected
to the prescribed uniform triaxial free-field surface accelerat-
ion input motions at the hemispherical boundary of near-field
soil region. Fregquency response analysis of the system subject-
ed to simultaneous forced vibration forces prescribed at
multiple locations (Niwa, Katayama, and Penzien 1983).

HASSI-2: Input free-field acceleration motions were expanded to various
type of waves; vertically incident shear waves, inclined shear
waves, and surface waves(Penzien, 1983).

HASSI-3 & HASSI-4: The control point of the prescribed triaxial free-
field surface acceleration input motions was changed to be
defined uniformly at the structure and soil interface (Katayama,
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1987).

HASSI-5: The function to treat the structures having deep embedment was
added to the previous version by providing a cylindrical near-
field boundary in place of the hemispherical boundary.

HASSI-6: Except for the additional capability included in HASSI-5, the
previous version, HASSI-4 was refined and at the same time has
the added capability to generate the total stress response of
the near-field soil by both free-field response of soil and
soil-structure interaction.

HASSI-7: To take account of non-linear response of the soil surrounding
the structure foundation, an equivalent linear algorithm was
applied to a limited region within the near-filed soil inside
the hemi-spherical near-field soil region(Katayama et al,1989).
A non-linear and linear soil interface was defined as an
additional substructure.

HASSI-8: The previous uniform triaxial free-field surface acceleration
input motions at the structure-soil interface were changed to be
defined at the non-linear and linear boundary within the the
hemi-spherical near-field soil region. Spatial variation of the
input motions was taken into account by condensation of the
basic equations of motion at the boundary.

Linear hybrid modeling and HASSI-4

The HASSI series have reached a practical application level at the
stage of HASSI-4 (Katayama, 1988), in which modelling of the near-field
makes use of the following types of linear finite elements:

(1) three-dimensional beam element,
(2) three-dimensional spring element, and
(3) three-to-nine-node axisymmetric solid element.

The stiffness and damping properties of each element are modeled
using the complex modulus method; thus element damping is represented
in hysteretic form. This modeling concept has been incorporated into
HASSI-4 and permits the following calculations assuming linear and
homogeneous soil property, (1) response analysis of the soil-structure
system subjected to the prescribed triaxial free-field surface accelerat-
ion input motions at the structure and soil interface, and (2) time
domain response or frequency response analysis of the system subjected to
simultaneous forced vibration forces prescribed at multiple locations.

This HASSI-4 is fundamentally usable for the case where the
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structures are supported on a uniform elastic half-space or embedded in
very shallow depth. To refine this constraint, an extended version,
HASSI-5, has also been developed based on the hybrid technique of
attaching equivalent complex impedances calculated by Green's functions
along the cylindrical interface between the near-field soil and the far-
field region(Tzong and Penzien, 1983). This version can be applied to
the case of a structure supported on or embedded in a horizontally-
layered viscoelastic soil medium overlying rigid bed rock. However, this
version still assumes linear analysis scheme and the validation of this
capability has not been completed.

The HASSI-4 was refined to become HASSI-6 in which the routine to
calculate the stress response of the near-field soil was added and its
solver was refined to realize better computer economy.

HASSI-6 was refined recently to HASSI-7 which allows non-linear
soil condition by equivalent linear technique and significantly improved
computer time over that of HASSI-4 by introducing another substructures
within the near-field soil boundary; limited soil region of non-linear
response and linear soil region. The validity of limiting the soil
region of non-linear response was examined through simulation analyses of
the recorded motions obtained at each model located in Taiwan and Japan
(Katayama et al;1989).

Non-linear hybrid modeling and HASSI-7

Through many correlation studies of field test data under either
forced vibration or earthquake excitation, it has been shown that the
HASSI programs can effectively predict the dynamic response of a soil-
structure system, if realistic soil parameters are adopted (Katayama et
al., 1987(a) and 1987(b); Penzien et al., 1987; Katayama, 1988; Chen et
al., 1988).

In the above general and simplified formulations of the seismic
soil-structure interaction effects, the entire structure-foundation
system is considered to respond in a linear fashion. However, when
strong vibration forces or earthquake ground motions are assumed, non-
linear behavior will be experienced in the near-field soil region, due to
the large strains produced close to the base of the structure.

Since the dissipation of the reflected waves at the soil-structure

interface seems very fast (Katayama and et al, 1987(a), Katayama, 1988),
the response of the soil close to the base of the structure may greatly
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affect the response of the structure, proper modeling of nonlinear soil
characteristic is essential. The nonlinear behavior of the near-field
soil has been taken into consideration in HASSI-7 by such standard
equivalent linearization procedures as already used in programs SHAKE and
FLUSH.

The procedures used in treating such nonlinearity by the hybrid
modeling method including efficient substructuring and condensation
procedures are described below.

Controlling strain of soil In applying the standard equivalent
linearization technique, the selection of the shear strain to control the
strain dependent stiffness and damping properties of the near-field soil
becomes important. This controlling (effective) strain of a soil element
as experienced during three-dimensional seismic response was represented
by its octahedral shear strain at the mid point of the element.

First, the displacement due to soil-structure interaction, ui, is
calculated and the total displacement of a soil element, ut, is obtained
by adding the displacement, uf, induced by the free-field ground

excitation; i.e.

By using the constitutive law for the given displacement and shear
strain in the free-field soil response analysis, the octahedral shear
strain can be expressed by non zero strain components e,,, and e,
as:

eyz ’

/8. L2 2 2

Foct ‘\/ 3 T lge,y +eyp eyzl

where x, y, and z denotes two orthogonal horizontal axis, and vertical
axis, respectively.

This octahedral strain is calculated so that the soil properties can
be modulated to give the strain dependent shear moduli and damping ratios
compatible with the fraction of this strain in the free-field soil
response analysis and the subsequent soil-structure interaction analysis.

Substructuring of hybrid system In hybrid modeling, the hemispherical
interface is chosen to pass through the soil region at a distance of
approximately three to four times the radius of the structure. It is
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assumed that the ground motions outside the hemispherical interface will
be essentially the same as the free-field motions produced by the
earthquake and only the motions at the region very close to the structure
will be influenced by the effects of soil-structure interaction.

Therefore, the near-field soil region separated from the far-field
soil by a hemispherical interface is again subdivided into two subregions
I and N as shown in Figure 2.3.2 From what has been described, this
region I with artificial interface having Ug nodal degrees of freedom is
introduced as the region considered to be seriously affected by soil-
structure interaction effect. This interface can be of arbitrary shape
and located anywhere between the structure-soil interface and the
hemispherical NF/FF interface; however, appropriate consideration of the
excitation characteristics of the complete soil-structure system is
required. The region S is the structure itself which is assumed to
remain linear throughout its time-history of seismic response.

The last refinement is to provide the HASSI-7 with the capability to
consider the scattering effect or kinematic effect due to the modificat-
ion of the input motions by the excavated profile of the foundation soil
where the foundation structure is located. This capability was already
implemented in the latest HASSI-S8.

2.3.2.2 Site investigation and soil properties

The test field selected for the forced vibration test is located on
the eastern coast of Tokyo bay 50 km to the south-east from Tokyo. The
thick deposits of medium to coarse diluvial sand have formed low rise
hills of the area after the regression of sea water in the early alluvial
age. A 50 M % 60 ™ yard in the bare plain of 2 km o 2 XM yhich was graded
by excavation to the height about 40 m above sea level was selected for
the forced vibration test. The layer of medium clean sand with fine
traces of deposited ore were underlain by well cemented mudstone in the
depth more than 70 m within the yard. The total thickness of the sand
layers was considered sufficient to form an elastic half-space for the
models of forced vibration tests.

The identification of the stratigraphy, velocity measurement to the
depth of 40 m were performed by drilling a pilot bore hole at a corner of
the yard. The complex bedding of the sand formation due to frequent
cycles of sea progression and regression of the gracial age did not
affect practically the dynamic properties of the r wave velocity of the
layer. The natural water table was 14 m deep; at this level a remarkable
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contrast in soil impedance between the upper and lower sand layers was
found.

Velocity measurement of both P and S waves of the underlying soil
layer were performed in-situ by the Suspended Probe Method. The
undisturbed sand samples were collected by rotary boring of 300 mm
diameter from a bore hole drilled 3 m apart from and parallel to the
pilot bore hole. These un-disturbed samples were used for physical
property measurements and cyclic torsional tests using hollow cylinders.
In the cyclic torsional test, confining pressures were varied assuming
the difference of in-situ overburden pressure. The resonant column test
was also performed for covering the wide fluctuation of shear modulus
measurements at very small strain level. The stratigraphic
classification, S and P wave velocity profiles, equivalent S-wave
velocity by laboratory test and distribution of natural unit weight used
for subsequent analyses are summarized in Figure 2.3.3. Figures 2.3.4(a)
and (b) show the shear modulus and damping ratio versus shear strain
relationships of the first and second layer from the ground surface,
respectively. The shear wave velocity of 300 m/sec for very small shear
strain level was assumed for the first layer.

2.3.2.3 Simulation of forced vibration tests
Models

As shown in Table 2.3.1 and Figure 2.3.5, five models were
constructed at the yard. Each A and B series differs in height, but has
a common radius of 3 m. The different heights for the same type of
models are designed to improve the resolution in decomposing the test
results into translational and rotational soil compliance functions.
Because the present underground water table was found to be deep and the
diluvial unsaturated soil, which was originally submerged under ground
water and retained a very weak cementation that provided the soil with
high shear wave velocity and mechanical strength, were considered to be
subject to deterioration even by a minor disturbance of drying up
(Katayama et al, 1986). Therefore, in constructing these models, some
special cares were paid in excavation and placing of the underground
portion of the models, not to loosen the upper surface of the base soil
and surrounding soil of each model. The details of instrumentation and
tests were described by Niwa et al (1987).
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Tests and results

The forced vibration tests were performed by carefully limiting the
exciting loads in the linear range of response of each model and the
forces at various frequencies were kept within practicably small variat-
ion. The wvelocity response records were converted into displacement
responses per unit exciting load and were plotted, as in Figure 2.3.6 for
the case of model 2C as representative, on the force, amplitude and phase
vs. frequency diagrams.

Simulation of forced vibration tests

The experimental case of model 2C was selected for the correlation
study by HASSI-4, because this model can be further simulated for its
response to earthquake excitations. The forced vibration test of the
model 2C was idealized by the numerical model as shown in Figure 2.3.7
(a), where far-field interface was chosen at four times the radius of the
cylinder. The size of the mesh used can generate the response to the
highest frequency of 20 Hz.

As the near-field soil belongs to the first layer, the soil
properties of the layer were degraded for the analysis by taking strain
dependent nature into account; e.g. by approximately estimating the
working shear strain of the soil near the ground surface just close to
the side wall of the model, the shear moduli of the soil were varied. -

By estimating the shear force acting at the model from the recorded
motion at the resonant frequency of 4.2 Hz, the initial soil modulus was
calculated by a simple iterative procedure on the curve as shown in
Figure 2.3.4(a) as 48 % of the initial value, 7,950 t/mz(Vs=216 m/s), and
the material damping was obtained as 6 % of critical damping from the
same curve. The unit weight of the soil 1.8 t/m3 was used from Figure
2.3.3. The Poisson's ratio of 0.211, determined from in-situ wave
velocity data, was used.

The resultant displacement amplification curves and the experimental
data are simultaneously plotted by solid lines in Figures 2.3.7(b)
and (c), for the observation points, T and B. These figures show a good
agreement between the calculated and the observed values in the range
higher than the peak frequency.

However, in the lower frequency range, the coincidence is poor.
Because the working load capacity is proportional to the exciting
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frequency and changes in the vibration characteristic of the model, the
shear modulus and damping ratio of the soil were varied following the
same procedure described above for the two lower frequency ranges where
the estimated working strain level were very small. The resultant values
are plotted by solid triangles in these figures. Obviously the resonant
curves were shifted down forward to the observed data points.

2.3.2.4 Simulation of earthquake response motion of model 2C

Earthquake response observation

The seismic observation system for earthquake response of the
model 2C has been maintained after a series of forced vibration test
until the end of February, 1988, with seismometers installed as
schematically shown in Figure 2.3.8. Until now over twelve sets of
response motions have been recorded. Among them, two sets of earthquake
response records were selected for validation study of the HASSI series
computer codes.

The first set of the records was obtained in a small local earthquake
with focal depth of about 50 km which occurred just beneath the site on
January 17, 1987. The maximum acceleration of 20.6 gals was recorded at
the roof top of the model and 3.9 to 6.7 gals at the ground surface
points. We use the records as representative of the response of the model
in the linear range in this simulation study. The recorded horizontal
components of acceleration records have been filtered by band-pass from
0.4 - 40 Hz and are shown in Figure 2.3.9.

The second set of the records, with much stronger earthquake
response records than the previous one, was recorded on December 17th in
the event of 1987 Off Bousou Pennisula Earthquake which occurred some 10
kilometers off the coast of Bousou Peninsula with a focal depth of about
40 kilometers. This earthquake severely shaked the Kanto area and caused
many soil liquefactions at the sea front industrial complex sites along
the Tokyo Bay and some damages of transformers of a high voltage
substation important for the central part of the Pennisula. On this
occasion, the maximum acceleration of 301.2 gals at the roof top and 73.5
gals at the ground surface were recorded as shown in Figure 2.3.10.
Judging from the large accelerations obtained and through the preliminary
evaluation of the apparent frequency transition of the roof top response
motion on the the time history, the set of records was selected for the
simulation study as representative of the case where the soil surrounding
the model structure might have behaved as non-linear material.
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Reproduction of 1987 January 17th earthquake response records

Input free-field ground motions The cross correlation coefficients of
the recorded motions are shown in Table 2.3.2. From this table, the
spatial variation among every free-field ground motion is evident and the
cross correlation coefficients of the roof top components with S1 and A1l
components are sufficiently smaller than the coefficient between S1 and
A1l motions. These facts suggest that the S1 and Al motions may reasonab-
ly be used as the input ground motions to the model.

Computer codes applied The HASSI-4 code was used for the simulation. The
numerical model is the same as that shown in Figure 2.3.7(a) but the
input ground motions are applied instead of the sinusoidal vibration
force.

Material properties used Similarly as mentioned in the forced vibration
test case, the strain dependent shear modulus was used, based on the
estimated maximum shear strain near the ground surface close to the wall
of the model 2C. The material damping of the structure was set as 0.5 %.

Results The recorded and calculated horizontal NS and EW components of
the roof top motions for the NS and EW components of input ground motions
at 81 and A1l points and the corresponding Fourier spectra are shown
respectively in Figures 2.3.11 and 2.3.12.

With the shear wave velocity and material damping ratio of the soil,
respectively assumed as 275 m/s and 0.5 %, amazingly good fit to the time
history and the Fourier spectrum of the recorded NS response motion was
obtained when the input ground motion at S1 was used, as evident from
Figures 2.3.17(b) and 2.3.12(a). In case the ground motion at Al was
used as the input motion, the fit on the Fourier spectrum was quite good
whereas the fit on the time history was poor. The distance between two
points, S1 and A1, is 30 m and this distance seems large enough to
generate spatial variation of ground motions. Regarding the EW
component, the resultant simulated motions gave a poor fit as evident
both from the comparison of corresponding time histories and Fourier
spectra shown in Figures 2.3.11(d) and 2.3.12(b).

These two orthogonal components of the recorded roof top motions are

essentially those of rocking motion and, even if the structure itself is
symmetric and the soil property was derived as homogeneous, have shown
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remarkably different predominant peaks of 5.5 Hz and 5.2 , respectively
for the NS and EW components as shown in Figure 2.3.12(c). As a result,
it may be said that the assumed shear modulus based on the soil
investigation is valid only for the NS components. The soil properties
may be adjusted to get good fit also for the EW component; however, as
the soil properties could not be given directionally, such a directional
adjustment of the properties were not performed.

Reproduction of 1987 December 17th earthquake response records

Preliminary analysis As a preliminary study, the HASSI-6, a revised
version of HASSI-4 with improved solver for computer efficiency, was used
for the linear analysis.

For this analysis, similar to the previous case, both the surface
ground motions obtained at S1 and Al points shown in the previous
Figure 2.3.10 were used as input motions.

The recorded motions are considered essentially as the rocking
motions of the rigid structure on soft soil and the peak frequency of the
recorded motions of the roof top of the model show the same frequency of
4.2 Hz obtained by the forced vibration test previously described, as
shown in Figure 2.3.14. Therefore, the eguivalent uniform shear wave
velocity and the damping ratio were estimated as close to those used in
the forced vibration test.

Considering this and using the shear wave velocity and material
damping ratio of soil, 210 m/s and 5 % respectively, the response time
histories and their Fourier spectra as shown in Figures 2.3.13 and 2.3.14
were obtained.

From the comparison of the recorded and predicted motions at the
predominant frequency on the Fourier spectra of Figure 2.3.14 and the
frequency dependent soil properties given in Figure 2.3.4, the above
damping value of 5 % seems still too large as the equivalent damping
value used for linear analysis. To avoid this, the initial shear wave
velocity of 300 m/s obtained from in-situ seismic profiling seemed to be
changed to the value obtained by the resonant column test in the
laboratory, leading to the lowering of the corresponding working shear
strain in the subsequent equivalent linear method.
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Input free-field ground motions The triaxial free-field input ground
motions at S1 point were selected.

Computer codes applied Non-linear analysis by equivalent linear method
was performed by HASSI-7.

Material properties used For the reason described above, the initial
shear wave velocity at very small strain was selected as 250 m/s based on
the resonant column test of the soil of the first layer in the non-
linear analysis. The strain dependent shear modulus and damping ratio
were calculated by using the previous strain dependent soil properties in
the iteration process having been implemented in HASSI-7.

Results For the site response analysis, the low strain shear modulus
corresponding to the shear wave velocity of 250 m/s and the damping ratio
of 2 % were used as the initial soil properties for each layer of the
numerical model. Adopting 0.6 as the fraction of the effective shear
strain to the maximum octahedral shear strain, the iterative calculation
was performed until the response converged within a tolerance of 5 %
adjustment for both shear modulus and damping ratio of each element in
the non-linear region (the Region I in Figure 2.3.2). The number of
iterations required to assure the convergence limit were from 3 to 5.

The resultant time histories of motion and corresponding response
spectra of 5 % damping of the roof top of the model are shown in compar-
ative form in Figure 2.3.15. The coincidence of the calculated and
observed response of the model structure are fair as a whole, however,
the predicted maximum accelerations became smaller than the observed;
this may be attributed to the high-cut nature usually found in the
complex modulus method.

The converged average shear wave velocity and damping ratio of the
presumed non-linear soil region I and those adjacent soil are shown in
Figure 2.3.16. From the figure, it is evident that the strain levels of
the free-field soil and the soil near the foundation structure are re-
markably different. Also the extent of degradation of shear wave veloc-
ity and increase of material damping of the soil by the soil-structure
interaction recovered quickly to those of the free-field within the
distance of two times the radius of the foundation structure which
approximately corresponds to the radius of the presumed non-linear soil
region. Therefore, it can be said that the soil strongly affected by
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soil-structure interaction is limited to a fairly small region.

2.3.2.5 The importance of three-dimensional approach to SSI analysis

Simulations by two-dimensional codes

Based upon the previous successful simulation results of the Jan.
17th earthquake response records obtained by the three-dimensional code
HASSI-4, similar simulation analyses were performed by other two
dimensional dynamic analysis codes in order to compare the fundamental
difference between three dimensional and two dimensional approaches.

TInput motion applied The NS component of S1 ground motions was chosen as
the input motion for these computer codes.

Computer codes applied In this analysis, two types of codes, HASSI-2D
and FLUSH-VB, were used. The former is HASSI-2D, the two dimensional
version of HASSI-4, which was also modified to have far-field impedance
expression of plain strain case by using the results given by Tzong and
Penzien(1983). The numerical model is the same as was used in the
previous three-dimensional analysis but the equivalent cross section and
rigidity per unit width were used for the super structure and the near-
field soil was controlled to be that of plane strain. The latter is
FLUSH-VB, the modified FLUSH code which was attached with viscous dampers
at the bottom boundary of the near-field soil to realize far-field effect
there. The numerical model of this case is shown in Figure 2.3.17.

Material properties used As for the analysis by HASSI-2D, the strain
dependent shear wave velocity and the damping ratio of the soil were
assumed respectively as 275 m/s and 0.5 %, as used in the analysis by
HASSI-4. The material damping of the structure was set as 0.5 %. In the
case of FLUSH-VB, the previous strain dependent shear modulus and damping
ratio curve in Figure 2.3.4 were applied and automatic convergence
function was utilized.

Results The resultant time histories of NS component obtained by the
above two two-dimensional codes and the simulated motion of the same
component by HASSI-4 (the same one already shown in Figure 2.3.11(b))
are compared with the recorded NS motion of the roof top of the Model 2C

64



Chapter 2

in Figure 2.3.18. The Fourier spectra of these time histories are
presented in Figure 2.3.19.

From these figures, it is evident that the predicted motions by
these two-dimensional analysis codes differed greatly from the recorded
motion in both time history and Fourier spectrum. The poor simulation
results by these two-dimensional codes could be well displayed by the
transfer functions shown in Figure 2.3.20(a).

The frequency shift is not so significant but the over-damping is
very serious, resulting in an excessive underestimate of the response of
the structure. The over-damping by HASSI-2D and FLUSH-VB in this case
were 8.4 and 4.9 times respectively of the damping expected by HASSI-4,
as are known from Figures 2.3.20(b) and (c).

The possibility of such slight shift of the primary frequency
(Figure 2.3.20(a)) and significant over-damping of the response of the
system, as is clearly shown in Figure 2.3.20, has been analytically
estimated first by Luco and Hadjian(1974) and recently by Wolf(1985).

The structure is sufficiently rigid against the surrounding soil and
so far the above distortion of the response characteristics of the
structure is considered to come from the generic feature of soil
impedance incorporated in these 2-dimensional codes, explicitly in HASSI-
2D and implicitly in FLUSH-VB.

To look at this type of over-damping inherent in these codes from
another aspect, Figure 2.3.21 was prepared. The figure shows how the
horizontal components of the reflected waves generated by interaction at
the soil-structure interface were dissipated with distance from the side
wall of the foundation of the model in the form of the (approximate)
amplitude transfer functions (the ratio of Fourier amplitude spectra) of
the surface ground motions. The points and their distance from the wall
for the case of HASSI-4 are shown in Figure 2.3.21(a) and the correspond-
ing points will be found in Figure 2.3.17 for FLUSH-VB; the mesh size of
the ground surface is common to both numerical models.

The transfer functions of the surface motions at a series of the
points located in the near-field soil region show a very rapid and sharp
decay in case of the three-dimensional code, HASSI-4 (Figure 2.3.21(b)),
whereas the transfer functions of the two-dimensional code, FLUSH-VB
(Figure 2.3.21(c)), show slower decay and are dispersive.

65



Chapter 2

Damping value estimate in two-dimensional analyses

As already above described, the two-dimensional codes caused a small
shift of the primary frequency and significant over-damping to the system
response. The over-damping is more serious than the frequency shift,
because it always leads to the underestimate of the structural response.

In order to clarify the working damping values of the above three
computer codes with reference to the 1987 January 17th earthquake, the NS
component of the recorded roof top motion was reproduced by the classic
stick model with soil springs.

Since the fundamental response characteristic of the model 2C can be
explained largely by the rocking response and is significantly controll-
ed by the soil compliance, the previous finite element model of the model
2C may well be replaced by a stick model with soil springs (SMSS: rocking
and translational springs) and a single degree of freedom model (SDOF).

To obtain the most reliable results, the recorded NS motion was
simulated by both SMSS and SDOF by using the NS motion of the point S1 as
the input ground motion of the systems. The static soil springs of
circular disc were attached to the base mass of these models, by using
the shear modulus and damping values derived from previous analyses as
initial values for these analyses.

The results of simulation are shown in Figure 2.3.22 by time
histories. For the SMSS, the case where the shear wave velocity of 275
m/sec and 0.5 % damping ratio were used from the results obtained by
HASSI-4, the fit to the recorded motion was very poor. This fit was
improved by raising the shear wave velocity to 420 m/sec and assuming
modal damping of 2.1 % as the sum of radiation and material damping. For
the case of SDOF, by the combination of the shear wave velocity and
damping ratio of 340 m/sec and 2.0 %, a fairly good fit was obtained.
The increase of the shear wave velocity of the soil required to get good
fit may be explained partly by the assumption of using the static spring
constant independent of on frequency; however, these values are still
within the deviation of the soil properties derived from in-situ and
laboratory test data.

As already described in the analysis using HASSI-4, the material
damping of the soil was assigned as 0.5 %, based on the estimated maximum
shear strain near the ground surface by the wall of the model 2C. From
this and the above simulation results by both SMSS and SDOF model, the
total damping in the simulation by HASSI-4 may be approximately estimated
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as about 2 % and consequently the radiation damping of the model becomes
2 - 0.5 =1.5 %.

In the previous analyses using FLUSH-VB and HASSI-2D, the maximum
working damping in FLUSH-VB and HASSI-2D relative to that in HASSI-4 were
respectively 8.4 and 4.9 times as shown in the previous Figures 2.3.20(b)
and 2.3.20(c). Therefore, in the case of HASSI-2D, the material damping
of the soil was also assigned as .5 % and therefore the radiation damping
may be estimated as 4.9 x 2.0 - 0.5 = 9.3 %; the radiation damping by
this two-dimensional code will become 9.3 / 1.5 = 6.2 times of the one by
three-dimensional code. On the other hand, in the case of FLUSH-VB, the
effective damping can not be clearly separated into the material damping
and the radiation damping; however, it may be approximately considered as
material damping. On this basis, in the case of FLUSH-VB, the effective
damping value may be estimated as 8.4 x 2.0 = 16.8 %.

The difference of the damping values estimated for HASSI-4 and
HASSTI-2D comes from the fundamental difference in the nature of energy
dissipation by radiation damping inherent to the infinite half-space and
infinite strip assumption of the far-field soil. Wolf(1985) has
discussed the controversial matter of modeling a three-dimensional
problem with a two-dimensional model by showing the over-damping nature
of the two-dimensional modeling approach and the significant
underestimation of the true three-dimensional dynamic response. On his
figure (Figure 7-27 in pp. 309), as the non-dimensional frequency of this
case becomes 2 x 3.142 x 5.59% / 275 m/S - (.19, the ratio of damping for
the half-plane/half-space is estimated as close to 4 for the case of
rocking motion. This ratio is valid for the case in which both systems
have the same rocking frequency and no material damping; however, his
result gives a close value of over-damping ratio (including the
contribution of the frequency shift) of 4.9 in this study.

As for the case of FLUSH-VB, similar comparison may not be
appropriate, because we can not distinguish between the material damping
and the radiation damping in this system. However, it may be pointed out
that it gives us significant underestimate of the three-dimensional
response of the truly three-dimensional structure to the extent larger
than the results of the two-dimensional code HASSI-2D, which has better
theoretical basis as a computer code.

2.3.3 CONCLUSION

The linear and non-linear three-dimensional soil-structure interact-

67



Chapter 2

ion analysis codes, HASSI-4 and HASSI-7, were tested their wvalidity
through correlation studies using the forced vibration test data and
earthquake response records of a small scale reactor building model.

The predicted results obtained by three~-dimensional codes success-—
fully reproduced the recorded motions which essentially represented the
rocking motions of a rigid structure on soft soil. The soil properties
obtained by in-situ and laboratory test have been used in the analyses.
Some ambiguous nature inherent in to these soil properties affected the
results, however, the properties used to reproduce the records remained
within a reasonable range of the variation of soil properties actually
observed.

By using the predicted result by HASSI-4 of 1987 January 17th earth-
guake, the rapid decaying nature of the wave due to soil-structure
interaction was examined with the comparative results obtained by
representative two-dimensional finite element analysis codes. The
frequency shift is not so significant but the over damping is very
serious, resulting into an excessive underestimate of response of the
structure. The effective dampings in the two-dimensional codes, HASSI-2D
and FLUSH-VB, were estimated as 8.4 and 4.9 times, respectively, of
those in the three-dimensional code, HASSI-4.

The structure was sufficiently rigid against the surrounding soil
and so far the above distortion of the response characteristics of the
structure are considered as being solely caused by the generic feature of
the soil impedance incorporated in these two-dimensional codes,
explicitly in HASSI-2D and implicitly in FLUSH-VB.

Based upon this feature, the excessive damping existed in the above
two two-dimensional finite element codes was analyzed through the
simulation of the recorded motion by stick models with soil springs and
the comparison of the resultant total dampings among the above three
computer codes. The total damping in the simulation by the three-
dimensional code, HASSI-4, was estimated as about 2 %, whereas in the
simulation by the two-dimensional codes, HASSI-2D and FLUSH-VB, cor-
responding dampings were estimated as 9.8 % and 16.8 %, respectively.

As pointed out earlier by Luco and Hadjian(1974) and Wolf(1985), it
is almost impossible to model a three-dimensional structure with a two-
dimensional model. Any two-dimensional model will significantly
underestimate the true three-dimensional response by a small shift in
frequency and significant over-damping of the vibration system.
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In the case of HASSI-2D, the over-damping can be explained by the
inadequacy of converting the truly infinite half-space problem into the
infinite strip problem. For the case of FLUSH-VB, the interpretation
comparable to the above may not be appropriate, because we can neither
distinguish between the material damping and the radiation damping nor
give clear explanation of the mechanism of damping in this system.
However, it may be pointed out that FLUSH-VB will give significant under-
estimation of the three-dimensional response of the truly three-
dimensional structure.

The transfer functions of the surface motions at a series of points
located in the near-field soil region show a very rapid and sharp decay
of the response with distance from the side wall of the structure
foundation in the case of three-dimensional code, HASSI-4, whereas those
transfer functions by the two-dimensional code, FLUSH-VB, shows slow and
dispersive nature.

Taking far stronger earthquake response records obtained in the 1987
December 17th earthquake which recorded the maximum acceleration of 301.2
gals at the roof top and 73.5 gals at the ground surface, HASSI-7, the
non-linear version of HASSI-4, was tested for its validity.

The coincidence of the calculated and observed response of the
model structure are fair as a whole; however, the predicted maximum
accelerations were smaller than the observed; this may be attributed to
the high-cut nature usually found in the complex modulus method.

However, through the simulation, it was clearly shown that the
strain levels of the free-field soil and the soil near the foundation
structure are remarkably different and that the soil strongly affected by
the soil-structure interaction was limited to a fairly small region the
radius of which was less than two times the radius of the structure.
This also indicates that only a three-dimensional analysis can reproduce
the rapid decaying nature of the wave generated at the soil-structure
interface of truly three-dimensional structures.

As a conclusion, it can be clearly stated that we should avoid to
treat soil-structure interaction phenomena of truly three-dimensional
structures with two-dimensional models, in order not to underestimate the
true response of three-dimensional structures.
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Table 2.3.1 Dimension and weight of model |

No. Radius Height Embedment Weight

(m) (m) - (m) (t)
1A 3.0 0.55 _— 38.8
1B 3.0 3.55 - 104.8 ~
12A 3.0 3.55 3.0 104.8
2B 3.0 6.00 3.0 135.1
2C 1.5 10.00 1.5 98.0
R=1.5"
: T
1 o
5 &
= Bl =
" 1
S 777 77
~t Model 2A Model 2B
Model 2C ’ :
Figure 2.3.5 Configuration of models
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Figure 2.3.6 A representative forced vibration
test results
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Table 2.3.2 Results of cross-correlation
i analysis of observed motions

January 14 Upper half) and January 17(Lower half), 1987 Earthquake

St.NS | St.EW [SL NS [SL EW JALNS jJALEW A2 NS | A2 EW

St.NS £ =-0.0474 0,238 |-0.025| 0.150| 0.022( 0.031; 0.088

St.EW |-0.058§ =« 0.094| 0.265| 0.084 | 0.157|-0.088| 0.065

SLNS | 0.052|-0.096| * 0.193| 0.821| 0.249! 0.223) 0.181

S1 EW | -0.039| 0.027} -0.001 * 0.171y 0.830] -0.216| 0.333

Al NS 0.0351-0.048 | 0.599 | ~0. 115 * 0.273 | 0.253 0 192
Al EW 0.125| ~0.078 | ~0.026 | ©.460 | -0. 039 * -0.228| 0.372
A2 NS -b. 087 0.005{ 0.143|-0.067| 0.123(-0.078 * ~0. 058

A2 EW | 0.082|-0.117] 0.059| 0.025| 0.106| 0.102|-0.166| *
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Figure 2.3.9 Observed' response of Model 2C and free-field ground
motions on Jan. 17, 1987
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Figure 2.3.10 Observed response of Model 2C and free-field ground
motions on Dec. 17, 1987
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Figure 2.3.11(a) Input ground motions for simulation: The upper and
lower accelerograms are the free-field motions
observed at points 81 and Al, each apart from the
model 1.5 m and 30 m, respectively.
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Figure 2.3.11(b) Comparison of acceleration time histories (NS
components) between the observed and simulated: The
upper is the observed motion of the roof top of the
model, the middle the simulated motion by using the
S1 motlon, and the lower that by using the Al
motion (r=1.8 t/cu.m, Vs=275 m/s, h=0.5%).
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Figure 2.3.11(c) Input ground motions for simulation: The upper and
lower accelerograms are the free~field motions
observed at points S1 and Al, each apart from the
model 1.5 m and 30 m, respectively.
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Figure 2.3.11(d) Comparison of acceleration time histories (EW
components) between the observed and simulated: The
upper is the observed motion of the roof top of the
model, the middle the simulated motion by using the
S1 motion, and the lower that by using the Al
motion (r=1.8 t/cu.m, Vs=275 m/s, h=0.5%).
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Figure 2.3.16 Converged soil properties in non-linear
zone and adjacent soil; the converged values of
shear wave velocities and damping wvalues (in
parentheses) across the I/N interface show very
close values.
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FLUSH~VB
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Figure 2.3.18 Comparison of the observed and simulated response
motion(NS components); from the upper to lower, the
. observed motion, the simulated motion by three-~
dimensional HASSI-4, two-dimensional HASSI-2D, and
FLUSH-VB codes.
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Figure 2.3.19 Comparison of the recorded and calculated response
motions on Fourier spectra; (a), (b), (c) and ()
stands for the recorded motion, the calculated by
HASSI-4, HASSI-2D and FLUSH-VB, respectively.
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Figure 2.3.21 Comparison of the absolute acceleration amplitude
transfer functions(approximated) of the ground surface
motions at the points shown in (a); (b) and (c) stand for
HASSI-4 and FLUSH-VB, respectively.
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Figure 2:3.22 Simulatidh”results by the stick model with soil

: springs of circular disc(the third and fourth) and single
degree of freedom (rocking) model (the fifth); The first and
the second time histories are for reference and the soil
propertles are shown 1n the parentheses).
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2.4 CONCLUSIONS

The author tested a practical modeling concept to reasonably
simulate the actual dam response recorded at an arch dam. The modeling
concept consists of the three-dimensional finite dam elements with far-
field impedances of infinite strips along the abutment which are constant
for significant frequency range of the dam and foundation modes, with the
reservoir water elements upstream and transmitting boundaries defined by
impedance ratios at the water-water boundary and the water-gorge and
bottom boundary, and frequency domain analysis scheme. Through the
analysis, the author found the following significant conditions to be
selected for successfully explaining the recorded response of the dam.

(1) The analytical model capable to represent the far-field boundary effect
by an approximate impedance function along the dam abutment will give
an acceptable response of the dam.

(2) Wwhen the dam was modeled with limited volume of foundation rock with
fixed boundary, the dam response became very large when a reasonable
value of material damping is used respectively for the dam and the
foundation rock.

(3) The reservoir water was found to have suppressed the upstream-
downstream response of the dam; however, this does not contribute to
its antisymmetric mode of vibration.

(4) To obtain a good fit of the recorded motions of the dam, it was
required to take the spatial variation of input ground motions into
account. This fact suggests the need for observing reliable
spatially varied input ground motions in the form of free-field
motions.

The linear and non-linear three-dimensional soil-structure interact-
ion analysis codes, HASSI-4 and HASSI-7, were tested for their validity
by the correlation studies using the forced vibration data and earthquake
response records of a small scale reactor building model. The soil
properties needed for the prediction were those which have been obtained
by in-situ and laboratory tests. Some ambiguity inherent in these -soil
properties affected the results; however, the properties used for
reproducing the records remained within a reasonable range of the
variation of soil properties actually observed.

From the predicted results of 1987 January 17th earthquake by the
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three-dimensional analysis code, two-dimensional analyses, and the stick
model with soil springs, the following SSI features were found;

(1) The transfer functions of the surface motions at a series of points
located in the near-field soil region show a very rapid and sharp
decay with distance from the side wall of the structure foundation in
the case of the three-dimensional code, HASSI-4, whereas those
transfer functions by the two-dimensional code, FLUSH-VB, shows slow
and dispersive nature.

(2) In the two-dimensional analyses, the frequency shift was not so
significant but the over damping is very serious resulting in an
excessive underestimate of the response of the structure. The
effective dampings in HASSI-2D and FLUSH-VB were estimated as 8.4 and
4.9 times that in HASSI-4, respectively.

(3) The total damping in the simulation by the three-dimensional code,
HASSI-4, was estimated as about 2 %, whereas in the simulation by the
two-dimensional codes, HASSI-2D and FLUSH-VB, corresponding damping
was estimated as 9.8 % and 16.8 %, respectively.

(4) In the case of HASSI-2D, the over-damping can be explained by the in-
adequacy of converting the truly infinite half-space problem into the
infinite strip problem. For the case of FLUSH-VB, the interpretation
comparable to the above may not be appropriate, because we can
neither distinguish between material damping and radiation damping
nor give clear explanation of the mechanism of damping in this
system. However, it may be pointed out that FLUSH-VB will give
significant underestimate of the three-dimensional response of a
truly three-dimensional structure.

Taking far stronger earthquake response records which were obtained
during the 1987 December 17th earthquake and recorded the maximum
acceleration of 301.2 gals at the roof top and 73.5 gals at the ground
surface, the non-linear version, HASSI-7, was tested for its validity.

The coincidence of the calculated and observed response of the
model structure are fair as a whole; however, the predicted maximum
accelerations became smaller than the observed. This may be attributed to
the high-cut nature usually found in the complex modulus method.

However, through the simulation, it was clearly shown that the

strain levels of the free-field soil and the soil near the foundation
structure are remarkably different and that the soil strongly affected by
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the soil-structure interaction was limited to a fairly small region the
radius of which was less than twice the radius of the structure. This
also indicates that only the three-dimensional analysis can reproduce the
rapidly decaying nature of the wave generated at the soil-structure
interface of truly three-dimensional structures.

As already pointed out earlier by Luco and Hadjian(1974) and
Wolf(1985), it is almost impossible to model a three-dimensional
structure with two-dimensional modeling, and any two-dimensional model
will significantly underestimate the true three-dimensional response by
small shift in frequency and significant over-damping of the vibration
system.

As a conclusion, it can be clearly stated that we should avoid to
treat the soil-structure interaction phenomena of truly.three—dimensional
structures with two-dimensional modeling, in order not to underestimate
the true response of three-dimensional structures.
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CHAPTER 3. PROBLEMS TN ESTIMATING PEAK GROUND MOTIONS FOR USE IN SEISMIC
DESTIGN ANALYSIS

3.1 OBJECTIVES AND SCOPE

The ground motion parameter such as peak acceleration or peak
velocity of ground motion time histories is one of the important factors
in establishing the design ground motion time histories expected from
design earthquakes at a particular site.

There are many arguments on the validity of empirical formulas to
predict the peak ground motions, because they have been constructed from
seismologically simple parameters like earthquake magnitude and distance
parameters (e.g., epicentral distance or hypocentral distance or the
distance to the fault). However, it is also true that we have relied
upon some empirical formulas in various areas of engineering.

In most regions in Japan, earthquakes have been occurring both in
the crust and the upper-most mantle and we have experience that those
earthquakes which have occurred at intermediate depths scarcely caused
significant damages even around their epicentral regions, whereas very
shallow earthquakes of magnitude larger than medium size have caused
strong ground motions and serious damages.

Therefore, such empirical formulas that will be used in our country
for predicting peak ground motion parameters are desirable to at least
take into account the influence of focal depth on the resultant peak
values with some reasonable distance from the site to the earthquaké
source. And when a very shallow earthquake should occur, a severe ground
motion and its consequence should be reasonably predicted, in contrast to
damages caused by an earthquake of intermediate depth described by the
type of empirical formula mentioned above.

Recent development of electronic technology and communication
networks in highly populated cities has given increasing importance on
the reliability of lifeline systems that include many types of
underground structures such as tunnels and ducts. 1In the case of a
buried structure extending over distance in the longitudinal direction,
the relative displacement along the structure can cause axial stress and
bending moment. Therefore, the new empirical formulas are also expected
to provide the information regarding those peak ground motions which are
meaningful for the structures extending over distance in longitudinal
direction, to which the surface wave components or horizontally
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propagating wave components rather than the vertically traveling body
wave components are of primary concern.

In this regard, previous empirical formulas are reviewed and
classified into some groups and discussed their adaptability to a
Japanese strong motion data. A preferable type of formula is selected
and new sets of empirical formulas for predicting both peak ground
acceleration and velocity are proposed.

By using these formulas and combining the three-dimensional seismic
sources of the Kanto area, the seismic hazard maps in the form of the
iso-seismal maps of expected maximum accelerations and velocities for
various exposure times are presented in order to provide a design data
base applicable for both structures built on the ground and buried
underground in the central Kanto area.

3.2 REVIEW OF EMPIRICAL FORMULAS FOR ESTIMATING PEAK GROUND MOTIONS
3.2.1 INTRODUCTION

In this chapter, available empirical formulas are reviewed first and
discussed in terms of their characteristics through the test of their
fitness for a Japanese strong motion data set carefully selected by the
author. Then, a suitable form of skeleton curve is chosen to construct
the empirical formulas to predict both peak ground acceleration and
velocity of earthquakes occurring at various depths.

3.2.2 CLASSIFICATION OF EMPIRICAL FORMULAS

There are numerous empirical formulas proposed since the 1971 San
Fernando Earthquake, however including those formulas proposed before the
event, they could be classified into categories regarding the nature of
the skeleton curve as follows;

(1) A=a-exp(bM) (R+c)™1 (3.2.1)
(2) A=a*exp(bM)R™eexp(-dR) (3.2.2)
(3) A=a-exp(bM)[R+cq-exp(coM) 1™l (3.2.3)
(4) A=a-exp(bM)R™-expl-dq-exp(dyM) *R] (3.2.4)
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where: A = peak acceleration
M = earthquake magnitude
R = distance measure

a,b,c,cq,n,cp,d,dq and dp = constant parameters

In these equations, the maximum acceleration is defined usually in
gal or in fraction of percentage of the gravitational acceleration G.
The earthquake magnitude is given mostly by surface magnitude Mg which is
approximately equal to My the magnitude scale being used in Japan. In
some equations this is defined in local magnitude Mjp, or in moment
magnitude My which is, interrelated with the seismic moment Mg, which is
almost equivalent to Mg if the value does not reach that of a great
earthquake. R is defined as the distance parameter which takes various
forms such as the closest distance from the site to the fault rupture
surface, the closest distance to the surface projection of the fault,
the traditional epicentral distance and the focal distance.

3.2.3 REVIEW OF EACH FORMULA

The representative past empirical formulas are briefly described
below in the order of the categories described above. The notations of
the variables are basically common with that previously described,
however, additional explanation will be given when needed.

3.2.3.1 Type I curves - A=ac*exp(bM) (R+c) 1

Most of the past empirical formulas may be classified in this type;
this type of formula does not consider the anelastic attenuation effects
on the peak acceleration and only the geometrical attenuation is taken
into account.

Donovan(1973) obtained the following relation from 550 worldwide strong
motion records with peak acceleration greater than 10 gals including the
data obtained in the event of 1971 San Fernando Earthquake;

A=1080+exp(0.5M) (R+25)~1-32 (3.2.5)

where A is peak acceleration in gals and R is the distance to the energy
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center in km.

Ang and Newmark(1977) formulated the following formula using the
specially selected data set presented by Page et al(1972);

A=1.35-exp(0.67M) (R+15)~1.75 (3.2.6)

where: A = maximum peak acceleration in fraction of G

R

1}

the closest distance to the surface projection
of the fault in km.
They used this formula for predicting the maximum peak acceleration

of the ground motion on hard rock in the case of Diablo Canyon nuclear
power plant seismic hazard analysis.

Katayama, T.(1974) showed for the average maximum acceleration of 330
records recorded on the ground of various soil classes;

A=203.3-exp(0.948M) (R+30)~1-637 (3.2.7)
and A=9.60+exp(1.073M)D~1-290 (3.2.8)
where: A = average maximum peak acceleration, in gal
M =Ny
R = focal distance, in km
D = epicentral distance, in km.

The second equation by Katayama.T lacks a constant ¢ in order to
avoid division by zero when D becomes zero and should suppress the
acceleration values in the near field. Similar type of curves have been
given also by Orphal et al (1974), S.C. Liu (1972), and Saheki et al
(1977).

Orphal et al(1974), based on the peak acceleration data reported by
Wiggins(1964) which contained 27 observations of peak acceleration
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recorded at the El Centro and Ferndale stations from earthquakes ranging
from 4.1 to 7.0 with focal depths of earthquakes assumed to be 15 km,
proposed the following formula in a more general form in which the
closest distance to faults is replaced by the focal distance R in their
regression analysis and the formula was tested for its wvalidity with
recorded strong motions in the 1971 San Fernando Earthquake;

A=0.66-100-40M.g=-1.39 (st . dev. 1.99) (3.2.9)
where A is in G.

They also suggested that epicentral accelerations of earthquake
ground motions could reasonably be estimated by the relation, letting R
be 15 km in the above formula as;

Ap=0.015-100.40M (3.2.10)
where A is in G.
Saheki et al(1977) used 301 records larger than 50 gals recorded in the

event of Japanese earthquakes of magnitude larger than 5.0 and focal
depth shallower than 60 km and obtained;

A=28.5-100.207M.p-0.598 (15t class soil) (3.2.11a)
A=13.2-100.330M.p-0.806 (2ng class soil) (3.2.11b)
A=32.1-100.254M.p-0.757 (3rd class soil) (3.2.11c)
and A=6.47-100-430M.p-0.977 (4th class soil) (3.2.11d)

where: A

maximum acceleration in gal

il

D epicentral distance in km.

3.2.3.2 Type II curves - A=a*exp(bM)R™-exp(-dR)

This type of formula contains anelastic attenuation term in the form
of exp(-dR) in addition to the geometrical attenuation terms in the form
similar to the previous types of curves, where d is a constant and R is a
distance parameter.
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Those formulas by Kanai et al(1969), Katayama, I.(1975) and Joyner
et al (1981) are basically classified under this type though they differs
a little with each other.

Kanai et al(1969) proposed a semi-empirical formula to predict maximum
velocity at bed rock and as an extension of the formula showed the form
to calculate corresponding maximum acceleration on bed rock with limiting
condition of the corresponding period of ground motion giving maximum
velocity.

Also, they showed the formula for predicting the maximum accelerat-
ions on ordinary ground by introducing an empirical amplification factor
for surface layers and the fitness of their formula to strong motion
records obtained in the Matsushiro area in Nagano Prefecture where earth-
quake swarms of magnitude less than 6.0 occurred during 1965-1970 and the
strong motion records in the Western United States available at that
time.

The formula to be applied to bed rock is

Vo=10B (3.2.12)
where: B=0.61M-Plogqg(X)+Q
P=1.66+3.6/X ; Q=-0.631-1.83/X
T=0.02 - (100-3%M_1 70)

X=(D2+02)1/2
and

Ap=(1/T)108 (3.2.13)
where B=0.61M-Plog1g(X)+Q

P=1.66+3.6/X ; Q= 0.167-1.83/X (3.2.13b)

The formula to be applied to general surface ground is
A =[5/(T4)1/21-10B (3.2.14)

where: B=0.61M-Plogqg (X)+Q
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P=1.66+3.6/X s+ Q= 0.167-1.83/X

and Tg= predominant period of surface layer

Combined Kanai-Seed formula In order to estimate the maximum
acceleration of the design ground motion on hard rocks, the author
combined Kanai's formula for maximum velocity amplitude at bed rocks in
eg.(3.2.12) with the predominant period of rock motions Tp given in Fig.7
of Seed et al(1969). The formula becomes similar to eq.(3.2.13) by
replacing T with Tp as follows;

Ag=(1/Tp) 108 (3.2.15)
where: B=0.6TM-P+logqg(X)+Q
P=1.66+3.6/X ; Q= 0.167-1.83/X
and Tp=(0.000512M-0.00143) (X+100)+0.02  (3.2.16)

This combined formula was first used in the seismic design of TIkata
nuclear power plant and later called for convenience as the combined
Kanai-Seed formula, in the licensing application documents of Ikata
Nuclear Power Plant of Shikoku Electric Power Co., Ltd. submitted to the
Advisory Committee for Reactor Safeguard of Science and Technology
Agency.

This method of application of Kanai's empirical formula has become
very popular in nuclear power plant design in Japan since then.

The predominant period Tp having been given in the form of a figure
by Seed et al was later converted into functional form by some utility
engineers as shown in eq.(3.2.16).

Joyner and Boore(1981) proposed the following formula using the data
obtained in the North Western United States;

logA=-1.02+0.249M-1og(r)-0.00255r (3.2.17)

where: r = (<512+7.32)1/2
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M = moment magnitude (M) which is interrelated with the
seismic moment Mg by Kanamori and Anderson(1975)
d = the closest distance to the surface projection of the

fault rupture, in km

3.2.3.3 Type III curves - A=a-exp(bM)[R+cq-exp(cyM)]™

The characteristic of this type lies in the magnitude dependent term
cq-exp(cyM), which is added in the geometrical attenuation term and
contributes in suppressing the peak accelerations with the size of the
earthquake source area for the entire range of distance.

Milne and Davenport(1969) proposed the following formula using recorded
strong motions in Canadaj;

2=0.69-exp(1.64M)/[D2+1.1-exp(1.1M)] (3.2.18)

maximum acceleration, in percent of G

where: A

O
[

epicentral distance, in km

Campbell (1981) derived his formulas using the data base collected from
worldwide earthquakes with shallow rupture, the accuracy of the location
of which is within 5 km in the distance to the fault rupture surface. His
data base includes available published peak acceleration data recorded in
the United States through at least March 1979 including most recent
events such as the 1979 Imperial Valley(Mg=6.9) and selected data outside
the United States, e.g. 1967 Coyna, India(Mg=6.5), 1972 Managua,
Nicaragua(Mg=6.2), 1974 Lima, Peru(Mg=7.6) and so on. He proposed the
following formulas for predicting near field accelerations (Campbell,
1981), and when the dependency of the near source peak accelerations was
modulated artificially by adjusting the ratio of this term and the
magnitude dependent term exp(bM), the formula was referred to as the one
with constraint.

Without constraining the near field acceleration;

A=0.0159-exp(0.868M) [R+0.0606-exp(0.700M)1-1-02 (3.2.19)
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With constraint of the near field acceleration;
A=0.0185-exp(1.28M) [R+0.147-exp(0.732M)1-1-75  (3.2.20)

where A is the mean of two peak horizontal values of a recording in
fraction of G. If an estimate of the maximum value is reguired, an
additional factor of 1.13 should be applied to the predicted values. R is
the closest distance to the fault rupture computed from either the
surface expression of faulting or the distribution of after shocks. The
data used are those with distances within 30 km for Mg6.25 and within 50
km for M>6.25. The condition of constraining the accelerations at the
fault rupture surface as to be approximately independent of magnitude is
accomplished by the condition;

co=b/n in A=a-exp(bM)[R+cq exp(coM)]™h (3.2.21)

Campbell described that the residuals of regression was not changed
regardless of inclusion of those data obtained at rock sites; however,
those records obtained at the sites underlain by shallow soil deposit or
extremely soft soils were excluded in the regression analysis because
these data usually showed anomalous peak values.

In evaluating his formulas, care must be exercised in the assumption
of data weights used. Namely, each data point was multiplied with a
weight which was designated to make every set of data within a selected
distance range have the same welght over the whole data set. This data
weight scheme seems to strongly affect the contribution of the near
field data in the regression analysis.

Katayvama, I.(1985) derived the following formula(Type I) by using the
data set consisting of processed peak acceleration data that have been
collected from the corrected strong motion accelerograms published by the
World Data Center A and the peak ground motion list published by Seismic
Load Research Group of Kyoto university(SLG,1984). The scheme of the data
processing and the contents of the data base are similar to the current
Japanese strong motion data set which will be described in detail later,
except that there is some difference in the standard for rejecting
records and the choice of two horizontal peak accelerations from each
record.

The skeleton curve used here is basically the same as that of
Campbell (1981); however the closest distance to the surface of the fault
rupture as used by Campbell was replaced by the epicentral distance. The
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following curve with standard deviation of 1.78 was proposed as the best
result among available types of curves obtained through regression
analysis, under the condition that any contribution of focal depth on the
resultant peak accelerations were neglected;

Katayama Type I curve
A=0.0302-exp(1.28M)[D+0.300-exp(0.752M)1-1-513.(1.78)Y (3.2.22)
where A is in G; when y=0 it gives the mean value and with y=1 it gives

the mean plus one standard deviation value.
3.2.3.4 Type IV curves - A=a-exp(bM)R™le-exp[-dqj-exp(dyM) R]
This type of curve modulates the anelastic attenuation term exp(-dR)

of the previous Type II curves to the form dependent on earthguake
magnitude by replacing d with dq-exp(daM).

Nakamura et al(1984) derived an equation using strong motion records
obtained at the ground surface by SMAC-B; strong motion accelerographs in

implicit form asj;

logqoA=0.168M-0.51og (D+H)-0.0551 10-0-156M.p,1 .86 (3.2.23)

where: A = maximum acceleration, in gal
D = epicentral distance, in km
H = focal depth, in km

Katayama,I.(1985) also derived, using the same data base used for
constructing the Katayama Type I curve previously described, the
following Type II curve with standard deviation of 1.84 as the most
promising form of the attenuation curve that can take into account an
appropriate effect of focal depth on the predicted peak accelerations by
following the skeleton curve of Nakamura et al(1984);

Katayama Type II curve

A=10P«(1.84)Y
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logqgP=0.180M-0.193 log(D+H)-0.0558:10-0.157Mp_1,333 (3.2.24)

where A is in G, and when y=0 it gives the mean value and with y=1 it
gives the mean plus one standard deviation value.

3.2.4 ANALYSIS OF REPRESENTATIVE FORMULAS

The author has already recommended a suitable form of attenuation
curve for Japanese seismic environment(I. Katayama: 1985), however it may
give us a more general information useful in constructing such empirical
formulas that is fundamentally suitable for the Japanese seismic
environment to test the characteristics of the past empirical formulas
with the Japanese strong motion data. From this reason, first a Japanese
strong motion data set is constructed and then the data set is directly
applied to each of the preceding formulas in its original form. The fit
of each formula to the Japanese data is displayed by the mean ratio of
observed and calculated peak accelerations(0/C) and the standard
deviation from the mean. Finally, through these values and the
comparison of the predicted value and the data in terms of each parameter
included in the attenuation curve, each empirical formula is evaluated
for its native adaptability to the Japanese strong motion data.

3.2.4.1 Strong motion data base

A new data set is prepared for this study from two strong motion
data bases; these are the Japanese strong motion corrected accelerograms
compiled by World Data Center A (Mori et al,1981) and that by the Design
Seismic Load Research Group(SLG, 1984).

The former strong motion accelerograms published in two series of
data sets by the World Data Center A contains a total number of 177
component digitized records of 75 earthguakes which occurred in and
around the Japan Island during 1956 through 1978. These accelerograms
were recorded mostly by SMAC type strong motion accelerographs and were
compiled separately in two volumes, the uncorrected digitized records
(Volume 1) and the corrected digitized records (Volume 2), respectively.
The uncorrected records of this data base have been adjusted for distort-
ions of tracing due to initial pen offset and arc, and processed with
base line correction. On the other hand, the corrected accelerograms
were further processed by band pass filter with frequency ranges of 0.05-
0.1 to 23 Hz the lowest end of which depends on the situation of the
individual records using the instrument frequency characteristics which
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were experimentally determined by the organization.

The latter strong motion record data base that have been collected
by SLG contains 400 components of earthquake records that occurred from
1962 through 1983, recorded mostly by three types of accelerographs;
SMAC-A, SMAC-By and SMAC-M accelerographs at stations having been
maintained by the Port and Harbour Research Institute, Ministry of
Transport, and the Public Works Research Institute, Ministry of
Construction. The digitized records compiled in this data base have been
processed for both baseline and instrument correction using the so-
called Goto-Kameda's filtering method (Goto et al,1978a and 1978b), so
that all the resultant time histories are valid within an identical
frequency range of 0.15-10Hz.

To obtain as many peak ground motion data as possible and to have
the resultant data set with a common band width, the data from the above
two data bases were processed as follows.

Since the correction scheme of the two data bases are quite
different with each other from the arc and base line correction to the
instrument correction, only adjustment of wvalid frequency range were
thought practically justifiable for the purpose of improving the
consistency in the data collected from the above two data bases. Because
the frequency range of the latter data base was narrower than the former,
the corrected records of the former data base were processed with the
band-pass filter the lowest and the highest cut-off frequency of which
were chosen respectively to the 0.15 Hz and 10 Hz which are the
corresponding valid frequency range for both data bases. Table 3.2.1
demonstrates some examples of the change of peak values of the records
in the former data base due to the filtering described above.

The information regarding earthquake magnitudes and locations of the
latter data base were given based on what the Japan Meteorological Agency
had given periodically in published earthquake catalogues (JMA cata-
logues).

The location data of earthquakes published in the JMA catalogues are
not necessarily accurate but generally thought to be a kind of standard-
ized results dependent on the routine location method that was employed
by the agency, and the focal depths have been given in every 10 km for
the earthquakes during the whole period of both data bases concerned.
This degree of accuracy of the focal depth sometimes gives not a small
problem in performing certain detailed analysis using these data. On the
other hand, the earthquakes contained in the former data base have been
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determined for their focal mechanisms based on worldwide data including
recorded seismograms obtained at the networks of microearthquake observa-
tories maintained by universities in Japan. In determining the focal
mechanism of an earthquake, the focal depth is one of the parameter that
must have the best available accuracy. On this point, in most cases, the
JMA catalogue will not give us focal depths which can be used for deter-
mining the focal mechanism of earthquakes. Therefore, those earthquake
data especially of focal depths given in the former data base are
judged basically more accurate than those given in the latter data based
of the JMA data.

Considering the above, the records commonly included in the above
two data bases were represented by the data in the former data base.
Those records that were without a soil classification, or were obtained
on deep alluvial deposit (Class 4 soil), or lack the necessary informa-
tion on the earthquake, or give an apparently anomalous peak values were
excluded.

The final data set was thus obtained and contains 125 horizontal
component time histories of acceleration, velocity and displacement of 52
earthquakes obtained with epicentral distance less than 200km and focal
depth shallower than 100km and recorded on the ground surface classified
by soil type 1 to 3, and was named as the "Non-filtered data
set (NONFSEL)". Table 3.2.2(a) shows the distribution of records in terms
of magnitude and epicentral distance and Table 3.2.2(b) gives the
statistics on the numbers by soil condition. The peak acceleration and
velocity of each record included in the data set is shown in Table 3.2.3
with relevant data needed for the subsequent analysis.

3.2.4.2 Fit in original form to the Japanese strong motion data

All empirical formulas previously shown were first tested their fit
in original forms directly with the peak acceleration data in Table
3.2.3. In applying each formula, the distance parameters that had been
specifically defined in each formula could not always be followed but
either the epicentral distance or the hypocentral distance and the focal
depth was used. The total number of peak accelerations effectively used
was 125.

The results are shown in terms of the mean 0/C value and the
standard deviation around the mean in Table 3.2.4.

In evaluating the fit of the formulas derived using US data, the
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mean O/C value is of the order of 1.5, which is considered not unusual
leading to the devaluation of the formulas for the following reason; (1)
the peak accelerations used here are those obtained for ordinary soil
ground and (2) since the 55 ordinary soil sites in the Kanto region
showed the mean acceleration amplification factor of 1.5 to the stiff
soil layer having a shear wave velocity of 300 to 500 m/s (TEPSCO, 1987)
and the ordinary soil sites in the western United States are considered
largely comparable to the above stiff layer, the mean 0/C value of the
order of 1.5 might not be unusual in case of those empirical formulas
derived by using the US data. However, in case of the Japanese empirical
formulas, the above bias may not be allowable except when a formula was
derived from only the data recorded on the stiff soil layer such as
described above.

Therefore, the mean 0/C value is not always the critical factor in
evaluating the fundamental adaptability of each formula to the Japanese
data base. On the contrary, the standard deviation from the mean 0/C and
the characteristic of the deviation with the value of the parameters that
constitute the formula is considered more important. If the standard
deviation is small and there is no irregular deviation of data with the
parameters involved, it will be possible that the skeleton curve will
reflect appropriately the Japanese data as a whole with new parameters
determined by regression analysis using the data and will give a smaller
mean O/C value.

Each figure of Figs. 3.2.1 to 3.2.13 shows the characteristic shape
of each original empirical formula with the peak accelerations of the
Japanese non-filtered data(NONFSEL) plotted, overall comparison on
observation and calculation (0/C) curve, O/C curves in terms of
magnitude, epicentral distance or hypocentral distance and/or focal
depth dependent on parameters involved in the formula.

First from the table, the following points can be pointed out:
1) Donovan's skeleton curve among Type I curves is better than those by
Ang and Newmark as well as by Orphal et al. T.Katayama's formula with

(R+c) is fundamentally the same as Donovan's.

2) Type II curves are probably inadequate because of large 0/C and
standard deviation value.

3) Campbell's formula is essentially the same as the one by Milne and

Davenport and will be as good as the Type I curve. This is evident
from the extent of fit that has been obtained in the curve by the
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T.Katayama formula(1985), where almost similar data base was used in
obtaining the formula.

Type IV curve by Nakamura et al is good to the extent of fit obtained
for the above Type III curves. Similarly this is evident from the
extent of fit that has been obtained for the curve, Katayama Type II.
This type of curve is among the curves previously shown only for the
curve that includes the term focal depth, giving the same degree of
fit as the Type III curve.

Referring to Figures 3.2.1 through 3.2.13, the above general feature
the curves can be described in more detail:

Among the Type I curves, the skeleton that has the term (R+c) as the
geometrical attenuation term as represented by Donovan's curve seems
to result in a fairly good fit to the Japanese data, whereas the
curves that lack the term ¢ or use only D seems to be incapable of
fitting the Japanese data. Moreover, it seems that both curves by T.
Katayama (R+c) and Nakamura, may have an obvious bias. In fact, the
data used by them were not corrected for the frequency characteristics
of the seismographs.

The Type II curves seem unsultable in view of the large mean 0/C with
the large standard deviations and a peculiar trend found in the o/c
curves with magnitude and hypocentral distance.

The Milne and Davenport's Type III curves seems inadequate for the
Japanese data because of the term D2, The others except Campbell's
constrained curve shows favorable fit with both parameters of
magnitude and epicentral distance. The curve by Campbell(unconstraint)
gives almost twice the 0/C value of that given by Katayama, I.(1985)
but the standard deviations of both are almost the same. This
indicates that this type of curve may have the capability to represent
appropriately the Japanese strong motion data, even if it lacks the
focal depth term. The Katayama Type I curve(1985) was constructed by
using the maximum peak of two horizontal peaks of each record which is
almost common with current data. Therefore, it is possible that this
formula can be one solution in its present form. In fact, the fit of
the curve to the maximum of two horizontal peak accelerations showed
the mean O0/c and the standard deviation of 1.04 and 1.49,
respectively. The ratio of this 0/C and the value of 0.88 in Table
3.2.4 becomes 1.2 and this value is comparable to the average ratio of
the two peak accelerations of each record.
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4) Type IV curves are essentially one skeleton curve, in which Nakamura
et al controlled the coefficient of logqg(D+H) which represent the
slope of the geometrical attenuation with somewhat special form as -
0.5 considering the attenuation law of surface wave component, because
their data contained mostly the data obtained for far distant earth-
quakes. From this reason, the fit of the curve with epicentral
distance and with the focal depth are poor as a whole, if compared
with the case of the Katayama Type II curve in which the coefficient
of logqpg(D+H) was determined from the data used and does not have a
particular function to attenuate a particular wave component. From a
similar situation as described in 3) above, the Katayama Type II curve
also has a probable solution for the maximum acceleration data of the
current Japanese strong motion data. In this case, the similar mean
0/C and standard deviation becomes 0.95 and 1.48, respectively. The
ratio of this 0O/C and the value of 0.80 in Table 3.2.4 becomes also
1.2; this value is again comparable to the average ratio of the two
peak accelerations of each record.

3.2.5 CONCLUSION

As a conclusion of the above analysis, the skeleton curves of the
Type III or the Type IV can be a candidate formula to construct some
reasonable formula appropriate for the Japanese data. The data contains
earthquakes having focal depths less than 80 km and the above two types
of curve showed almost the same level of fit to the Japanese data regard-
less of the number of terms included. If so and if it is desirable to
include the focal depth as a term in the empirical formula, the last Type
IV curve can be said to be the best among them.
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‘Table 3.2.1 Change of peak ground acceleration by filtering

Event & site | Component WDC. A original | WDC. A filtered| S.L.G. Data
1970/04/01 Acceleration | 189.7 | 161.8 | 190.2 | 162.6 | 170.6 | 152.7
M=5.8 H=75 Velocity 4.4 3.3 4.4 3.3 5.6 4.5
THO14 S=1 Displacement 0.3 0.3 0.3 0.3 1.0 0.6
1973/06/17 Acceleration | 200.9 | 126.9 | 199.8 | 127.7 | 186.8 | 135.0
M=7.4 H=41 Velocit& 27.5 15.7 26. 8 15.1 26.7 15.6
HK004 S=2 Displacement 6. 4 4.6 6.1 2.6 6. 2 2.8
‘Table 3.2.2{(a) Contents of the Japaneser
strong motion data used
Epicentral distance (km)
Magnitude
0-19 | 20-39 | 40-59 | 60-99 | 100-139 | 140-200 Sum
4,0 - 4.9 4 2 0 2 0 0 8
5.0 - 5.9 11 10 4 8 0 0 33
6.0 - 6.9 0 12 14 16 10 0 52
7.0 - 7.4 0 0 0 8 4 10 22
7.5 ~-17.9 0 0 0 4 2 4 10
Sum 15 24 18 38 16 14 125

Table 3.2.2(b) Soil classification
' and the data

Soil condition Number
Ist class 20
2nd class 38
3rd class 67

Sum 125




Table 3.2.3 The peak acceleration and velocity data used for

regfression analysis (Non-filtered record; NONFSEL)

Epic. | S | Max. Acc. (gal) - | Max. Vel. (kine)
Date of Event Observation Site | Dist. |C

Gem) Comp 1| |Comp 2| Compl | Comp 2
1963/08/04 20:43{ 5.1 KT014 3.0 2 .0768 . 0700 4.3 2.1
1966/04/05 17:51 | 5.4 CB020 8.0 3| .2132 , 0000 8. 4 0.0
1966/04/05 17:51 | 5.4 @) 4,01 21 ,3989 L2571 211 1.1
1966/04/05 17:51 | 5.4 @ 3.0y 21 .2715 L2634 1 20.4 17.3
1966/04/17 10:22 | 4.7 @) 40 2] .2511 . 1023 7.3 3.2
1968/04/01 09:42 | 7.5 KS002 60,0 3} .2809 .23121 27.3 16.5
1968704701 08:42 | 7.5 SK006 80.0| 3| .2020 .18891 19.9 13.3
1968705716 09:48 | 7.9 HK013 159.0f 3} .0972 , 0722 5.8 5.4
1968/05/16 09:48 | 7.9 THG14 i87.07 11} .1609 , 1445 6.1 53
19687 5/16 19:39 | 7.4 AOMORI 193.0| 3| .1006 . 0824 9.8 9.2
1968705716 19:39 | 7.4 HK013 75.0( 3} .0834 . 0625 52 3.8
1968/05/23 04:29 | 6.3 THO14 78.00 1| .0850 , 0760 2.3 1.6
1968/06/12 22:42 | 7.2 THO14 81.0 1] .1606 . 1365 6.0 5.0
1968/07/01 19:45| 6.1 TKO56 K8.0| 3| .1323 . 0835 8.8 7.6
1968/07/05 20:28 | 6.4 THOGS 62.07 3| .0599 . 0372 4.8 2.7
1968708707 17:00| 5.7 HK004 32.0] 21 .0886 , 0498 5.5 31
1968/10/08 09:50 | 5.3 KT004 38,0 3| .0758 . 0342 3.8 1.7
1968711714 03:42 | 6.0 THO14 83.0] 1| .0845 . 0558 2.2 1.3
1969704721 16:19 | 6.5 KS002 43.0} 31 .1136 . 0896 6.2 58
1969709709 14:15( 6.6 ACO17 101.0f 3| .0795 . 0552 5.6 4.4
19707 1721 2:33| 6.7 CHIYODA BRIDGE 87.9| 3| .1544 11481 10.9 1.8
1970/01/21 02:33] 6.7 HKO13 46,0 3] .13 . 1329 6.9 6.9
1970/04/01 23:23| 5.8 THO14 1720 1} .1641 .| .1424 4.4 3.4
1970/07/26 07:41 | 6.7 KS002 21,0 3] .1393 L1280 13.4 8.7
1970/07/26 16:10| 6.1 KS002 2.0 3| .0638 . 0607 3.4 2.8
1970710716 14:26 | 6.2 YUUHEL BRIDGE 241 3] .249 L1604 12.7 9.2
1970710716 14:26 | 6.2 YUUHET BRIDGE 2411 3] .2051 L1964 |1 13.1 10.5
1971/ 1/5 6: 9] 6.1 KINUURA 54.21 31 .0914 . 0894 9,5 6.7
1971/ 15 6: 9| 6.1 TOYOHAMA BRIDGE 42.3| 31| .1987 . 1451 8.6 5.7
1971/01/05 06:09 | 6.1 KK026 64.0] 3| .1060 . 0914 6.9 6.2
1971702726 04:271 5.5 CB030 27.0 2] .1b23 L1430 8.4 6.0
1971/ 1723 7. 7| 53 SAKAIGAWA BRIDGE 16.3 1| .1765 ,1016 | 6.5 4.1
1971/08/02 16:25| 7.0 HK004 196.0) 21 .08%4 .0785] 7.0 6.8
1971710711 19:16 | 5.2 KT050 120 21 .1652 . 0607 6.8 2.0
1972705711 09:45 | 5.8 HK004 33.0) 2| .1382 , 0835 6.0 56
1972710726 22: 21 4.3 OCHIAI BRIDGE 10.6| 3} .1486 . 0680 5.4 2.3
19737 3727 11: 8| 4.9 KANNONZAKT 34.0| 1} .1173 . 0497 6.3 2.2
1973706717 12:56 | 7.4 HK(04 112.0( 2| .1832 L1353 1 27.0 15.3
1973711719 22:02 | 6.4 THO33 107.0y 3] .0631 . 0526 5.2 4.3
1974703703 13:50; 6.1 KT036 3%.0f 21 .1111 L0393 10.56 5 2
1974/07/08 14:45| 6.3 KT036 73.0| 2] .0668 . 0476 3.5 3.3
1974/09/04 18:20 | b.6 THO29 42,0 21 .0717 L0711 3.9 31
1974711716 8:32 1 6.1 P.W.R. I KASHIMA B5.0) 3§ .1737 16611 12.3 1.6
1974711716 08:32 | 6.1 KT036 38.0) 2| .0866 0736 7.2 59
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. Table 3.2.3 (Continued)

Bpic. Max. Acc. (gal) | Max.Vel. (&kine)

Date of Event H | Observation Site| Dist.
Gkm) km) Comp 1 | Comp 2| Compl | Comp 2
1975/04/21 02:35| 6.4 12 | KSCl4 41,0 2| .1054 . 0831 3.4 3.0
1978/ 1714 12:24 ¢ 7.0 5 | SHIMIZU-MIHO 7.4 2] .0944 L0517 11.4 6.8
19787 1714 12:24 1 7.0 5 | YAMASHITA-HEN 80.9| 3| .0640 . 0554 7.2 4.6
1978/ 1716 7:31 5.8 20 | SHIMIZU-MIHO 41.0] 3| .0565 L0241 5.5 2.1
1978/ 2/20 13:37] 6.7 50 | KAIHOKU BRIDGE 85.8] 1] .1742 , 0990 80 6.1
1978/ 6712 17:14 | 7.4 | 40 | TAIRA BRIDGE 165.4 31 .0967 .0841 1 15.5 12,8
19787 6712 17:14 | 7.4 | 40 | ONAHAMA 175.8| 3| .0592 . 0574 7.5 6.3
1982/ 3/ 6 19:16 | 5.3 | 30 | HOSOSHIMA-S 70.0| 3| .0498 .0319 2.7 2.1
1982/ 3/ 7 8:14| 5.5| 60 | KASHIMA-ZOKAN-S 61.0| 3| .0644 . 0344 2.2 1.5
19827 4719 11:25 | 4.7 50 | KAWASAKI-DAIGO 66.0 31 .0289 . 0235 0.9 0.6
1982/ 67 1 5:13| 6.1 40 | OFUNATO-BOCHI 63.0] 1] .0545 . 0290 2.9 1.4
1982/ 6/ 1 5:13| 6.1 40 | MIYAKO-S 110.6) 1] .0548 L0471 2.1 1.4
1982/ 7/23 23:23 | 7.0 30 | KASHIMA-ZOKAN-S 118.0} 3| .0876 , 0827 51 4.9
1982/ 8/12 13:33 | 5. 7| 30 | YAMASHITA-HEN 64.0| 3| .0432 . 0238 3.4 2.4
1982/ 8/23 14:50 | 5.3 | 80 | SHIOGAMA-KOJYO 79.0| 3| .0b57 . 0218 3.7 2.9
1983/ 5726 12: 2| 7.7| 14 | AKITA-S 107.01 2} .2311 L2181 28.9 26.5
19837 6/ 9 21:49| 6.1] 23 | AKITA-S 113.0) 2] .0507 . 0461 5.1 4.1
1983/ 67 9 22: 4| 6.0| 14 | AKITA-S 115,04 2| .0498 . 0406 2.4 2.0
1983/ 6721 15:26 | 7.1 6 | AOMORI-S 160,01 31 .0742 . 0602 8.8 7.0
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Table 3.2.4 Fit

of original empirical formulas with‘Japanese Data

Reference Proposed Empirical Formula O/Cav. | O/C) o
Type I curves :
Donovan (1973) A=1080- exp (0. 5M) (R+25) "1 32 (gal) 1. 52 1.59
Ang and Newmark A=1, 35+ exp 0. 67M) (+15) 1. 75 (@ 1.79 1. 90
a9
Katayama, T. (1974) | A=203. 3 exp (0. 948M) (R+30) "L 637 (gal) 2. 32 1.71
A=9. 60+ exp (1, 073D~ 1. 290 (gal) 1.81 1.87
Orphal et al(1974) | A=0. 66100 4M.p~1. 39 @ 3. 02 2. 44
Type 11 curves
Kanai-Seed A0=(1/Tp)'1OB (gal) 4, 80 2. 00
Combination
Tp=¢0. 000512M-0. 00143) (X+100)+0. 02
(After Seed et al, 1968)
=0. 61M-Plog1oX+Q ; X=(D2+H2)1~2
P=1. 66+3. 6/X . 0=0. 167-1. 83/X
Joyner and Boore logiaA=-1.02+0‘249M-logxa(r)~0.00255~r 3. 41 2,09
(1981) ()
r=(D2 + 7,32 )1/2
Type IIL curves
Milne and A=0, 69-exp (1. 64M) / (D2 +1, 1-exp (1. 1M)) 2,06 1. 88
Davenport (1969) (8
Campbe 11¢1981) A=0. 0153 exp (0. 868M) -+ . o
(D+0. 0606 - e xp (0. 700M)) 1+ ©) 1.82 1. 62
A=0. 0185 exp (1. 28M) - -1.75
(D+0. 147 -exp €0. 732M)) ~ L ©) 2.35 1.85
Katayama, I. (1985) | A=0. 0302 exp (1.281M) - -1.513
(Type I) (D+0. 300.exp €0, 752M)) - ) 0. 88 1. 58
Iype 1V curves
Nakamura et al log1eA=0, 168M-0.-50-1log1e (D+H)
(1984) ~0.0551-D-1070-156M 41 86 (gald) | 2.36 1.73
Katayama, I. (1985) | logioA=0. 180M-0. 193+ logi e (D+H) 0. 80 1. 59
(Type ID -0.0558+D-1070- 15T -1 333 (®
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Chapter 3

3.3 NEW EMPIRICAL FORMULA
3.3.7 NEED FOR NEW EMPIRICAL FORMULA

The two empirical formulas in egs.(3.2.22) and (3.2.24), both of
which showed almost identical fit to the present Japanese strong motion
data set as was shown in Table 3.2.4 , were used to test the significance
of the focal depth term in a practical application example(I.Katayama,
1985). By using the model which consists of three dimensional source
model of seismically active Kanto area and each empirical formula
described above, one takes and the other does not take the focal depth
into account for predicting peak ground accelerations(PGA) on the
practical design base layer, the seismic hazard maps of the Kanto area
were calculated.

The iso-seismal maps of PGA for the period of 75 and 100 years of
expectancy obtained by using each one of the above attenuation curves are
shown in comparative form in Figures 3.3.71(a) through (d). From the
figures, the following points are evident;

(1) In the case when the I.Katayama Type I curve is employed, the region-
ally high intensity =zones have appeared just above the earthquake
nests, Southwestern and Southern Ibaragi, and Northern and Central
Chiba, where the earthquake activity of around 50 km to 90 km depth
are remarkably stable and frequent(Figures 3.3.1(a) and (b)).

(2) On the other hand, when the attenuation curve I.Katayama Type II is
used, the regionally high intensity zones do not appear above those
regions of intermediate depth earthquakes as are evident from Figures
3.3.1(c) and (4d).

(3) The past earthquakes having occurred in the above two source regions
of intermediate earthquakes did not cause serious damages over these
regions nor the surrounding area. The area that extends to the
southwest from the Southwestern and Southern Ibaragi to the sea off
Bousou Pennisula across the central Chiba prefecture is known of
comparatively low rate of historical earthquake damage.

(4) Thus, the attenuation curve I.Katayama Type II is seems to give a
reasonable feature of seismic intensity distribution. And the region-
ally high intensity in these zones is attributed simply to the
attenuation curve of the I.Katayama Type I employed which neglects
the appropriate contribution of focal depth to PGA. Moreover,
including the above zones, the I.Katayama Type I curve gives a more
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uniform intensity distribution almost over the Kanto area and this
seems inconsistent with the earthquake damage history of the area;
namely, giving a higher earthquake damage rate of the past in the
western part of Tokyo.

Based upon the results, it can be clearly said that it is desirable
to use such attenuation curve like the I.Katayama Type II in the above in
combination with the three dimensional source model for the seismic
hazard analysis of the Kanto area or for the similar area where the
earthquake activity is remarkable from very shallow to intermediate
sources. In this regard, some new empirical formula that appropriately
reflects the effect of focal depth on the predicted peak ground motions
is required to be developed using Japanese strong motion records.

In case of buried structures extending over distance in the longi-
tudinal directions, the relative displacements of two points along these
structures can induce the axial stress and bending moment. Assuming a
horizontally traveling wave, the ground strain, e, caused by the relative
displacement of the soil along the axis of a duct can be correlated with
the particle velocity, v, and the phase velocity, c, as e=v/c. The axial
and flexural strain are induced in the structures through the transmitt-
ing capacity between the structures and the soil.

Therefore, these new empirical formulas should also provide the
information regarding those peak ground motions which are meaningful for
long and extended structures, for which the surface wave components or
horizontally propagating wave components rather than the vertically
traveling body wave components are of primary concern.

In the estimation of the ground strain, since the phase velocity is
dependent on the frequency of the surface wave as is shown in Figure
3.3.2 (Toki, 1981), the particle velocity as well as the frequency of the
ground motion must be determined.

Numerous reports showing good coincidence between the ground strain
and ground velocity for the periods longer than 1 sec have been available
but in the frequency range higher than 1.0 Hz there are almost none. TO
estimate the ground strain at the latter frequency range containing
mainly body waves and to apply the ground velocity directly to the
relationship e=v/c seems difficult; however, owing to the results given
by Fukumori and others(1984), the phase velocity decreases with
frequency for the range higher than 1.0 Hz and is close to the shear wave
velocity of the ground at frequencies higher than 3.3 Hz. The results
seem comparable to those obtained by Sakurai and others(1970) where the
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primary period and apparent velocity of the travelling wave were estimat-
ed by the primary period of the upgoing shear wave and the shear wave
velocity of the ground, respectively.

Even if the theoretical rigorousness is questionable for estimating
the maximum ground strain by the simple relationship using the maximum
ground velocity and the apparent velocity in the frequency range higher
than 1.0 Hz, considering the possibility of buried structures responding
to frequency components higher than 1.0 Hz but lower than the main
frequencies of the body wave higher than 2 Hz, a set of new empirical
formulas are constructed for practical engineering purposes. The
Japanese strong motion data set previously described as "Non-filtered
data set" was filtered with the low-pass filter with a cutt-off frequency
of 1.4 Hz in order to make it contain longer period components and was
named as "Filtered data set (FLTDSEL)", the peak acceleration and
velocity of which are shown in Table 3.3.1. The same functional form
used to derive the acceleration attenuation curve was also adopted for
the new attenuation curves using the above "Filtered data set'.

3.3.2 PRELIMINARY REGRESSION ANALYSIS

From the preceding section, it is found that the skeleton of the
Type IV curves was the most appropriate curve for the current Japanese
strong motion data set; however, in order to confirm the degree of fit of
the Type IV curve to the data better than those of the other type curves,
a preliminary regression analysis was performed including the curves of
Type I to Type IIT.

The regression analysis is performed selecting one representative
skeleton curve from each type; Donovan's curve, Combined Kanai-Seed
curve, Campbell's curve and Nakamura et al curve are selected to
represent respectively the type I to IV curves. As for the Type IV
curve, the functional form was converted into explicit form.

As the preliminary analysis, only the acceleration formulas are
constructed by nonlinear least square regression analysis using Newton-
Gauss method written by the author and the Japanese strong motion data
set NONFSEL. In performing the regression analyses, no data window are
used and either the hypocentral distance or the epicentral distance was
used for the distance.

The results of regression analysis for each type of curve are
summarized in Table 3.3.2 and the feature of the fit to the data is shown
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in Figures 3.3.3 through 3.3.6, for the Type I through IV, respectively.

From Table 3.3.2, all the curves seem to have similar fit to the
data both in terms of the mean O/C and the standard deviation values;
however, from Figures 3.3.3 through 3.3.6, the following may be observed:

(1) The Type I and II curves show fairly large dependence of the
accelerations on the magnitude at near-field and the accelerations
themselves are remarkably larger than those by Type IT and IV curves.

(2) The Type II curve, Combined Kanai-Seed curve, has a peculiar shape in
the intermediate distance range, 30 to 60 km of the hypocentral
distance.

(3) The Type III and IV curves commonly show smaller dependency of
acceleration on the magnitude at near-field and the near-field
accelerations tends to converge in a certain small range which is
consistent with recent fault rupture theory. However, the level of
the near-field accelerations seems a little smaller if compared with
that of the accelerations recorded in some recent events in
California. 1In general, the fit is good as a whole.

From the above results, it can be confirmed that the Type IV curve
involving the focal depth term can be adapted for Japanese strong motion
data and this will give a more desirable situation for predicting the
peak ground motions of earthquakes occurring at various depths.

3.3.3 NEW EMPIRICAL FORMULAS

Based on the results obtained in the preceding sections and the
current need for predicting the peak ground motions directly applicable
to structures constructed underground, two sets of attenuation curves are
derived, each of which can predict both the peak ground acceleration
(PGA) and peak ground velocity (PGV) at the surface of ordinary soil
layers. For this purpose, the foregoing two Japanese strong motion data
sets, Non-filtered data set and Filtered data set, are used. The
regression analysis method is the same as that used in the previous
section and the skeleton curve of the Type IV curve is used.

3.3.3.1 Formulas for the structures on the ground surface

As the empirical formula to be applied for structures constructed
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directly on the ground surface, the following set of formulas were
derived based on the "Non-filtered data set" in which the one written in
eqg.(3.3.1) is the same as that already given in Table 3.3.2 and the fit
of the above two formulas are illustrated in Figures 3.3.7 and 3.3.8;

Apax=0.1125exp(0.269M) [D+H]~0+33%xp[-0.480exp(~-0.694M)D1(1.53)Y (3.3.1)

Vpax=1-5302exp(0.514M) [D+H]~0-373exp[-0.923exp(~0.859M)D1(1.67)Y (3.3.2)

3.3.3.2 Formulas for structures underground

As the empirical formula to be applied for such structures suc as
long tunnels or ducts constructed underground, the following set of
formulas were derived using the "Filtered data set" and the fit of the
above two formulas are illustrated in Figures 3.3.9 and 3.3.10;

Apax=0.0023exp(0.602M) [D+H]~0+26Texp[-1.097exp(-0.817M)D]1(2.28)Y (3.3.3)

Vpax=0.1615exp(0.798M) [D+H]~0-393exp[-0.700exp(~0.810M)D]1(2.23)Y (3.3.4)

In the above formulas, Apgy and Vpax are peak ground acceleration
(PGA;in G) and velocity (PGV;in kine) , and M, D, and H are the magnitude
of earthquake(in JMA), epicentral distance and focal depth(in km),
respectively. Also, in the above equations, y specifies the data
coverage of estimation; when y=0 it gives the median value and y=1 it
covers 84 percentile of the data.

3.3.3.3 On the application of formulas

These attenuation curves shown above are derived based on the strong
motion data recorded on the surface of ordinary soils and it might be
guestioned whether these formulas can be applicable to buried ducts and
underground tunnels at shallow depths. For this, because these formulas
are derived using the data set "FLTDSEL" containing mostly the wave
components longer than 0.75 seconds and the wave components are out of
the primary period range of strong motions observed on ordinary
soils(usually 0.1 sec to 0.5 sec), these formulas may give a good
approximation for the peak values of actual underground motions in
shallow depths.

When the peak ground motions of the practical design base layer
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defined practically by SPT-value larger than 50 or by shear wave velocity
higher than 300 m/sec respectively are required, the peak ground motion
(PGM) values calculated by the above equations can be divided by 1.5 and
1.2 for PGA and PGV, respectively; Figure 3.3.11 illustrates the distrib-
ution of the acceleration amplification factors of the surface layers of
fifty five substations located in the Kanto area, in which the mean
acceleration amplification factor between the ground surface and the
design base layer is about 1.5. Similarly, the mean velocity amplifi-
cation factor was about 1.2.
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Figure 3.3.2 Examples of the observed propagation speed at the
ground surface (After Toki, 1981)

Table 3.3.1 The peak acceleration and velocity data used for :
N regression analysis (Filtered; FLTDSEL) ‘

Epi, |S |Max. Acc. (gal) Max. Vel. (kine)
Date of Event M H | Observation Site| Dist. |C

Gkm) Comp 1 Comp 2 | Comp 1| Comp 2
1963708704 20:43 | 5.1 | 39 |KT014 3%.0] 2] .0159 . 0031 2.5 0.3
1966/04/05 17:51 | 5.4 4 | CB0O20 8.0| 31 .0344 . 0000 5.6 0.0
1966/04/05 17:51 | 5.4 4 | @ 401 2] 1194 L0371 14.2 4,6
1966/04/05 17:51 | 5.4 4 | @ 3.0} 21 .0620 L0474 8.7 7.7
1966704717 10:22 | 4.7 6 | @ 4.0] 2] .00M4 . 0051 0.9 0.8
1968/04/01 09:42 | 7.5| 37 | KS002 60.0] 3] .1526 09701 27.7 15.3
1968/04/01 09:42 {1 7.5 37 | SK006 86.0| 3] .1429 L1069} 16.5 12.3
1968/05/16 09:48 | 7.9| 20 | HKO13 158.0 31 .0209 , 0202 4.5 4.4
1968705716 09:48 | 7.9 | 20 | THO14 187.0| 1} .0158 . 0157 2.8 2.1
1968/ 5716 19:33 | 7.4 20 | AOMORI 193.0| 3| .0B56 . 0414 8.7 811
1968/05/16 19:39( 7.4 | 20 | HKO13 75.0]. 3] .0130 . 0100 3.2 2.4
1968705723 04:29 | 6.3 | 50 | THO14 78,01 1] .0026 . 0011 0.3 0.1}
1968/06/12 22:42 | 7.2| 31 | THO14 81.0| 1] .0185 L0142 2.5 2,21
1968/07/01 19:45| 6.1| 68 | TKOb6 - 8.0 3| .0457 . 0402 8.9 4.9
1968/07/05 20:28 | 6.4 | 44 | THOO05 © 82,0 3] .0292 L0176 4.4 2.5
1968708707 17:00 | 5. 7| 68 | HK004 32.0] 2} .0168 , 0138 2.1 L9}
1968710708 09:50 | 5.3 | 73 | KT004 38.0( 3] .0087 . 0063 1.1 6.9}
1968711714 03:42 | 6.0| 40 | THO14 83.0] 1] .0022 . 0009 0.3 0.1
1969/04/21 16:19| 6.5| 39 | KS002 43.0f 3] .0380 . 0349 4,7 4.2]
1969/09/09 14:15| 6.6 29 | ACO17 101.0| 3| .0256 . 0226 3.0 2.9 i
19707 1721 2:33| 6.7] 25 | CHIYODA BRIDCGE 87.9| 3| .0425 . 0300 6.5 4.9]
1970701721 02:33 | 6.7| 25 |HRO13 46.0| 3| .0247 . 0228 4.6 4.01.
1970/04/01 23:23 | 5.8 75 | THO14 170§ 1] .0116 . 0062 1.5 1.0
1970/07/26 07:41 | 6.7 47 |KS002 21.07 3| .0523 . 0470 7.9 73
1970/07/26 16:10 | 6.1 | 47 | KS002 21.0] 31| .0119 .0li4 1.5 1.4

140



Table 3.3.1 (Continued) .

Epi. Max. Acc. (gal) Max. Vel. (kine)
Date of Event H | Observation Site| Dist.

G Comp 1 Comp 2 | Comp 1| Comp 2
1970710716 14:26 | 6.2 5 | YUUHEI BRIDGE 24,11 31 .0420 . 0387 7.6 6.9
1970710716 14:26 | 6.2 5 ! YUUHEI BRIDGE 24,11 3| .0500 . 0410 9.2 6.7
1971/ 1/5 6: 9| 6.1 44 | KINUURA 5.2 31 .0619 . 0396 7.1 4.7
1971/ 175 6: 9| 6.1 44 | TOYOHAMA BRIDGE 42.31 3| .0449 .0218 5.5 2.6
1971/01/05 06:09 | 6.1 44 | KK026 64.0| 31 .0430 . 0294 50 4.4
1971702726 04:27 | 5.5| 37 | CBO30 271,01 2| .0269 . 0232 4.5 3.0
1971/ 7723 7. 7| 5.3| 10 | SAKAIGAWA BRIDGE 16.3) 1} .0224 . 0106 2.8 2.1
1971/08/02 16:25 | 7.0| 45 | HK004 196,01 2| .0371 . 0307 6.6 50
1971710711 19:16 | 5.2 40 | KT050 1201 2 .0286 . 0090 3.9 1.1
1972/05/11 09:45 | 5.8 | 63 | HK004 33.0) 21 .0241 . 0217 3.4 3.4
1972710726 22: 2| 4.3 | 10 | OCHIAI BRIDGE 10.6| 3} .0140 , 0043 1.7 0.8
19737 3727 11: 8| 4.9 | 60 | KANNONZAKI 34,0 1 .0160 . 0041 2.3 1.0
1973/06/17 12:55| 7.4 | 41 | HK004 1120 2| .1226 L0787 | 24.8 13. 4
1973711719 22:02 | 6.4 ] 56 | THO33 107.0| 3| .0266 L0194 2.8 2.2
1974703703 13:50 | 6.1 49 | KT036 39.0| 2| .0594 L0311 7.1 5.5
1974/07/08 14:45| 6.3 | 45 | KT036 73.01 2] .0120 . 0089 2.0 1.8
1974/09/04 18:20( 5.6 | 52 | THO29 42,0 2| .0197 L0175 2.4 2.2
1974/11716 8:32| 6.1 | 44 | P WR. I KASHIMA 55.0| 3| .0722 . 0637 9.0 3.0
1974711716 08:32 | 6.1 | 44 | KT036 38.0| 2| .0525 , 0260 7.2 4.0
1975/04/21 02:35{ 6.4 | 12 | KSO14 41.6( 2} .0087 . 0077 2.3 1.7
1978/ 1714 12:24 1 7.0 5 | SHIMIZU-MIHO 7.4 2| .0685 L0274 12,6 6.4
1978/ 1714 12:24 | 7.0 5 | YAMASHITA-HEN 80.9| 3] .0174 . 0141 3.2 2.4
1978/ 1715 7:31| 5.8} 20 | SHIMIZU-MIHO 41.0 3| .0274 . 0102 3.5 2.0
1978/ 2720 13:37| 6.7 50 | KATHOKU BRIDGE 85.8( 1} .0153 L0139 3.7 2.2
1978/ 6712 17:14 | 7.4{ 40 | TAIRA BRIDGE 165.4} 3} .0611 L0541} 14.0 10.0
19787 6712 17:14 | 7.4 | 40 | ONAHAMA 175.8 . 31 .0377 .0319 6.9 5.5
1982/ 37/ 6 19:16 | 5.3 | 30 [ HOSOSHIMA-S 70.01 3| .0117 .0110 1.b 1.4
1982/ 37 7 8:14| 5.5 60 | KASHIMA-ZOKAN-S 61.01 3| .0089 . 0080 1.1 1.1
19827 4719 11:25 | 4.7 | 50 | KAWASAKI-DAIGO 66.01 3| .0023 . 0010 0.3 0.2
1982/ 6/ 1 5:13| 6.1 | 40 | OFUNATO-BOCHI 63.0| 1| .0143 . 0048 1.9 0.5
19827 6/ 1 5:13| 6.1 | 40 | MIYAKO-S 110.6| 1| .0024 . 0023 0.5 0.5
1982/ 7/23 23:23 1 7.0 30 | KASHIMA-ZOKAN-S 118.0| 3| .0229 . 0215 4.0 3.1
1982/ 8712 13:33 | 5.7 | 30 | YAMASHITA-HEN 64.0] 3| .0143 L0127 2.7 2.2
1982/ 8/23 14:50 | 5.3 80 | SHIOGAMA-KOJYO 79.01 3| .0128 . 0095 2.0 1.6
1983/ 5726 12: 2| 7.7( 14 | AKITA-S 107.0] 21} .1439 .1067 | 28.0 23.8
1983/ 6/ 9 21:49| 6.1 23 | AKITA-S 113.01 2§ .0218 L0179 4.8 2.9
1983/ 6/ 9 22: 4| 6.0 14 | AKITA-S 115.0( 2| .0096 . 0076 L7 L5
1983/ 6/21 15:26| 7.1 6 | AOMORI-S 160.0| 3] .0565 . 0266 7.8 6.1
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Table 3.3.2 Results of regression analysis using the Japanese
- strong motion data (Non-flltered- NONFSEL)

Reference Derived Formula O/Clav. | (O/C) o
Type I curves
Donovan type A=0. 0652 - exp (0. 494M) (R+0. 58) ~0- 656 (g 1.00 1.55
Type Il curves
Combined Kanai- Aa=(1/Tp)'IUB (gal) . 983 1. 55
Seed type
"~ Tp=(0. 000512M-0. 00143) (X+100) +0. 02
(After Seed et al, 1968)

B=0. 339M~Plog1aX+Q ; X=(D2+H2)1-2

P=-0.217-13. 08/X ; Q=-4,37-3.4/%
Type III curves
I.Katayama Type [ =0. 0284 -exp (1. 285M) -
(Campbell type) (D+0. 300 - exp €0. 752M)) ~1- 54 (@) 1.03 1. 58
Type IV curves
I.Katayama Type II | A=0. 1125-exp (0. 269M) - (D+H) 70 339
(Nakamura et al exp (0, 480 -exp (~0. 694M) -} {G) 1. 00 1.53

Type)
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'1UUU KatayamAType [[{Amax+Amin) . VS, B:NONFSEL

1000 Katayama Type [I{Amax+Amin) VS, B:NONFSEL H = 15
500
S0 A M4.0-4.9
= M.z & M:5.0-5.9
200 e \-_:8:;——\_\ = Cal 200 > v MES. 0-6. '9
e - - : s E
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Y BV HTO0T N
20 H:7.0-7.4 N b .
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oLe - AN @ @ W A0 0
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1000 Katayama Tvpe [I(Amaxtimin) _VS, B:NONFSEL H = 45 0. Katayama Type [[{AmaxtAmin) .VS, B:MONFSEL
1
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3.
200 2. A 2
> <
fee, - 0/¢ 4 °§ ©> 8 v v 8 @i g =]
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18. KataQama Type [1{fmax+Amin) . VS, B:NONFSEL 0. Katayama Type [[(Amaxtdmin) . VS, B:MONFSEL
1 1
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3. 3,
2. 2
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6/c 2 YA
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0,20 M7 024, 0.21.0.. H70:7 8 ?
0 im17.5-7.9 O M:7:i5-7.9
Ll _ims.o- , il tsin-
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Apax=0.1125exp(0.269M) [D+H]~0+33%xp[-0.480exp(-0.694M)D](1.53)Y

in ?800m/sec2

Figure 3.3.7 Proposedvfafmula of PGA for structures on the
ground surface of ordinary soil
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Katayama Type I[{VmaxtVmin) .VS, B:NONFSEL H = 15 100

» - Katayama Type [I(VmaxtVmin) .VS. B:NONFSEL
50 50
A M4.0-4.9
& M:5.0-5.9
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in cm/sec

Figure 3.3.8 Proposed formula of PGV for structures on the
ground surface of ordinary soil
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Figure 3.3.9 Proposed formula of PGA for structures buried
in the ground of ordinary soil
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Figure 3.3.10 Proposed formula of PGV for structures buried
in the ground of ordinary soil
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3.4 SEISMIC RISK MAP OF KANTO AREA
3.4.17 INTRODUCTION

Recent advances of electronic technology and communication networks
have given increased importance on the reliability of lifeline systems of
power transmission system in Metropolitan Tokyo as an international
center of economy and politics. The power transmission system in Tokyo
consists of many types of structures, including overhead power trans-
mission and transform facilities, underground substations, and power
transmission tunnels and ducts.

Because the seismic activity of the Kanto area is known by the
remarkable activity of earthquakes both in the crust and the upper-most
mantle in some particular regions, a three-dimensional seismic source
model which considers the three-dimensional distribution of seismically
active regions is proposed.

With the above situation, for studying the seismic hazard of Kanto
area, the seismic hazard analysis model which combines a three-
dimensionally distributed seismic source regions and the attenuation
curves reflecting the effect of focal depths on the peak ground
accelerations was proposed(I.Katayama, 1985 and 1986).

Further, as the power transmission system includes various types of
structures constructed on the surface ground as well as underground and
the horizontally propagating waves rather than vertically incident waves
are of primary concern for the longitudinal response of buried tunnels
and ducts, two sets of new attenuation curves derived earlier are applied
to the seismic hazard of the Metropolitan area.

In this study, the above new attenuation curves are combined with
the same seismic source model and the results are presented by contour
maps applicable to both on surface and underground structures, in terms
of the expected peak ground acceleration and velocity for some represent-
ative exposure times. Some of the results of this study were already
used for the seismic reliability analysis of the power transmission
system of Tokyo which contains various types of structures included in
the the system (I.Katayama and others, 1989).
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3.4.2 CONSTRUCTION OF SOURCE MODEL FOR SEISMIC HAZARD ANALYSIS
3.4.2.1 Characteristics of seismic activity of the Kanto area

In and around the Kanto area, earthquakes both in the crust and the
upper-most mantle are occurring in cluster in some particular regions.
The spatial distribution and focal mechanisms of earthquakes of this area
have been systematically studied using microearthquakes located by
sensitive seismograph networks of the Earthquake Research Institute,
University of Tokyo (ERI), and the Tokai-Kanto Observational Network of
the National Research Center for Disaster Prevention (NRCDP).
Observational information has been periodically reported in the circular
of the Coordinating Committee for Earthquake Prediction (CCEP).

Fine spatial distribution of earthquakes in the Kanto area has been
studied by Tsumura (1973), who showed a fine structure of the seismicity
and the seismic zones using the earthguakes observed and located by ERI;
he showed Figure 3.4.1, where the double-planed seismic zone of the
Pacific plate (PAC) subducting westwards beneath the Eurasian plate (EUR)
at the Japan trench and the seismic zone of the Philippine Sea plate
(PHP) dipping northeastwards from the Izu Pennisula which seems to meet
the PAC at depths between 60 and 80 km beneath northern and central
Chiba, and southern and southwestern Ibaragi. The relationship of the
subducting plates with the seismic activity around the plates are
suggested also from the distribution of hypocenters as shown in Figures
3.4.2(a) to (c)(ERI, 1982), for example.

Hamada and Kasahara(1981) proposed a plate model, as shown in Figure
3.4.3, which explains the tectonics of the Kanto-Tokai area as the place
of interaction of the previous three plates beneath the area.

Using the earthquake data collected by ERI from 1970 through 1974,
the characteristics of some active regions of stable seismicity within
the Kanto district were studied by Usami and Watanabe(1976) and they
derived 21 "earthquake nests" with the range of focal depth shown in
Figure 3.4.4.

Maki and others(1980) studied the focal mechanisms of 49 subcrustal
earthquakes which occurred in the seismically active regions of the Kanto
area by using the data collected from the observational stations of ERI,
the seismological bulletins of Japan Meteorological Agency (JMA) and the
International Seismological Center(ISC). They found that the spatial
distribution and the focal mechanisms of shallower earthquakes located at
a depth of about 45 km below the western end of Ibaragi Prefecture and
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along the upper boundary of PAC are consistent with the underthrusting
PAC to the northwest. Deeper earthquakes occurring in depths around 70 km
within the PAC beneath the western part of Chiba Prefecture and the
southwestern part of Ibaragi Prefecture are explained as those caused by
the subcrustal collision of PAC with PHP. They showed the distribution
of the epicenters in the Kanto area with vertical sections as are shown
in Figures 3.4.5(a) to (c). These figures clearly show the three-
dimensional feature of the earthquake activity in the Kanto area as the
previous researchers have already emphasized with the relationship to
subducting plates under the district.

Ishida(1984) examined the spatial distribution of earthquake hypo-
centers and the three-dimensional velocity structure of P wave for the
Kanto-Tokai District by using 3,025 events among 5,000 relocated events
which occurred within the area bounded by latitudes 33.7 N and 37.0 N and
longitudes 136.7 E and 141.7 E during the period from January to December
1980. Figure 3.4.6(a) shows the distribution of the relocated hypo-
centers with different depths and magnitudes by different symbols and
Figures 3.4.6(b) and (e) are the vertical sections which show the dis-
tribution of hypocenters within the area as shown in the top of these
figures (Figures 2, 4, 5, 6 and 7 of Ishida(1984)).

3.4.2.2 Contour map of upper surface of seismically active zones

To perform the seismic hazard analysis of the Metropolitan Tokyo
based on the characteristics described above of the seismic activity of
the Kanto area, a model as shown in Figure 3.4.7 is constructed, which
specifies three-dimensionally seismically active surface planes of the
seismically active zones along the subducting plates. On the three-
dimensional surface of the model, each seismically active region will be
distributed. Those earthquakes that occur within the region and with the
focal depths deeper than the depth of the region are projected onto the
surface plane of the region and combined with the attenuation curves,
resulting in a conservative evaluation of the peak ground motions.

For this purpose, a series of figures plotted by Ishida(1984, Figs.
2 to 14) were used to draw smooth upper surfaces of seismically active
zones along PHP and PAC, some examples of which are drawn on the previous
figures. Thus drawing the smooth curves designated to become the upper
surfaces of seismically active zones on the vertical sections, the
contour maps showing the upper surface trace of seismically active zones
for both PHP and PAC were obtained as shown in Figures 3.4.8(a) and (b).
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3.4.2.3 Seismically active fields

The hypocenter distribution of about 2,100 events larger than 3.0 in
magnitude located by JMA during the period from January 1961 to December
1982 is plotted in Figure 3.4.9(a) with different symbols of varying size
for different focal depth and magnitude, respectively. These events were
replotted separately with the three depths, shallower than 20 km, 20 km
to 30 km, and 30 km to 100 km, as in Figures 3.4.9(b) to (d). The
earthquakes or earthquake activities which will be taken into account in
subsequent part of this chapter are those that fall within the area
encompassed by solid lines in these figures.

Before specifying a particular seismic source region as discussed by
Usami and Watanabe(1976) of remarkably stable seismicity with seismic
parameters, the author divided the seismically active regions of the
Kanto area into the following three fundamental fields, based on. the
characteristics of the seismicity of the Kanto area as previously
reviewed, the overall distribution of earthquakes, focal mechanisms and
implied tectonic force field caused by subduction of PAC and PHP under
EUR, and also taking the model proposed by Hamada and Kasahara(1981) into
reference:

(1) Seismically active field I which basically represents the seismicity
within the two subducting plates and along the intersecting zones of
PHP and PAC; The earthquakes at depths shallower than 20km in and
around Izu Pennisula and Southeastern Yamanashi, the earthguakes
within both plates up to the depth of 100 km, and the earthquakes
occurring in cluster beneath Southwestern and Southern Ibaragi and
Central and Northern Chiba at depths between 40 and 80 km are the re-
presentative earthquakes of this field.

(2) Seismically active field II which represents basically the remarkable
zones of seismicity in the east off the Bousou Pennisula inbetween
the lower half of EUR(the zone deeper than 21 km) and the upper
surface planes of seismically active zones of PAC and PHP as are
shown in Figure 3.4.8.

(3) Seismically active field III which represents the widely distributed
earthquake activity at depths shallower than 20 km in the EUR except
the regions cited in (1), the sea of Kashima, and the sea off Bousou
Pennisula.

The regions as classified in the above three fields appear separate-
ly in these figures as noted by the symbols, I, II, and III, because
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these fields are attributed mainly to three kinds of three-dimensionally
subducting plates or the accompanying interaction among these plates.
The meaning of the suffices attached therewith are explained later.

3.4.2.4 Seismically active source regions

There are reports of several small regions in the Kanto area where
current seismic activity is stable and frequent in cluster and some past
disastrous-earthgquakes were located inside or close to the areas as
pointed out by Usami and Watanabe(1976) and Maki and others(1980).

By following these references and through preliminary study of b-
value analysis using the events plotted in Figures 3.4.9(a), the
earthquakes were attributed to smaller source regions as shown separately
with depths in Figures 3.4.9(b) to 3.4.9(4d).

As for the source regions in the seismically active field I, Ipaq
denotes the source region known as Southeastern Yamanashi. Ipp and Ia3
are the very shallow source regions known as in and around Izu Pennisula.
Ig1 and Iy are the Southwestern to Southern Ibaragi region and the
Northern to Central Chiba region, respectively as noted by Hamada and
Kasahara(1981) and Maki and others(1980). TIp1 to Ip3 are often referred
to as the seismically active region of the Sea of Kashima and off Chosi.
Other regions denoted by Ipngq, Ig, Ip3 and Ip in these figures are not so
remarkable earthquake clustering regions but were defined somewhat
arbitrarily. The seismicity of the above regions come directly from the
tectonic stress within the subducting PHP and PAC or by the collision of
both plates(Igq and Ipy). Future earthquakes of each region in this
field I are assumed to occur at the depth of the region located on the
surface plane shown in Figure 3.4.8.

Among those regions in the seismically active fields II, only IIMm
was meaningful to be specified as a stable source region by the F-test of
b-value with 5 % significance level. Those regions, IIp, IIy, and IIc
were gathered into one region and will be determined for its seismicity
parameters. Thus the above regions are attributed to the seismic
activity by the interaction of PHP and PAC with EUR. Future earthquakes
of each region of this field II are assumed to occur at the depths of 21
km.

Earthquakes at depths shallower than 20 km in the crust are basic-

ally infrequent in the area of concern except the regions noted as IIIgq
and IIIqp, the sea of Kashima and the sea off Bousou Pennisula, and the
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active geologic features relating to the seismicity is also unknown.
Therefore, those earthquakes shallower than 20 km and not classified into
the above seismically active source regions were all included as IIIpc.
Future earthquakes of each region of this field III are assumed to occur
at a depth of 10 km.

The subtotal number of divided seismically active regions are 12, 2
and 3 for respective seismically active fields I, II and III, and the
total is 17.

As for such great earthquake as the 1923 Kanto Earthquake with
estimated recurrence period more than a few times the period of the
earthquake data, it is very difficult to evaluate suitably its
contribution to the seismicity of the area. In this study, the type of
earthquake along the Sagami trough was considered in the seismicity of
the region Ig in Figure 3.4.9(a).

3.4.2.5 Seismicity parameters

With the above interpretation of the seismicity and the spatial
distribution of the seismically active regions, the seismicity parameters
of each source region were determined using the following earthquakes and
the truncated magnitude—frequency relationship.

The parameters to define the magnitude-frequency relation of each .
source region were determined by assuming the truncated Gutenberg and
Richter's law;

log n(M)=a-bM MMmax

where n(M)dM is the number of events between M and M+dM, Mp,x is the
upper limit of magnitude.

Let Mpin be the lower limit of magnitude above which the data is
complete, the cumulative number N(M) of events of magnitude larger than M
is given by

[exp(b+1n(10) (Myax-M)-1) ]

log N(M) = log [exp(b*1n(10) (Mpax-Mmin)~1) ] N(Mpin) (3.4.2)

where Mpin is determined by considering the minimum level of magnitude to
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fit the data linearly for equation (3.4.1) and Mpax from the past
maximum event, respectively. N(Mpinp) is the total number of events of
magnitude larger than Mpinp.

It is desirable to determine the seismicity parameters representing
those events possible to cause some damages in the near-field; however,
the number of such events may become insufficiently small for obtaining
reliable parameters if the source regions are divided into small areas.

For this reason, first those earthquakes of magnitude larger than
3.0 occuring at depths up to 100 km from the Supplementary Volume No. 6
to the seismological bulletin of JMA for the period from 1926 through
1960, the seismological bulletins of JMA from 1961 through December 1982
and the earthquakes in the catalogues by Utsu(1979, 1982) from 1885
through 1925 were collected. Those events defined for depths of '"vs",
"s'", and "d" in the last catalogues were assigned depths of 10 km, 60 km,

and 99 km, respectively.

Next, using this data base, the M-log(N) relationship of each
seismically active region was examined by plotting similar figures as
shown in Figure 3.4.10.

Finally, clipping the minimum magnitude Mp;ip at 5.5, the parameters
of equation (3.4.2) for each region were determined by best fit analysis
for the portion of the M-N curve larger than Mp,in. The selected events
larger than 5.5 in magnitude and shallower than 100 km in depth -are
plotted within the encompassed area of Figure 3.4.11. The total number of
such earthquakes was 632. The determined truncated M-log(N) relations of
each seismically active field and that of the total area are shown by the
solid lines in Figure 3.4.11. The parameters of the identified small
source regions marked by suffices Ipq, Igt, etc in Figures 3.4.9(b)
to (d) are shown in Table 3.4.1.

As previously described, the seismicity along the Sagami trough
including the 1923 Kanto great earthquake was considered in the region Ip
and the maximum event of the region was assumed to be M7.9 and the return
period of this maximum event is determined to be about 100 years; this
seems more conservative than the assumed return period of this type of
great earthquakes as obtained by Kakimi and others (1967).

3.4.3 ATTENUATION CURVES FOR ESTIMATING PGA AND PGV

Two sets of attenuation curves for estimating the peak ground
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acceleration (PGA) and velocity (PGV) as already given by egs.(3.3.1) to
(3.3.4) are to be used as follows;

For structures on the ground surface;
Apax=0.1125exp(0.269M) [D+H]~0-33%xp[-0.480exp(-0.694M)D1(1.53)Y (3.3.1)
Vigax=1-5302exp(0.514M) [D+H]~0-373exp[-0.923exp(-0.859M)D](1.67)Y (3.3.2)
and for underground structures;
Brpax=0.0023exp(0.602M) [D+H] 0267 exp[-1,097exp(-0.817M)D](2.28)Y (3.3.3)
Vinaw=0.1615exp (0.798M) [D+H]~0-393exp[-0.700exp(-0.810M)D](2.23)Y (3.3.4)
max
where: Apax = Peak ground acceleration (PGA), in G
Vmax = Peak ground velocity (PGV), in kine
M = Magnitude of earthquake, in JMA scale
= Epicentral distance, in km
= Focal depth, in km

= 0; for median curve
= 1; for median plus one standard deviation curve

MK DO
|

3.4.4 SEISMIC HAZARD OF KANTO AREA
3.4.4.1 Seismic hazard maps for the Kanto area

The location of the point for estimating the peak ground motions
(e.g., PGA and PGV) relative to the seismically active source regions on
the seismically active planes is illustrated in the previous Figure 3.4.7
which is comparable to Figures 3.4.8(a) and (b)). Within a source which
is further divided into small unit areas of 5 km square, the occurrence
of events is controlled by the M-N relation already given for the region.
The unit area is selected as 5 km sqguare for accuracy of calculation and
considering the relation of the lower limit of magnitude Myin, and the
size of the rectangular area which was estimated from Utsu(1966);

log S=M-3.7 (3.4.2)

where S8 is the area of after shocks in km2, and this area is assumed to
be equivalent to the source area of magnitude M.

Given a magnitude M; and the rectangular area equivalent to the
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magnitude, C(M;j) the chance of events that may be located within a source
region can be computed by moving the rectangular area within the region
by every 5 km step; when either the rectangle corresponding to M; or the
center of the rectangle falls within a particular source region in each
step, the chance is counted.

Let Co(Mj) be the chance of PGA (or PGV) at a point on the grid of
10 min. exceeding a given level Ay which is calculated by using an
attenuation curve with both the planar distance and the depth from the
point to the center of possible source plane equivalent to the event M;
within a source region on the upper surface of the seismically active
planes in Figure 3.4.7, and n(M;j) the average number of occurrences
per year of event M; controlled by the prescribed M-N relation, the
annual rate of occurrence of PGA (or PGV) larger than Ay (or Vj) at a
point from a given source region is obtained as

p(Aq)=n(M;)Ce(M;i)/C(M;) (3.4.3)

Assuming that the occurrence of events at all sources is not cor-
related, the contribution of all the source regions are summed to obtain
the final annual rate of occurrence at a point. In these calculations,
the deviation of a given attenuation curve from the estimated median is
considered by taking y in the equations from (3.3.1) through (3.3.4) up
to 2.2 and 1.8 times the standard deviations given in these equations for
acceleration and velocity, respectively. '

The results are usually shown by iso-seismal maps of the expectancy
of PGAs and PGVs for various periods, e.g. 50 or 100 years, otherwise by
the annual probability of exceedance versus PGAs and PGVs at some
particular points of concern.

The calculations of expected PGA and PGV values for various exposure
times were performed for each set of attenuation curves for structures on
the ground and underground. Figures 3.4.12 to 3.4.15 shows the iso-
seismal maps of the expectancy of PGAs and PGvVs for 25, 50, 75 and 100
years, in which those shown in (a) and (b) are designated to be applied
to structures on the ground and underground, respectively.

3.4.4.2 Annual probability of exceedance
The rate of occurrence of earthquake exceeding a given'peak ground

motion(PGM) at the point of interest is also converted into the
probability of exceedance of PGM by assuming the Poisson distribution;
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the probability of exceedance from all sources during a time interval of
duration t is

py=1-eVt (3.4.4)

where v and t are the mean occurrenée rate of earthquakes from all the
sources and the time interval.

An example of the seismic hazard in the form of the annual
probability of exceedance versus PGAs and PGVs at various points in the
Kanto area are shown in Figures 3.4.16.
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ERI with standard errors less than 7.5km. :

Figure 3.4.5(a) Distribution of epicenters in the Kanto area for
the range of the earthquake magnitude greater than 2.0 and
focal depths from 40 to 80 km. The earthquakes plotted
here have been determined by four or more stations of ERI
with standard erros less than 7.5 km. (After Maki and

others, 1980)
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Figure 3.4.9(a) Epicenter distributions of earthquakes located
at a depth of 0 to 100 km by JMA from 1961 through 1982
used for dividing seismically active regions. I,I1,TIIT
denote seismically active fields and those with suffices
are respective seismically active regions in each field.
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Figure 3.4.9(b) Epicenter distributions of earthquakes located

at a depth of 0 to 20 km by JMA from 1961 through 1982
used for dividing seismically active regions. I1,I1,I1IT
denote seismically active fields and those with suffices
are respective seismically active regions in each field.
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. Figure 3.4.9(c) Epicenter distributions of earthquakes located

? at a depth of 21 to 30 km by JMA from 1961 through 1982
used for dividing seismically active regions. I,II,III
denote seismically active fields and those with suffices
are respective seismically active regions in each field.
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Figure 3.4.9(d) Epicenter distributions of earthquakes located
at a depth of 31 to 100 km by JMA from 1961 through 1982
used for dividing seismically active regions. I,IT,IIT
denote seismically active fields and those with suffices
are respective seismically active regions in each field.
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i Figure 3.4.10
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(d)

Truncated M-log(N) relation of total area and

each seismically active field; (a) stands for the fields
I+ITI+III, (b), (c), and (d) seismically active field I,

II, and III, respectively.
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than 5.5 by magnitude during the period from 1885 through
1982 and used for determining the seismicity parameters
of each seismically active region
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Table 3.4.1 The selsmlclty parameters of each selsmlcally

active source reglon.

Seismically Seismically Active Region |b-value Mmax | N(Mmin)
active field . : ‘
TA1 (PHP) <20km 0.658 7.3 25
IA2 (PHP) Izu Pennisula 0.663 7.0 20
IA3 (PHP) <20km 0.748 6.8 26
IAa4 (PHP) 30 - 100km 0.668 6.3 2
IB1 (PHP-PAC)SW Ibaragi 1.455 7.0 33
I IB2 (PHP-PAC)Centr. Chiba 1.057 6.5 28
IB3 (PAC) 30 -~ 100km 0.944 7.2 10
IB (PHP) Sagami Trough 0.677 7.9 63
IC1 (PAC) Sea off Kashima 1.000 7.0 129
IC2 (PAC) Sea off Kashima 1.123 6.4 41
IC3 (PAC) Off Kashima 0.738 7.1 26
IC (PAC) Off Bousou Penn. 0.867 7.5 64
Subtotal of T 0.880 7.9 467
IIC1 (in between PAC & EUR)| 0.765 7.0 17
II IIABC ( same as above) 1.174 6.6 10
Subtotal of II 0.878 7.0 27
IIIC1 (EUR) Off Kashima 0.834 7.7 96
III ITIC2 (EUR) Off Katsu-ura 0.827 6.6 4
IIIBC (EUR) SE Sea off 1.342 7.0 38
Subtotal of III 0.931 7.7 138
Grand total 0.891 7.9 632
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Chapter 3

3.5 CONCLUSION

For studying the seismic hazard or the peak ground motions of the
Kanto area where the seismicity is attributed to the three dimensionally
distributed seismic source regions, the attenuation curves appropriately
reflecting the effect of focal depths on the peak ground motions were
considered desirable.

Existing attenuation curves were classified into four types from the
physical meaning of skeleton curves used and were tested for their f£it to
the Japanese strong motion records that were corrected and selected for
this study (NONFSEL). Among the formulas that do not contain explicitly
the focal depth, the Campbell's curve (Type III) showed the best fit,
however, the Nakamura et al curve(implicit form of Type IV curve) gave
almost the same degree of fit with the data.

Based on the results obtained by I.Katayama(1985, 1986), the
combination of the three-dimensional earthquake source model and the
attenuation curve I.Katayama Type II which belongs to the above Type IV
curve gave reasonable seismic hazard maps of the Kanto area for various
exposure times. Therefore the skeleton of Type IV curve was chosen to
obtain new attenuation curves using the NONFSEL data.

Because the horizontally propagating waves rather than vertically
incident waves are of primary concern for the longitudinal response of
buried ducts or pipes, the strong motion records NONFSEL were filtered by
using a high-cut filter with a cutt-off frequency of 1.4Hz and a filtered
strong motion data set was prepared(FLTDSEL) for the further study of the
peak ground motions meaningful for buried structures.

Using both strong motion data sets, two sets of attenuation curves
were derived. The curves obtained by using the non-filtered strong motion
data set NONFSEL was designated to be used in predicting the peak ground
motions for structures on the ground and the other set of curves obtained
by using the filtered strong motion data set FLTDSEL was prepared for
underground structures.

As an application of these formulas and to provide design data for
power transmission systems which includes various types of structures
constructed on ground and underground, the above two sets of new attenua-
tion curves were combined with a three-dimensional source model of the
Kanto area to assess its seismic hazard.

Assuming a Poisson process of occurrence of earthquakes, the seismic
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hazard of the Kanto area was presented by contour maps of the expected
peak ground acceleration and velocity for representative exposure times
which can be used for predicting the peak ground motions meaningful to
both structures on the ground surface and buried in shallow depths.
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CHAPTER 4. DEVELOPMENT OF SIMPLIFIED DYNAMIC ANALYSIS METHOD FOR BURIED
STRUCTURES

4,1 OBJECTIVES AND SCOPE

Recently there are increasing the need for reasonable and practical
analysis methods to predict the dynamic behavior of buried lifeline
structures of large cross-sections. In some conventional design codes,
we can find simplified analytical methods of buried ducts, e.g. so-called
"Response Displacement Method" that has been recommended. However, the
method has yet too many options in its application assumptions and often
significantly over-estimates or under-estimates the response of buried
ducts if compared with the results obtained by rigorous analyses
(I.Katayama and others, 1984). Such irregular or unreliable results are
caused by the poor mechanism for converting the shear deformation of the
surrounding soil into the response of the ducts(I.Katayama and others,
1985).

For providing a practical and reliable tool for practicing design
engineers and for refinement of the cross-sectional design of buried
structures which is frequently controlled by highly varying properties of
soil materials, the author proposes his simplified analysis method
GRAMBS (Ground Response Acceleration Method for Buried Structures) for the
cross-sectional design of structures such as buried ducts and tunnels in
layered soils.

First it is shown that the proposed quasi-static method, GRAMBS, is
theoretically an approximate method to predict the maximum response of
buried structures surrounded by a uniform soil such that the maximum
response may be obtained by a two-dimensional dynamic finite element
analysis. The procedure to be followed in the calculation follows. Next,
a one-story duct surrounded by a uniform soil is analyzed under various
conditions relative to the surrounding soil by available analytical
methods including GRAMBS and the results are compared with those obtained
by the two-dimensional dynamic finite element code, FLUSH-VB(I.Katayama,
1984 and 1985).

With the fact that the moment distribution in a one-story duct from
the experiment performed by the Central Research Institute for Electric
Industries showed good coincidence with the result obtained by FLUSH
(Tohma and others, 1985), the validity of the simplified method proposed
here is verified for the case of one-story duct surrounded by a uniform
soil.
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Further, the validation of GRAMBS for a multi-story shaft in a
layered soil is shown by comparing the result obtained by GRAMBS with the
recorded response of the underground power transmission shaft reported by
Kaizu, Annaka, and Ohki (1989(a), 1989(b)) and Kaizu, Harada, Annaka and
Ohki(1989).

Finally, an application to the dynamic stress analysis of a large
scale underground cavity for geologic repository of high-level nuclear
wastes is shown and the input ground motion problem for underground
cavity is discussed(I.Katayama, 1985).
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4,2 THEORETICAL BACKGROUND OF THE PROPOSED METHOD

When a structure is buried in a soil, the structure in most cases
can not behave independently from the surrounding soil. Here, the major
external force to the structure is provided by the effective dynamic
response of the surrounding soil. The dynamic problem of such buried
structures certainly becomes the quasi-static interaction problem of the
system consisting of a structure and its surrounding soil.

Consider a system in a plane strain state which consists of a
concrete duct with unit length and the surrounding uniform soil layer
with unit width as illustrated in Figure 4.2.1, and assume that the shear
vibration will dominate this whole system.

When this two-dimensional system is excited by the horizontal input
ground motion, %(t), the equation of motion is written by

[MIX(t) + [CIX(t) + [KIX(t) = -[MIZ(t) (4.2.1)

where [M], [C] and [K] are the mass matrix, the damping matrix, and the
stiffness matrix, respectively. The X(t) means the relative displacement
vector.

It is usual in a system like this one that the reduced specific
weight and rigidity of the structure, which are calculated by re-
distributing the weight and rigidity uniformly over the entire area
covered by the structure in the soil, are almost the same as those of the
surrounding soil. Therefore, first we neglect the actual duct and
assume the above system to consist only of the layered soil.

The problem therefore turns out to be that of the free-field
response of a uniform soil. Define [D] and [B] as the stress matrix and
the strain matrix, respectively. Take the time t_ when s} = the stress
of a small portion of the soil from the depth j to j+1; e.g.

si=[DI[BlW (4.2.2)

reaches maximum, then uj = the relative displacement between the depth J
and j+1 must be maximum and also satisfy eq.(4.2.71) as

(£ )=%*T(t,) + o (4.2.3)

Eg.(4.3.1) can be rewritten as
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[KIX(ty) = -[MI(X(tp)) + Z(tyg)) - [CIX(ty) (4.2.4)

where the right hand side is the dynamic force applied working on the
whole system at time t; . Because the time is fixed, the solution of
eq.(4.2.4) becomes a solution of the static problem.

If the damping of the soil is small, eq.(4.2.4) may be approximated
as

[KIX, (t,) = -[MI(X(t,) + Z(ty)) (4.2.5)

and the new approximate relative displacement vector Xa(tm) and
corresponding stress vector S, at time t, will be obtained by solving the
eqg.(4.2.5). In the above, if the soil reached its non-linear strain
level at time t, the strain-dependent soil property at the time is
preserved in the subsequent procedure. To solve this equation is
equivalent to solving a static stress problem under the prescribed body
force and the new solution must be very close to the original solution if
the damping (which is neglected) is small enough.

If the portion of the soil, that originally consisted of the duct
and its cavity but was once replaced by an equivalent soil, is again
replaced by the duct and its cavity, then the corresponding parts of the
matrices [M], [K], [D] and [B] relating to the calculation of the
maximum stress described earlier are replaced by those of the ducts, and
ul becomes equivalent to the maximum relative displacement between the
top and bottom levels of the duct. If this new system is solved, the
stress state of the system at the time when the portion replaced by the
duct reaches the maximum stress state must be obtained; e.g., the
maximum stress state of the duct surrounded by the soil is approximately
predicted.

The model of a single story duct and uniform soil surrounding the
duct was considered in the above; however the above approximation of the
dynamic response problem can be expanded to a multi-story duct and multi-
layered soil system as follow:

The above condition to define t,, the time when the portion of the
soil to be replaced by a buried structure shows the maximum relative
displacement between the top and bottom levels of the duct, is derived
as a special case of a single story duct and uniform soil of a more
general multi-story and multi-layered system.

Let Gi(t), ei(t) and h:L be the shear modulus, the shear strain and
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the thickness of the i-th soil layer, and Uj(t), the shear strain energy
of the portion of the soil between the depth j and j+1, is obtained as

U (t)= sum [(1/2)G;(t)ed(t)hy] (i=) to j+1) (4.2.6)

Here we assume that the maximum energy provided by the surrounding
soil will cause the maximum deformation or stress in the portion of
concern.,

If the duct is surrounded by a uniform soil, then because
Gi(t)=G(t), ei(t)=e(t) and hi=h, ) (t) becomes maximum when ul=e(t)h the
relative displacement between the depth j and j+1 becomes maximum. For
the more general case of multi-story ducts or multi-layered soil, at the
time when the shear strain energy of the portion of the soil becomes
maximum, the maximum stress state will be generated in the soil portion.

Thus the case of combined duct and soil system, in which the duct is
either single-storied or multi-storied and the soil is either uniform or
layered, can be solved by maximizing the above shear strain energy in
eq.(4.2.6) following the analytical process described for the single
story duct and uniform soil case.

Summarizing the above, the analytical procedure needed for the
proposed GRAMBS is stated as follows: ‘

(1) The duct as shown in Figure 4.2.7(a) is idealized in a two-
dimensional model following standard finite element technique. The
maximum height of the horizontally layered mesh is determined similar
to an analysis using codes like FLUSH, and the lateral and vertical
size of the soil region must be determined considering the
propagation of the affected force disturbance by the redistribution
of stresses surrounding the duct. The side boundary condition of the
soil region should be that of horizontal rollers.

(2) Neglecting the duct, the free-filed soil response analysis by the
equivalent linear method as is used in SHAKE is performed for the
surrounding soil with the soil column having the same layering
pattern as that of the two-dimensional model shown in Figure
4.2.1(b). The time dependent displacement and acceleration response
of each layer are stored with the converged soil properties.

(3) The time-dependent shear strain energy Uj(t) in eqg.(4.2.6) 1is

calculated using the time-dependent displacement, the converged shear
modulus and the thickness of each layer within the depth interval of
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the top and bottom levels of the duct, and the time t, when the
energy becomes maximum is sought. The response acceleration profile
at t, is taken over the full depth of the soil column and converted
into the seismic coefficient of each layer to be used for the input
data for the body force in the static analysis.

In the two-dimensional static finite element model prepared in (1)
above, the converged soil moduli obtained in (2) above, the mass and
the seismic coefficient derived in (3) above are used to solve the
stress analysis problem under the body force by static finite element
analysis. The resultant stress state of the duct at the time tyis
deemed as the approximate maximum stress state.
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4.3 APPLICATION TO A SIMPLE DUCT AND ITS VALIDATION
4.,3.1 Introduction

A one-story multi-cell concrete duct, which is a typical multi-
purpose duct, is analyzed by GRAMBS under various installation conditions
relative to the surrounding soil (I.Katayama et al, 1984 and 1985). The
analytical results obtained by GRAMBS are always compared with those of
FLUSH. And referring to the results of a comparative study by Tohma and
others(1985) showing that the dynamic behavior obtained by experiment and
numerical analysis ( using FLUSH ) are consistent, the validity of GRAMBS
is confirmed.

4,3.2 Model duct and the surrounding soil

A one-story multi-cell concrete duct shown in Figure 4.3.1 is
analyzed by GRAMBS under various installation conditions considering
possible situation in practical design as is shown in Table 4.3.1 for
different cases analyzed. The depth burial of the duct is varied from
the ground surface to the top of the soft rock. The depths of both the
soil and rock are varied also as shown in the table. The case number of
the analyses is denoted by the model numbers.

The dynamic material properties of the duct, the surrounding soil and
the underlying soft rock are indicated in Table 4.3.2. To simulate the
behavior of similar ducts during strong ground motion excitation, a
typical strain dependent material properties of the soil and the rock in
Figure 4.3.2 are designated for the model system.

4.3.3 Input ground motion

To examine the change of dynamic behavior of the duct against
different kind of ground motions, two strong motion time histories were
prepared; a strong motion from the Taft records obtained at the 1957 Kern
County earthquake (deconvolved to the free-field motion at the outcrop of
the underlying soft rock of the recording site) and a strong motion
record obtained at the Lake Hughes array station No. 9 in the 1971 San
Fernando earthquake(the site is classified as a rock site).

Both acceleration time histories are shown in Figure 4.3.3 adjusted

for a peak acceleration of 300 gals. These strong ground motions are
input as the incident wave applied at the lower boundary of both numeri-
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cal models described below.

4.3.4 Numerical models

Two numerical models were prepared for each model as shown in Figure
4.3.4 in which the lower boundary was set at the depth of 80 m below the
ground surface and the figure shows the first 40 m portion of the model.
One is semi-infinite horizontally layered model for use in the one-
dimensional wave propagation analysis neglecting the presence of ducts.
For this model, an analytical infinite boundary is used at the lower
boundary. The other is a two-dimensional finite element model with plane
strain assumption used in both the dynamic analysis by FLUSH-VB already
described in this paper and the quasi-static analysis by GRAMBS. When
the model is used for the dynamic analysis by FLUSH-VB, the viscous
dampers are attached in both the horizontal and vertical directions at
the lower boundary and transmitting boundaries were adopted for the side
boundaries; whereas for the quasi-static analysis by GRAMBS the lower
boundary was fixed and horizontal rollers were attached to the side
boundaries.

4.3.5 Analyses

First the free-field soil response analysis was performed as a
representative case to obtain each response acceleration distribution
over all depths of the model at the time the relative displacement of the
soil between the top and bottom level of the submerged duct of each
analysis model, Model-1 to Model-9, in the previous Table 4.3.1 becomes
maximum.

The resultant response acceleration distributions are converted into
the seismic intensity distributions to the elements in the two-
dimensional quasi-static finite element models containing the ducts
prescribed in Table 4.3.1. A schematic illustration of the seismic
intensity distribution is shown in Figure 4.3.4. The static stress
analyses were performed with the body force corresponding to the seismic
intensity distribution of each case and the results were expressed in
terms of the cross-sectional moment(M), axial force(N) and shear
force(Q).

Next, all the models shown in Table 4.3.1 were analyzed by FLUSH-VB

under the conditions as already described and the results were given also
in the form of the cross-sectional forces described above.
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In both the analyses by one-dimensional wave propagation analysis of
the free-field soil and the two-dimensional dynamic analysis of the
system with a duct, the initial damping factor of the soft rock was
assumed as 2 % and the calculations were repeated until the strain
dependent soil properties reach the convergence limit of 5 %.

4.3.6 Results

The results of both analyses by FLUSH-VB and GRAMBS are summarized
for the maximum end-moment, axial force and shear force of each case
shown in Table 4.3.3 and the details of these cross-sectional forces are
shown in Figures 4.3.5 to 4.3.7. From these table and figures, the
results obtained by GRAMBS are amazingly close to those obtained by
FLUSH-VB.

The end-moments obtained through Model-2 and Model-9 are shown in
Figures 4.3.8 and 4.3.9, respectively, in comparative manner with the
additional results by other simplified analysis methods; these include
the so-called Response Displacement Method (hereafter called as RDM) and
the method proposed by CRIEPI (hereafter called RDM-C) in its report to
the JSCE(JSCE, 1984). From these figures, it is evident that the results
obtained by FLUSH-VB and GRAMBS are very close regardless of the
condition of the duct relative to the surrounding soil, 'whereas the
results obtained by RDM and RDM-C give either under-estimated or over-
estimated the results with changes in the conditions.

Figure 4.3.10 shows the stress states at the outer surface of the
duct obtained by FLUSH-VB and GRAMS. They are close with each other and
this clearly states that both of the above simplified methods, RDM and
RDM-C, should have assumed from the beginning such compatible soil
springs with these models consistent with the resultant stress
distribution around the duct that have been obtained by FLUSH and GRAMBS.

On the other hand, by simply prescribing the maximum lateral
relative displacement of the soil between the top and bottom of the duct
with the connected soil springs to the duct, this being the fundamental
assumption of these analysis methods, such stress distribution as shown
in this figure may not be foreseeable before doing a rigorous analysis,
say by FLUSH-VB.

The other trials using the RDM methodology but introducing such
stress-compatible soil springs gave better results than those given this

- 197



Chapter 4

time; this can be realized just after knowing the stress distribution by
the rigorous analysis. Such a procedure can not be followed in practice
because these methods assume the independent normal springs and shear
springs connected to the duct by ignoring the constitutive law governing
the above two springs in a continuum element of the soil.

The results obtained by RDM-C seems a little closer than RDM to the
result by FLUSH-VB; however, the method assumes to introduce additionally
the time independent maximum response acceleration distribution of the
soil irrespective of the mass of the duct, resulting in an inconsistent
simplification caused by neglecting the basic equation of motion of the
dynamic system.

In practice, the soil springs assumed in both RDM and RDM-C have
been obtained by using almost the same two-dimensional static finite
element model with the cavity corresponding to the embedded duct. The
number of calculations as well as the computer time required for
obtaining these soil springs exceeds always the single calculation of the
system with the embedded duct needed for GRAMBS. Therefore, the current
RDM or RDM-C or similar methods with many options of load assumption do
not appear to be rational nor economical.

Table 4.3.4 compares the results only for the maximum end-moment
obtained by at models other than those previously mentioned. From this
table, the results obtained by GRAMBS always give very close results with
those obtained by FLUSH-VB and stable for the possible change of situat-
ion of the embedment of the duct. Even if the shear wave velocity of the
surface soil is varied from 200 m/s to 300 m/s and also the input ground
motion was changed from the Taft record to Lake Hughes record; e.g., if
the frequency characteristic of the input ground motion is changed, the
results obtained by GRAMBS are consistently very close to those obtained
by FLUSH as shown in Table 4.3.5.

Finally, in Figure 4.3.11, the acceleration response spectra of the
free-field soil response motion of the top of the layer No. 8 and the
response obtained by FLUSH-VB of the nodal point No. 193 at the center of
the top slab of the duct for the Model-9 are compared, the locations of
which are shown in the previous Figure 4.3.4. There are certainly some
difference between the two results and this difference may show the load
transmitting characteristics in the lower frequency due to a sudden
change in the rigidities of the soil and the duct, and the soil-structure
interaction effect at the higher frequency range, even if it seems small.

As for the time required for GRAMBS, it took only one tenth of the

198



Chapter 4

computer time required for the analysis by FLUSH-VB.

From all the above analytical results, it can be said with
confidence that the GRAMBS proposed by the author will be a good
approximate method for predicting the maximum stress state of the type of
buried ducts analyzed here or for similar single-story structures in
uniform soil that would otherwise require a more rigorous two-dimensional
finite element analysis like FLUSH-VB.

4,3.7 vValidation of GRAMBS in comparison with experimental result

The dynamic response of a simple duct embedded in loose sand layer
during strong ground motion has been studied using a shear soil column on
a shaking table by Tohma and others of CRIEPI(Tohma and others, 1985).

The simple duct made of plastics of the size 45 cm by 60 cm was
embedded in a naturally dried state fine sand packed in a cylindrical
tank of internal diameter 300 cm and height 150 cm as shown in Figure
4.3.12. This model was designed to correspond to the prototype duct of
concrete embedded in soil with a shear wave velocity of around 250 m/s
which is very close to the numerical model already analyzed in this
paper.

The model was forced to vibrate by the transient motion equivalent
to the 1940 El Centro record, the frequency characteristics of the input
motion to the shaking table and the response motion observed at the
surface of the sand column are shown in Figure 4.3.13.

The results of the shaking test for the case when the duct is
embedded in the sand as the bottom of the duct reaches the depth equal to
its height('"shallow case'" in their report) are given in terms of the
maximum bending moment distribution of the duct walls as shown in Figure
4.3.14.

The response of this duct during the shaking test was analyzed by
the numerical model as shown in Figure 4.3.15 using the strain-dependent
properties of the sand in Figure 4.3.16 which was obtained by performing
the resonance column test using the same shear column without the model
duct as one test of the series of experiments. The computer code FLUSH
was used for the simulation analysis of the experiment and the results
are similarly given by the maximum bending moment distribution of the
duct walls which is also plotted in the previous Figure 4.3.14. The
maximum bending moment distributions of the duct obtained by the
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experiment and the numerical analysis using FLUSH coincide well with each
other.

In Figure 4.3.17, which is similar to the previous Figure 4.3.11,
the acceleration response spectra of the free-field surface response and
the acceleration response of the top slab of the duct are shown, and from
the good agreement between these results it is concluded that the
acceleration response of the duct and the surrounding soil are behaving
almost equally.

The above comparative study of the experimental and numerical
response behavior of the model duct clearly shows that the two-
dimensional dynamic analysis code which considers the non-linear effect
of the soil surrounding the duct can reproduce the dynamic behavior of
the buried duct adequately.

The foregoing analyses using various models under various conditions
relative to the surrounding soil showed amazingly good agreement in the
numerical results obtained by FLUSH-VB and GRAMBS. The fundamental
situation of the model in these two studies are almost common.

Therefore, it can be finally concluded that the GRAMBS proposed by
the author can be used as a practical and reliable design analysis tool
for predicting the maximum stress state of the type of prototype buried
ducts having the conditions assumed here or for similar single-story
structures in uniform soil.
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Figure 4.3.1 The model of one storied multi-cell concrete duct .

‘Table 4.3.1 Installation conditions of the duct
and the case number of the analyses
o - Unit:m)

Ld= 2.75 Ld= 15.0 Ld= 27.75 | Ld= 40.0

Ls Ls/L | Ld/L= . 069 | Ld/L=.375 | Ld/L=.694 | Ld/L=1.00
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L ]
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MODEL - 8 MODEL -9

Notes: L ; Total depth of model
Ld; Embedment depth of duct
Ls; Depth of surface soil
wwwe denotes soft rock layer
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"Table 4.3.2 Dynamic material properties used for the model

Specific | Poisson's Shear wave Shear
weight ratio velocity modulus
t/qub. m m/s t/sq.m
R.F.Concrete 2.4 0. 1667 ————— 1. 16 million
Surface soil i.8 0.4 200 7,350
Soft rock 1.9 0. 35 500 48,470
Base rock 2.3 0.3 1,000 934, 690
‘Surface soil
G/Go - STRAIN , h - STRAIN
0 LA LR R \w‘ LIRS S S B R 177777 0.50
0.8 \\\X;\\\ 0.40
0.6 0.30
g | N 177 .
\ .
0.2 \\\\0.10
0. 1 1 t.1 ety 1 11 1t 1 ] 1.0 1 21 1 3. IR NS .
01 o-¢ 1078 107 1077 .091 o0
| STRAIN
Soft rock
G/Go - STRAIN . h - STRAIN
1.0 TVt + ll\llllll T 7T 0.50
0.8 0.40
i N ]
0.6 AN 0.30
Q ~t
g | N1
- “o0.4 \§><‘mzo
0.2 0.10
- / -
o.olo-s PR SO T 1 lo-s T‘T‘!’TTT’ITD-‘ P} ""';O-J T ”“'09,‘00
STRALN

Figure 4.3.2 Strain dependent dynamic properties of the
soil and the soft rock
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TAFT.N21E AT GL-80.0 AMAX=300gal
300.

150.

0 ,nu.‘,‘x,a-f,l~wr‘ ”‘1 ,'..L”,uwl,,"{l ll."mwl,l”,!.lwt“A[Ar“llvl.[,‘(rl,” ,l,,,.u,lle “lh“l.nh"i.""h. AT AT ,.n..,,vvlL,'.
-150.

! . ! 1 4 ! !
=300.~ 10.0 20.0 30.0

LAKE HUGHES NO.8 AT GL-80.0 AP’IAX=300ga1A .

i 300.

Figure 4.3.3 Input ground motions used for analyses; the upper
figure shows the strong motion originated from Taft
records (1957) and the lower from Lake Hughes array No. 9

(1971).
’WNééiémic

Free-fi .

rei field DlSpl.\s_ Accel. intensity . ,

soil resp. €m) (gal) Two-dimensional FEM model
L0 2 4 Q 200400 0O 02 04 : ‘
| |
Soil / - -

f\\

GL=-15

Rock

G -40

Figure 4.3.4 Numerical models for the free-field soil response
analysis and the two-dimensional finite element dynamic
analysis and the guasi-static analysis; the lowest
boundaries are at 80 meters depth and only the first 40
meters portions are shown in this figure.
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Table 4.3.3 Comparison of the maximum cross-
sectional forces obtained through the
analyses by FLUSH-VB and GRAMBS(Vs=200
m/s;Taft record).

FLUSH - VB GRAMBS

2.8 1.8 2.6 2.8 1.8 2.6
MODEL - 1 DDD DDU

M N Q M N Q

27 11 18 27 11 19
e= | {Inll | Uoll

M N Q M N Q

68 33 51 61 34 45
MODEL - 9

] [} - [}

M N Q M N Q

Notes: M; Maximum end moment (ton-* m)

N: Maximum axial force (ton)
¢ Maximum shear force (ton)
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coil ——e— FLUSH-VB
A HyHy GsGr F
= o - - 4--- GRAMBS
C, D, . — T RDM
o2
— 17 Cs DIVD3 % —-—=o-—.RDM-C

(tm)
30

201

10}

A B C C C D, D, Dy E F G G G H H H

Figure 4.3.8 Comparison of the end-moment distribution of
Model-2 obtained by various analysis methods; the
evaluating position of the end-moments is in the
figure attached.

Soil

(tm)

60

40r

20F

\ j

A B C C C, D D, Dy E ., G, Gy H H H

Figure 4.3.9 Comparison of the end-moment distribution of
Model-9 obtained by various analysis methods; the
evaluating position of the end-moments is same as
is in Figure 4.3.8.
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—— FLUSH-VB
----- GRAMBS

—.‘_
—

(t/m?)

(b) Shear stress

. Figure 4.3.10 Comparison of the stress distribution at the
outer surface of the duct by FLUSH-VB and GRAMBS in
case of Model-9; (a) and (b) shows the normal
stress and shear stress, respectively.

HORIZONTAL ACC.

5000.0 T

FREE FIELD (NO.8)
~———— FE.EM, MODEL(NO.193)

4000.0

3000.0

2000.0

MAXIMUM ABSOLUTE ACCELERATION (GAL)

1000.0

NATURAL PERIOD (SEC
¢ FRACTION OF CRITICAL DAMPING = 0.5Z .0.5% )

Figure 4.3.11, Comparison of the acceleration
response spectra of the free-field soil .
response motion of the top of the layer
No. 8 and the response obtained by
FLUSH-VB of the nodal point No. 193 at
the center of the top slab of the duct
for the Model-9. '
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Table 4.3.4 Comparison of the maximum end-
moments obtained by FLUSH-VB and GRAMBS
with the models analyzed by using Vs=200

‘m/s and Taft record.

FLUSH-VB | GRAMBS | FLUSH-VB| GRAMBS | FLUSH-VB| GRAMBS
47 47
~— —

27 27
2.8 2.8 [} []
M M M M M M
MODEL - 1 MODEL - 2 MODEL 3
80 80
] [ ]
35 37
3.7 3.7
M M M M M M
MODEL - 5 MODEL - 6 MODEL 1
68
1 61
6.6 6.5
M M M M
MODEL - 8 MODEL - 9

UNIT: M

(ton' m)
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Table 4.3.5 Comparison of the maximum end-
moments obtained at Model-3 when the
shear wave velocity of the surface soil
layer and the input ground motioncompares
were changed.

Shear velocity of shrface soil(Vs)
200 n/s 300 n/s
FLUSH-VB GRAMBS FLUSH-VB GRAMBS
61
— b6
17 47
TAFT
RECORD
||
M M M M
FLUSH-VB | GRAMBS FLUSH-VB GRAMBS
29 29
LAKE 21 22
HUGHES
RECORD [] []
M M M M

UNIT: M (ton-* m)

Dummy celli\\

/

Model cell |

\ L i

Dummy cell_\J

600
{3}
3

{Unit:mm)

Figure 4.3.12 Plastic duct and shear soil column used
in the experiment (After Tohma and others, 1985)
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Figure 4.3.13 Frequency characteristic of the input
motion and the measured response of the soil
column surface motion (After Tohma and others,
1985)

o Obs .

( Kgt-cm)
0 2 4 6 8 10
—_—

" Figure 4.3.14 Maximum bending moment distribution of
the duct walls obtained by the experiment
("'shallow case"; After Tohma and others, 1985)

213



$ 150cm | 4

_—1_ T 1 -

I 1 Y R T N i

11 T

&

g .

§ Point used to calculate
Floor response spectrum

e

A

= KA IRTX X TR 7R IR IR IXTR 7R IXTRIAIK IR IK KT

Figure 4.3.15 Numerical modéiiusedrin the éimulation.of
the experimental results by FLUSH (After Tohma
and others, 1985)

T T a5

Hlardin—Drnevich Model 04
Q”

03]

—8— G/Go \'\ };/ 02

—O— & .
0 01

=
[=]

o
o

Damping h

Shear modulus
ratio (G/Ggp)

../O
106 1075 1074 1073 10Q'2
Shear strain

Figure 4.3.16 Strain dependent properties of the sand
used in the experiment (After Tohma and others,

1985)
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Figure 4.3.17 Acceleration response spectra of the
free-field surface response and the acceleration
response of the top slap of the duct (After
Tohma and others, 1985)
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Chapter 4

4.4 APPLICATION TO AN UNDERGROUND POWER TRANSMISSION SHAFT
IN LAYERED SOIL

Kaizu, Annaka, and Ohki(1989(a) and (b)) and Kaizu, Harada, Annaka
and Ohki(1989) reported that the dynamic behavior of a shaft clearly
corresponded to the shear deformation of the surrounding soil through the
analysis of observed response records. As these authors were kind enough
to allow the author to use their data and figures, the author analyzed by
GRAMBS the shaft using the same analytical model, soil properties and
input ground motion as they used.

4.4.1 Observed response and analytical results

A shaft for underground power transmission system of the Tokyo
Electric Power Co., Inc. constructed at a site in Metropolitan Tokyo has
been installed with sophisticated instrumentation of seismometers, soil
pressure meters and re-bar extensometers and the observation of the
dynamic behavior of the shaft has been extensively performed.

Kaizu, Annaka, and Ohki(1989(a) and (b)) and Kaizu, Harada, Annaka
and Ohki(1989) have reported in a series of their papers the character-
istics of the dynamic behavior of the shaft during earthquake and they
simulated the maximum response accelerations, re-bar stresses and soil
pressures by the two-dimensional finite element analysis using FLUSH-VB
already mentioned in this paper.

The vertical section with the installed measuring sensors, the soil
profile and soil properties explored in-situ are shown in Figure 4.4.1,
in which the values of the shear wave velocity and damping ratio of each
soil layer were determined as those giving a best fit to the observed
free-field response of the records of the vertical array. Figure 4.4.2
shows the plan of the shaft and the location of the vertical array
installed about 31 m away from the shaft to observe the free-field soil
response.

The examples of the soil response motions recorded by the vertical
array and the response of the shaft in the event of the Southern Ibaragi
Prefecture Earthquake on October 4, 1985 are shown in Figure 4.4.3.

To simulate the response of the shaft during the earthquake, the
ground response at the vertical array was first simulated and the
simulated motion by one-dimensional wave propagation analysis is shown in
comparison with the recorded motion at the point GL. -44.81 m and its
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Chapter 4

Fourier spectrum ratio in Figure 4.4.4. In Figure 4.4.5, the deconvolved
outcrop motion at the depth of -82.55 m is shown in terms of time history
and Fourier spectrum, which has been used as the input ground motion in
the numerical model shown in Figure 4.4.6(a). Figure 4.4.6(b) shows the
simulated and the observed maximum accelerations of the shaft, the
surrounding soil and the free-field soil; the good agreement between the
calculated and observed response is evident from the figure. Finally
they obtained the results of the simulation as shown in Figure 4.4.7, in
which the absolute maxima obtained in the re-bar extensometers and soil
pressure meters by the simulation analysis and observation are clearly
shown with good agreement.

4,4,2 Simulation by GRAMBS

To simulate by GRAMBS the éame maximum observations shown above,
first the free-field response analysis was performed using basically the
same soil profile and properties already determined and the acceleration
profile of the soil at the time ty=5.75 sec when the shear strain energy
between the portion of the soil from the ground surface to the bottom of
the shaft became maximum was obtained as shown in Figure 4.4.8 converted
into the seismic intensity profile for use in subsequent analysis. The
determination of the time tm was easy as shown in Figure 4.4.9.

By using the seismic intensity and the converged values of soil
properties in the previous Figure 4.4.1 in the static finite element
model of the system consisting of the shaft and the surrounding soil
shown in Figure 4.4.10 for the gquasi-static analysis by GRAMBS, the
shear stress distribution of the soil at the contact surface of the shaft
was obtained as shown in Figure 4.4.11 in comparison with the results
obtained in the simulation by FLUSH-VB previously described. The
difference between the two results was within a few percent. The model
used this time has more wide soil regions than the model used for the
simulation by FLUSH-VB, because the analysis by GRAMBS is basically a
static analysis and the applied body force does not alternate its
direction as in an actual seismic locad. The boundary conditions of the
model are basically the same as were already described in the foregoing
section.

The results of the simulation by GRAMBS are shown in Figure 4.4.12
indicated for time t, already mentioned of the records and the results
obtained by FLUSH -VB. This figure indicates the alternate nature of the
response of the duct which is different from the maximum absolute values
given in the previous Figure 4.4.7; however, it is already evident that
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Chapter 4

the GRAMBS first developed for one-story duct with uniform soil can be
applied also to structures like this shaft which consists of multi-story
structures surrounded by multi-layered soil through the assumption of
determining the time t_ that maximize the contribution of the shear
strain energy of the soil to the embedded structure.

4.4.3 References

( 1) Kaizu, N., T. Annaka, and H. Ohki, Observation of behavior of
underground power transmission shaft during earthquake, 20th Oral
Meeting of Earthquake Engineering Research, Japan Society of Civil
Engineers, July 1989(a)(in Japanese).

( 2) Kaizu, N., T. Annaka, and H. Ohki, Analysis of behavior of
underground power transmission shaft during earthquake, 20th Oral
Meeting of Earthquake Engineering Research, Japan Society of Civil
Engineers, July, 1989(b)(in Japanese).

( 3) Kaizu, N., M. Harada, T. Annaka and H. Ohki, Observation and
numerical analyses of shaft for underground transmission lines, The
American Society of Mechanical Engineers, PVP - Vol. 162, pp. 183-
190, 1989.
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Figure 4.4.2 Plah of shaft and the location of verticalk
array; the location of the seismometers is in
Figure 4.4.1).
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Figure 4.4.3 The examples of the soil response
motions recorded at the vertical array and
the response of the shaft in the event of
the Southern Ibaragi Prefecture Earthquake
on October 4, 1985,
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Figure 4.4.8 The details of free-field soil and the response

result at tm=5.75 sec
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Chapter 4

4.5 APPLICATION TO LARGE SCALE UNDERGROUND CAVITY

As an example of the application of GRAMBS to the design analysis of
underground cavity, the cross-sectional stress analysis of a cavern
assembly during a strong ground motion was performed by GRAMBS and the
results were compared with those obtained by FLUSH.

4.5.1 Model cavern assembly and analytical model

The cavern assembly in Figure 4.5.1(a) whose cross-section is shown
in Figure 4.5.7(b) is assumed to be subjected to a strong ground motion
defined at the surface of the soft rock. The shear wave velocity of the
rock formation is assumed to be 1,000 m/s at the ground surface and
slowly increases with depth and the unit weight of the rock is 2.6 tons
per cubic meters. Six parallel caverns were extracted from the assembly
and arranged as shown in Figure 4.5.1(c¢) in the FEM model in order to
consider the effects of the parallel arrangement of caverns on the
modification of input motion and the resultant stress state if they
should exist and are significant.

4.5.2 Dynamic analysis by FLUSH

The control motion of 0.5 G defined at the ground surface was first
converted into the input motion at the fixed lower boundary of the two-
dimensional FEM model by deconvolution analysis using one dimensional
wave propagation analysis code, SHAKE, and the deconvolved motion was
then applied to the two dimensional dynamic analysis code, FLUSH, as the
input motion. Both time histories are shown Figure 4.5.2. The analysis
was performed assuming linear state because the soft rock was considered
sound enough for the response of around 0.3 G and 0.5 G at the lower
boundary and at the surface, respectively.

The resultant response motions at the invert of these caverns are
almost similar with each other as shown in Fig. 4.5.3 and also very close
to that obtained at the same level by a one dimensional wave propagation
analysis. This suggests that the ground motions at the invert of these
caverns are not significantly affected by the existing caverns. It 1is
widely believed that the input ground motions of underground facilities
or caverns are less severe than those of surface structures; however, as
evident from the above result, the wave form and the intensity of the
input motion for the cavern can be unchanged and the severity can remain
almost the same at its original level. Such phenomenon may be possible
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and usual in most of the caverns excavated in sound rock, provided the
size of these structures or cavernsis is smaller than the wave length of
the significant frequency components of the input ground motion.

The results of the stress state of the concrete lining wall are
shown in the left half of Fig. 4.5.4 for the maximum fiber stress and
shear stress. These stress values are shown in the tables attached.

4.5.3 Quasi-static analysis by GRAMBS

The one dimensional wave propagation analysis of the rock region
without any cavity or structure was performed and the response accelera-
tion distribution at the time when the shear strain energy of the rock
between the top and bottom of the cavity became maximum was taken out,
and the compatible seismic intensity as is shown in Figure 4.5.5 was
transferred to the finite element model with the cavities in the same
figure.

The results of the stress state of the concrete lining wall are
shown in the right half of the previous Figure 4.5.4 by the maximum fiber
stress and shear stress. These stress values are shown in the tables
attached.

4,5.4 Comparison of the results by FLUSH and GRAMBS

The stress distribution, the maximum fiber stress and shear stress
of the concrete lining wall of the cavern A obtained by GRAMBS showed
good agreement with those obtained by FLUSH within an error of less than
1 %. Thus, the GRAMBS can also be adopted for calculating the maximum
stress state of structures like tunnels or caverns, in case the cross-
sectional stress state is of concern and the plane strain assumption is
valid. The computer time used for the analysis by GRAMBS was one
fifteenth of the time required for the analysis by FLUSH.

The analysis with GRAMBS has further advantage in this example and
also in usual cases of analyses; the finite element model that includes
the cavities is common in both analyses for obtaining the maximum stress
state by earthguake load and for the initial stress state under the
overburden load. In this example, the dynamic stresses of the lining
wall and the rock surrounding the caverns are superposed with the
resultant stresses caused by an overburden load obtaind by changing the
load pattern and the Poisson's ratio in the analysis. The principal
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stresses in the rock surrounding the caverns due to the above two kinds
of loads are separately shown in Figure 4.5.6. The final stress state of
the rock surrounding the caverns and the lining wall under the combined
loads are shown in Figure 4.5.7.

4.5.5 Reference

( 1) Katayama, I., An approach to evaluate ulﬁra—long term stability of
high-level radiocactive waste storage caverns for the development of
geological repository and current status of the site selection in
Japan, an invited paper at the 8th International Conference on
Structural Mechanics in Reactor Technology, Session C6., The Trans-
portation and Disposal of Spent Nuclear Fuel and High-Level Radio-
active Wastes, The Technical Criteria and Institutional Consti-
tution, Brussels, Belgium, August 19-23, 1985.
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(a) Control motion defined at the surface
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{(c) Input motion at the fixed lower boundary
deconvolved by one dimensional wave
propagation analysis.

Figure 4.5.2 Control motion and input motion for dynamic analyses
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Figure 4.5.3 The comparison of the response acceleration time
histories at the invert of caverns and the time history
at the same level by one dimensional wave propagation
analysis
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Chapter 4

4.6 CONCLUSIONS

For providing a practical yet reliable tool for practicing design
engineers and for refinement of the cross-sectional design of buried
structures, the author proposed his simplified analysis method
GRAMBS (Ground Response Acceleration Method for Buried Structures) for the
cross-sectional design of structures such as buried ducts and tunnels in
layered soil.

When a structure is buried under a soil, the major external force to
the structure is provided by the effective dynamic response of the
surrounding soil. Assuming a plane strain dynamic system consisting of
buried structures surrounded by layered soil, it was shown theoretically
that the proposed GRAMBS is a quasi-static method which approximately
predicts the maximum response of the buried structures surrounded by soil
which can be obtained by a two-dimensional dynamic finite element
analysis.

By introducing the acceleration distribution at the time when the
portion of the soil in contact with the structure reaches the maximum
strain energy state as the conserved body force acting on the system and
by using the converged strain-dependent soil properties, both given by
the response analysis of the free-field soil surrounding the structure,
the GRAMBS solves the system idealized by a two-dimensional finite
element model as a static problem.

The procedure to be followed in the calculation was explained through
the analyses of a single story duct surrounded by a uniform soil with
varying embedment depth, soil properties and thickness of the soil layer.
The results of the analyses were shown by the cross-sectional forces and
compared with the results of the analyses by a representative dynamic
analysis code FLUSH-VB.

The agreement between the above results was amazingly good. And
based on the fact that the FLUSH could successfully reproduce the cross-
sectional bending moment of a single story duct model embedded in a dry
sand layer obtained by an experiment performed and reported by Tohma and
others(1985) of CRIEPI, the validity GRAMBS was confirmed for application
to the single story duct surrounded by uniform soil.

Further, Kaizu, Annaka, and Ohki (1989(a), 1989(b)) and Kaizu,
Harada, Annaka and Ohki(1989) reported that the observed response of re-
bar stress and contact soil pressure of a multi-story shaft in a multi-
layered soil being used as an underground power transmission system shaft
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could be well reproduced by the FLUSH-VB. Utilizing the data included in
their study with additional data supplied by Mr. Kaizu, the numerical
analysis was performed by GRAMBS. The above observational results were
again well reproduced by GRAMBS.

With the results obtained in the above, the validity of GRAMBS is

completely confirmed and its application to a large scale cavern assembly
was shown as an additional promising area for its application.
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CHAPTER 5. SUMMARY AND CONCLUSIONS

As the first item of the objectives of his study, and recognizing
the significance of the radiation damping effect as one of the important
fundamental components in SSI analysis, the author tested a practical
modeling concept to reasonably simulate the actual dam response recorded
at an arch dam. The modeling concept consists of the three-dimensional
finite dam elements with far-field impedances of infinite strips along
the abutment which are constant for a significant frequency range of the
dam and foundation modes, with the reservoir water elements upstream and
transmitting boundaries defined by impedance ratios at the water-water
boundary and the water-gorge and bottom boundary, and frequency domain
analysis scheme. Through the analysis, the author found the following
significant conditions to be selected for successfully explaining the
recorded response of the dam.

(1) The analytical model which is capable to reflect the far-field
boundary effect by an approximate impedance function along the dam
abutment will give reasonable prediction of the dam response.

(2) When the dam was modeled with limited volume of foundation rock with
fixed boundary, the dam response became unreasonably large when a
reasonable value of material damping is used for the dam and the
foundation rock.

(3) The reservoir water was found to suppress the upstream-
downstream response of the dam, however, it does not contribute to
its antisymmetric mode of vibration.

(4) To obtain a good fit to the recorded motions of the dam, it was
required to take the spatial variation of the input ground motions
into account. This fact suggests the need for observing reliable
spatially varied input ground motions preferably in the form of free-
field motions.

Also under the same objective in the study of SSI analysis, the
linear and non-linear three-dimensional soil-structure interaction
analysis codes, HASSI-4 and HASSI-7, were tested for their validity by
correlation studies using the forced vibration data and earthquake
response records at a small scale reactor building model. The soil
properties obtained by in-situ and laboratory test were used. Some
ambiguous nature  inherent with these soil properties affected the
results; however, the properties used in reproducing the records remained
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within a reasonable range of the variation of soil properties actually
observed.

From the predicted results of the 1987 January 17th earthquake by
the three-dimensional analysis code, two-dimensional analyses, and the
stick model with soil springs, the following SSI features were found;

(1) The transfer functions of the surface motions at a series of the
points located in the near-field soil region showed a very rapid and
sharp decay with distance from the side wall of the
structure foundation in the case of the three-dimensional code,
HASSI-4, whereas the transfer functions of the two-dimensional code,
FLUSH-VB, showed slower and is of a dispersive nature.

(2) In the two-dimensional analyses, the frequency shift was not so
significant but the over damping is very serious resulting in an
excessive underestimation of the response of the structure. The
effective dampings in HASSI-2D and FLUSH-VB were estimated to be 8.4
and 4.9 times that in HASSI-4, respectively.

(3) The total damping applied in the simulation by the three-dimensional
code, HASSI-4, was estimated as about 2 %, whereas in the simulation
by the two-dimensional codes, HASSI-2D and FLUSH-VB, corresponding
damping was estimated as 9.8 % and 16.8 %, respectively.

(4) In the case of HASSI-2D, the over-damping can be explained by the in-
adequacy of converting the truly infinite half-space problem into the
infinite strip problem. As for the case of FLUSH-VB, the
interpretation comparable to the above may not be appropriate,
because we can neither distinguish between the material damping and
the radiation damping nor give clear explanation of the mechanism of
damping in this system. However, it may be pointed out that FLUSH-VB
will give us significant underestimate of the three-dimensional
response of a truly three-dimensional structure.

Next, taking far stronger earthquake response records which were
obtained at the 1987 December 17th earthquake with recorded maximum
acceleration of 301.2 gals at the roof top and 73.5 gals at the ground
surface, the non-linear version, HASSI-7 was tested for its validity.

The agreement between the calculated and observed response of the
model structure was fair as a whole. However, the predicted maximum
accelerations became smaller than the observed; this may be attributed to
the applied damping being defined as proportional with frequency in
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a complex modulus method.

However, through the simulation, it was clearly shown that the
strain levels of the free-field soil and the soil near the foundation
structure are remarkably different and that the soil strongly affected by
the soil-structure interaction was limited to a fairly small region, the
radius of which was less than two times the radius of the structure.
This also indicates that only a three-dimensional analysis can reproduce
the rapidly decaying nature of the wave generated at the soil-structure
interface of a truly three-dimensional structure.

As already pointed out by Luco and Hadjian(1974) and Wolf(1985), it
is almost impossible to model a three-dimensional structure with a two-
dimensional modeling, and a two-dimensional model will significantly
underestimate the true three-dimensional response by a small shift in
frequency and significant over-damping of the vibration system.

From the above results, it can be clearly stated that we should
avoid to treat soil-structure interaction phenomena of truly three-
dimensional structures with two-dimensional modeling, in order not to
underestimate the true response of the three-dimensional structures, that
the radiation damping must be reasonably reflected in any analysis code
and that in case of large structures like the dam considered here, the
effect of spatially varied input ground motions to the structure should
be extensively studied further with on-site observations.

The second item of the objectives of his study is to recognize the
characteristics of the seismicity of the Kanto area where the seismicity
is mostly attributed to three-dimensionally distributed seismic source
regions, and to derive the attenuation curves appropriately reflecting
the effect of focal depths on the peak ground motions. Combining the
above three-dimensional seismic source regions and the attenuation
curves, 1t was aimed to provide a series of seismic hazard maps of the
area or a data base for predicting the peak accelerations and velocities
applicable to the practical design of lifeline structures on the ground
and underground.

Existing attenuation curves were classified into four types from the
physical meaning of skeleton curves used and tested for their fit to the
Japanese strong motion records that were corrected and selected for this
study (NONFSEL). Among the formulas which do not contain explicitly the
focal depth, the Campbell's curve(Type III) showed the best fit.
However, the Nakamura et al curve(implicit form of Type IV curve) gave
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almost the same degree of fit with the data.

Based on the results obtained by I.Katayama(1985, 1986), the
combination of the three-dimensional earthquake source model and the
attenuation curve I.Katayama Type II which belongs to the above Type IV
curve gave a reasonable seismic hazard map of the Kanto area for various
exposure times. The skeleton of the Type IV curve was chosen to obtain
new attenuation curves using the NONFSEL.

Considering that the horizontally propagating waves rather than
vertically incident waves are of primary concern for the longitudinal
response of buried ducts or pipes and the possibility of their response
for the horizontally travelling waves up to the frequency range Jjust
lower than the usual frequency range of body waves, the strong motion
records NONFSEL: were filtered using a high-cut filter with a cut-off
frequency of 1.4Hz and a filtered strong motion data set was prepared
(FLTDSEL) for the further study of the peak ground motions meaningful for
buried structures.

Using both strong motion data sets, two sets of attenuation curves
were derived. The curves based on the non-filtered strong motion data set
NONFSEL were designated to be used in predicting the peak ground motions
for structures on the ground, and the other set of curves based on the
filtered strong motion data set FLTDSEL were prepared for underground
structures.

As an application of these formulas and to provide a design data for
power transmission systems which includes various types of structures
constructed on ground and underground, the above two sets of new
attenuation curves were combined with a three-dimensional source model of
the Kanto area to assess its seismic hazard.

Assuming a Poisson process of occurrence of earthquakes, the seismic
hazard of the Kanto area was presented in terms of contour maps of the
expected peak ground acceleration and velocity and for representative
exposure times which can be used for predicting the peak ground motions
meaningful for both structures on the ground surface and buried in
shallow depths.

The third item of the objectives of his study is to provide a
practical and reliable tool for practicing design engineers and for
refinement of the cross-sectional design of buried structures. For this
purpose, the author proposed his simplified analysis method GRAMBS(Ground
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Response Acceleration Method for Buried Structures) for the cross-
sectional design of structures such as buried ducts and tunnels in
layered soils.

When a structure is buried under the soil, the major external force
to the structure is provided by the dynamic response of the surrounding
soil. Assuming a plane strain dynamic system consisting of buried
structures surrounded by a layered soil, it was shown theoretically that
the proposed GRAMBS is a quasi-static method that approximately predicts
the maximum response of the buried structures surrounded by soil which
would otherwise be obtained by a two-dimensional dynamic finite element
analysis.

By introducing the acceleration distribution at the time when the
portion of the soil in contact with the structure reaches the maximum
strain energy state as the conserved body force acting on the system and
using the converged strain-dependent soil properties, both given by the
response analysis of the free-field soil surrounding the structure, the
GRAMBS solves the system idealized by a two-dimensional finite element
model as a static problem.

The procedure to be followed in the calculation was explained through
the analyses of a single story duct surrounded by a uniform soil with
varying embedment depths, soil properties and thickness of the soil
layer. The results of the analyses were shown by the cross-sectional
forces and compared with the results of the analyses by a representative
dynamic analysis code FLUSH-VB.

The agreement between the above results was amazingly good. And
based on the fact that the FLUSH could successfully reproduce the cross-
sectional bending moment of a single story duct model embedded in a dry
sand layer obtained from the experiment performed and reported by Tohma
and others(1985) of CRIEPI, the wvalidity of GRAMBS was confirmed for
application to the single story duct surrounded by a uniform soil.

Kaizu, Annaka, and Ohki (1989(a), 1989(b)) and Kaizu, Harada, Annaka
and Ohki(1989) reported that the observed response of the re-bar stress
and contact soil pressure of a multi-story shaft in multi-layered soil
used as an underground power transmission system shaft could be
well reproduced by the FLUSH-VB. Utilizing the data included in their
study reports with additional data supplied by Mr. Kaizu, a numerical
analysis was performed by GRAMBS. The above observational results
were again well reproduced by GRAMBS.
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Chapter 5

With the results obtained above, the wvalidity of GRAMBS is
completely confirmed and its application to a large scale cavern assembly
was shown as an additional promising area for its application.
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