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Synopsis :

This report presents the works done by three foreign researchers at the Ground Vibration Division,
Earthquake Disaster Prevention Department of Public Works Research Institute during the fiscal year
of 1986. Following three subjects are included:

1) Study of In-Situ Testing for Evaluation of Liquefaction Resistance and Occurrence

2) Research on the Effects of Topographic Amplification of Earthquake Shaking on Slope Stability
3) Attenuation of Peak Ground Motions from Mexico Earthquakes of September 19 and 21, 1985
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.Preface

This  report presents Lhe works. done by three foreign
researchers stayed at the Ground Vibration Division, Earthquake
Disaster Prevention Department of Public Works Research Institute
during the fiscal year of 1986, :

Mr. Jeffrey A. Farrar, who stayed during the period of
October 4 through November 17, 1986, 1is a geotechnical engineer
dispatched from the Soil and Rock Mechanics Section, Division of
Research and Laboratory Services, Engineering and Research
Center, Bureau of Reclamation, U.,S. Department of Interior. Mr.
Farrar is -engaged in the research work concerning the seismic
stability of fill type dams dealt by the Bureau of Reclamation.

During his stay at the Ground Vibration Division, Mr. Farrar
gtudied the in-situ testing for assessing the liquefaction

potential during earthquakes and in his study, he introduced the
concept of steady state to analyze the cone penetration. test
results. His study was supported by the Japanese Government

Research Awards for Foreign Specialists through Science and
Technology Agency. : ‘

Dr. Randali-W, Jibson, = who étayed from January 12 through

March 31, 1987, 1is a researcher of Branch of Geologic Risk
Assessment, Office of Earthquakes, Volcanoes and Engineering,
Geologic Division, Geological Survey, U.S. Department of

Interior, where he is engaged in the study of land slides induced
by earthquakes.

During his stay, Dr. Jibson challenged to clarify the main
cause of large land slides induced by earthquakes. He studied the
efficiency of the Newmark'’s deformation for assessing the slope
stability during earthquakes, and as well he joined the shaking
table test on the ridge effect to the ground motion amplification
using the silicon rubber model which were Jjust in course of
progress by the Ground Vibration Division. His study was
supported by the Important and Fundamental Research Program of
Science and Technology Agency.

Mr. Alonso Echavarria Luna, who stayed during January 9
through February 22, 1987, visited from the Geotechnical
Department of Capture and Handling of Water, Ministry of Water

Resources, Mexican Federal Government.
During his stay, Mr. Echavarria studied the strong motion

records obtained in Mexico during the Mexico Earthquake of
September 19 and 21, 19856, He analyzed the attenuation
characteristics of maximum acceleration with epicentral distance
using the records by the Guerrero Array which had been kindly
sent to PWRI from Professor J. G. Anderson of University of
California, San Diego after the earthquake. His visit was a part
of his gstay in Japan under the 16th. Personal Exchange Program
between Japan and Mexico supported by the Japan International

Cooperation Agency.




Main projects in progress at the Ground Vibration Division,
arc reduction of hazards caused by ground liquefaction and

PWRI,
the rationaligzation of input ground motion for ecarthquake
resistance design of civil engineering structures. During their
stay, aforementioned three engineers joined these projects from
each approach and have made important contribution, and completed
their respectable reports.

their work

Their sincere efforts and passion to complete
during the stay at PWRI should be greatly noted.

Almost one year has passed since their
limitation of budget delayed the publishing of their
however, this report would advance the concerned rescarch
and the friendship between Japan and U.S., and Japan and Mexico.

Finally all who were concerned to exchange these three

engineers are greatly acknowledged.

leave, and the
report,
field

January 19, 1988

Yasushi SASAKT, Editor
Head, Ground Vibration Division,
Earthquake Disaster Prevention Department,

Public Works Research Institute
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Abstracts

1. Study of In-Situ Testing for Evaluation of Liquefaction
Resistance and Occurrence

Jeffrey A, Farrar

1.1 Preface
As a recipient of the Japanese Government Research for
Foreign Specialists, I stayed at the Public Works Research
Institute, Ministry of Construction from October 4, 1986 +to

November 17, 1986,

I would like to thank all of the people who made it possible
for this assignment in Japan. Everyone involved helped me in such
a kind and gracious manner to make my stay productive and
enjoyable. My thanks are extended to the Science and Technology
Agency for financial support and promotion of such international
exchanges which surely have great benefit to the countries
involved.. The efforts of the Director of TInternational Affairs,
Miyabayashi of the Science and Technology agency are very much
appreciated. My stay was also made possible through the interests
of exchange of the U.S.-Japan Panel on Wind and Seismic Effects,
UJNR and such interests are highly acknowledged.

I would 1liKe to ‘express my gratitude towards the ' host
agency, Public Works Research Institute, Ministry of Construction
for accepting my stay and prov1d1ng such kindness and excellent
working conditions. The 'mission and facilities of = the Public
Works Research Institute provide most important research work in
the field of civil engineering with superior capabilities for
undértaking - such studies. My sincere gratitude 1is extended to
Director General-Dr. - Tominaga, Deputy :Director-Narita, and
Assistant Director-Fukui. The efforts and ‘interests of the Earth
Disaster Prevention Department and ‘Ground Vibration Division are
appreciateéd. I would 1like to express my gratitude towards Dr.
Iwasaki and Dr. Sasaki and all of the staff in these departments
for such frlendlv reoepflon and excellent worklng oondltlons.

1.2 Researbh ObJéctlves and Aot1V1tles

1.2.1 ObJeotlve : : :
The ‘objective of thls study was to evaluate tesblng methods

of ground soilg for their ability to predict 'soil. liquefaction
during earthquakes. Liquefaction is a ' process where soil:looses
its strength and undergoes large distortion causing significant
damage to:structures and facilities+ . In this study, ‘testing that
is perforied in the’ fleld us1ng standard testlng procedures ‘was

evaluated.:

Speoifically,_ in-situ fiend tests consisting of Standard
Penetration ' (SPT), Cone Penetration: (CPT), Flat Plate Dilatometer
(DMT) yand Vibrocone' (VCPT) ‘testing were evaluateéed. Results of - a
comprehéngive ‘U,S.~Japan-fiéld study 6f"soil-liquefaction sites
performed in 1983 were evaluated. The study sites were located in
Akita and Niigata. A field testing program using the DMT was



performed during my stay. The evaluation of the DMT testing was
added to the original objectives of my study submitted in
application to the Science and Technology Agency.

1.2.2 Activities
The activities during my stay are summarized below in

chronological order:

October 4 Arrive in Japan

October 6-12 Working at Public Works Rescarch Institute

October 13-14 Observing Vibrocone testing in Nagoya

October 15-17 Working at Public Works Research Institute

October 17 Field trip to Haneda Airport to observe ground
improvement of reclaimed land

October 28-31 Field testing of DMT at Akita, Hachiro Gata Lagoon

November 1-13 Working at Public Works Research Institute and
preparing report

November 14 Presentation of findings at Public Works Research
Institute
November 17 Return to U.S.

1.3 Presentation of Findings
A draft report was presented to the Publlc Works Research
Institute summarizing the evaluations of the testing methods. The
report is attached to this report. Conclusions of the report are
given below:
Conclusions

Comparisons of Liquefaction resistance evaluation techniques
using the SPT,CPT,DMT, and Vibrocone have been performed with the
data obtained from the 1983 U.S.-Japan cooperative field study
sites., Pertinent conclusions regarding the methods considered
along with recommendations for further study are as follows:

1) SPT data was reanalyzed to incorporate energy and sampler
corrections using the N160 method proposed by Seed (1984) and
compared to the Iwasaki et al. (1980) method. The methods agree
very well with only slight differences at low of safety. At large
factor of safety the methods diverge due to the limiting shear
strain concept of the N160 method.

2) CPT data was analyzed using the gqcl method proposed by Seed
(1986). Results of an SPT dependent analysis and independent qcl
factor of safety comparison show the method was very reliable and
suitable for use 1in quuefactlon analysis. .Additional field
performance comparisons in silty sands subjected to higher levels
of cyclic loading are required,

3) - CPT data was analyzed for~a‘qualitative comparison to the
method proposed by Olgen  (1984). The method in  concept is
fundamentally correct but modifications would be required the
relationship to the mechanical cone.

4) CPT data was analyzed and a method developed. to evaluate
ligquefac¢tion resistance wusing the state parameter proposed . by
Been and Jefferies (19856). The method should have comparable




accuracy ‘as the qcl method and has additional benefit of
eslimating static stress-strain behavior in shear. Additional
study will Dbe required Lo evaluate prestress effects and
extending the correlation to silty sands.

5) A series of six DMT soundings were performed by the Public
Works Research Institute at the Hachiro Gata lLagoon area during
October and November of 1986. Comparisons of static and dynamic

Kd values did not indicate a trend correlated to . liquefaction
resistance., Static Kd values were compared to the method proposed
by Robertson (1984) with favorable results. Additional study of
silty sands subjected to higher levels of cyclic loading are
required

6) Of all static-dynamic penetration techniques the vibrocone
test has the best potential for accurate prediction of
liquefaction resistance. Equipment or calculation method neced to
be improved to overcome rod friction effects. the correlation of
penetration decrease to cyclic strength requires further study.

2. Research on the Effects of Topographic Amplification of
Earthquake Shaking on Slope Stability

s Randall W. Jibson
2.1 Preface . A

As a. recipient of the Japanese Government Research for
Foreign Specialists grant, I visited the Public Works Research
Institute, Ministry of Construction, from January 12 through
March 31, 1987. :

I am grateful for the opportunlfv to work at +the Public
Works Research Institute, During my visit, everyone showed. the
greatest Kindness and worked to make my stay comfortable and
productive. Special thanks to the headquarters office of the
Ministry of Construction for supporting my research and for
making opportunities for exchange of ideas between scientists
from different countries possible.

Many individuals at the hosting agency,. the Public Works
Research Institute, Ministry of Construction, worked to make my
visit possible and te insure that it was productive. I extend my
thanks to Director General Kamijo and to Deputy Director Narita
and Assistant Director Fukui. I am particularly. grateful for the
efforts of Dr. Iwasaki, Director of the: Earthquake Disaster
Prevention  Department, and Dr. Sasaki, Head of the Ground
Vibration d1v1810n, who extended the invitation for this trip and
who provided. excellent working conditions and a stimulating
research project., The . entire staff of the Ground Vibration
Division was most helpful and made my stay very enjoyable.

2.2 Resedrch ObJeotlves and Aot1v1t1es
2.2

+1 Obgjgective
.The - objective of thls rPsearoh was to determ1ne the effects



of topographic amplification of earthquake shaking on the dynamic
stability of slopes, particularly in the case of large, deep-
geated landslides. The massive debris avalanche from the south
flank of Mt. Ontake triggered by the 1984 Naganoken-Seibu
earthquake was investigated in detail as a possible case of slopo
instability caused by topographic amplification.

The research was executed as a series of discreet gtudies
related to this objective:

1) A method was developed to estimate the relative dynamic
performance of slopes having different stabilities in different
levels of ground shaking, This required relating an index of
dynamic slope performance, Newmark displacement, to seismic slope
stability and earthquake magnitude and proximity.

2) Data from a previous field study of topographic
amplification of earthquake shaking, conducted by the United
States Geological Survey after the 1985 Central Chile carthquake,
were analyzed for comparison with the Mt. Ontake landslide and
with results from model tests described below. Also, data from
the Matsuzaki dense seismic observation array, operated by the
Public Works Research Inqtltute, were analyéed for comparison.

3) Shaking-table tests on silicon ridge models were designed
and- conducted by the Public Works Resesrch Institute. Results
from tLhese tests were analyzed and compared to results from the
Chile earthgquake experiment, the Matsuzaki dense seismic array,
and stability studles of the Mt. Ontake landslide.

4) The dynamic performance of the ridge that failed as the Mt.
Ontake 1landslide was analyzed, and the performances of several
neatby intact ridges 6n Mt. Ontake weré also analyzed using the
method described above in ' #1. - Résults of this analysis were used
to determine the likelihood that topographic amplification of
‘earthquake shaking caused the Mt. Ontake landslide.

2.2.2 Activities = ‘

Activities during my visit to the Public Works Research
Institute (PWRI) are summarlzed below.
January - 12- Arrive 'in Japan
January  13+31' Résearch’ at: PWRI on dynamlo slope performance
February 1-4 Research at PWRI on scismic shaking intensity
February 5-8 " Consultation with Dr. Ibhlhara at Tokyo

‘ University,

- Drs. Kobayashi and Sassa at Kyoto University,
ce - and Dr. Harp -of the U.,S8. Geological Survey
Feéebruary 9-18 Research’ at PWRI on Chile earthquake experiment
February 19-21 Visit dense  seismic observation arrays at
s - ‘ -Matsuzakly NumaZU, and’Shizuoka
February 22-

March 16 Research at PWRI on results of shaklng tab]e
tests

March 17-19 Visit Nagano Prefecture to observe 'landslldes
: T triggered by the 1984 Naganoken=-Seibu earthquake




March 20-26 Regsearch at PWRI on stability of ML. Ontake ridges

March 217 Tour of National Center for Research on Disaster
. Prevention

March -~ 28-30 Preparation of final report at PWRI

March 31 Departure from PWRI

2.3 Presentation of Findings
A draft report summarizing my research activities and
findings was presented to the Public Works Research TInstitute.

The conclusions of the report are summarized below:

1) A method was developed to estimate relative dynamic slope
performance. of slopes having different stabilities subjected to
different levels of. ground shaking. The following equation can be
applied . in a variety of ways to the problem of dynamic slope
performance: : S : :
log(Dn)=1.34(M)-1.8510g(R)~-6.36(Ac)~-5.14

where Dn is the Newmark displacement in centimeters, M is the
moment magnitude of the earthquake, R is the earthquake source
distance in kilometers, and Ac is the critical acceleration of
the landslide block in g’s. The Newmark displacement is an index
of relative dynamic slope performance.

2) Results from the seismic site-response experiment conducted
after the 1985 Central Chile earthquake illustrated the
differences in ground shaking on ridges and intervening - valleys.
Significant amplifications (ratios greater than 2) occur for all
ridge stations in a broad peak around 2-4 Hz and in a narrower
peak - around 8 Hz. These resonant frequency ranges may relate to
some elements of the ridge geometry, such as height or  width,
that are about: -the same lengths as the incident seismic waves.

3):° Results from analysis of the data from the Matsuzaki: dense
seismic array. show that amplification of about a factor of: 3
occurs - at station over the thickest parts of the ridge and - near
the midpoint of the crestline at the top of the steepest part of
the ridge as compared to stations at the base:of the ridge.

4) Shaking table tests of silicon slope models showed that the
resonant frequency, about 14-16 Hz for all models, is independent
of the overall height, length, width, crestline angle, and side-
slope angle. The aspects of the model geometries held  constant
for the models included slope length and maximum ridge thickness
and the 45 degree angle of the rigid model base; therefore, the
resonant  frequency' must be controlled by one or more of these
constant factors. : 5 : :

The = spatial distribution of acceleration ratios along the
model crestlines and vertically along the maximum cross sections
shows the inertial effects of amplification is greatest near the
midpoints of the.crestlines; for higher frequency responses(peaks
2..and 3); -amplification maxima are near the . one-third ' points
along crestlines:,  Maximum amplification ratios are about 6 ..for
peak 1; 1in higher frequency modes the ratios are less. In the
maximum vertical cross section, amplifications range from 1(no
amplification) at the base of the ridge to more  thanh 6 at. the



ridge surface; amplifications in the fundamental mode are greater
than those of higher frequency modes.

The first derivative of the acceleration distribution curves
is an index of the shcar stress(Shcar-stress Index) induced by
differential amplification within a ridge. The Shear-stress Index

along the ridge crestlines, and maximum values are randomly
scattcered along the central 80 percent of the crestlines. The

Shear-stress Index is much less within the ridge than along the
crestline,

5) The estimated peak ground acceleration at the Ontake slide
with no amplification effects is 0.39g, sufficient to cause
catastrophic failure in all but the most favorable ground-water
conditions, The maximum amplification required to cause failure
in the most favorable ground-water condition is only 1.1.
Therefore, it appears unlikely that amplification was required
for failure.

Comparison of the dynamic performance of 38 ridges and
profiles on Mt. Ontake revealed that only two had Newmark
displacements greater than the ridge that failed. Thus, it
appears that the ridge that failed did so because it was the most
susceptible to failure in the conditions present during the 1984
earthquake, and no extraordinary effects such as topographic
amplification would have been necessary to cause failure.

6) All of the evidence presented here indicates that (1)
inertial effects and shear stresses induced by topographic
amplification are greatest along ridge crests and are much less
significant deep within and near the bases of ridges, and (2) no
amplification of ground shaking was necessary to cause failure of
the Mt. Ontake debris avalanche. Thus, topographic amplification
may have 1little effect on deep-seated 1landslides. This |is
consistent with my observations and with published reports that
ridges experiencing in past earthquakes displayed primarily

surficial effects--churned earth and- shallow, disrupted
landgliding-- located along their  crests. Much information
regarding the Mt. Ontake landslide is unavailable, however, and

new data could indicate some effect of amplification.

3. Attenuation of Peak Ground Motion from Mexico Earthquakes of
September 19 and 21, 1985 :

Alonso Echavarria Luna
3.1 Preface
As a trainee of the Personal Exchange Program between Japan
and Mexico, 1 stayed at the Public Works Research  Institute from
January 9 to february 22, 1987. 1 would like to thank all of -the
people of Japan International Cooperation agency who made it
possible for me to visit Japan. People of the hosting agency, the
Public Works Research Institute are also acknowledged.

3.2 Research Objectives and Activities




3.2.1 Objective

For determining appreciate scismic effects to be considered
in the design of civil engineering structures, it is essential to
assess intensities and frequency characteristics of ground
motions. According to results of strong motion observation, it is
known that the characteristics of ground motion depend on the

factors of ecarthquake magnitude, epicentral distance, ground
condition of the site and so on. "Attenuation Equation" is the
equation which assess the intensities of ground motion from the
aforementioned factors, There have been many studies on

attenuation equations and various equations have been proposed by
the Public Works Research Institute and so forth in Japan,

This work presents the result of the regression analysis on
the attenuation characteristics of ground motion records that
were obtained at the Guerrero Array during the Mexico Earthquakes
of September 19 and 21, 1985, Main objectives of this work are
the followings:

1)Analyze the attenuation characteristics of the maximum
acceleration, velocity and displacement.
2)Analyze the attenuation characteristics of acceleration

response spectra.

3)Compare the attenuation characteristics of ground motion
records of the Mexico Earthquake with the attenuation equation
proposed by Public Works Research Institute.

3.2.2 Activities

January 9 Arrive at Public Works Research Instlitute

January 12-16 Review of the studies on the attenuation of
ground motions

January 19-23 Editing records of the Mexico Earthquake

January 26-

February 6 Regression Analysis

February 9-18 Preparation for the report of analysis

February 19-21 Visit dense instrument array at Matsuzaki,
Shizuoka

3.3 Conclusions
The conclusions of this work are summarized below:

1) As for records obtained by the Mexico Earthquake of 1985,
the attenuations of maximum acceleration, velocity and
displacement with epicentral distance is smaller in comparison
with the attenuation equations of the Public Works Research
Institute. The attenuation characteristic of records of the
Mexico Earthquake is relatively close to the attenuation equation
for rock and diluvial site.

2) The attenuation of acceleration response gpectrum of the
Mexico Earthquake is close to the attenuation equation of the
Public Works Research Institute in the short natural period range
and is a little smaller than the equation in the long natural
period range.
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STUDY OF 1IN SITU TESTING FOR EVALUATION OF LIQUEFACTION
RESISTANCE AND OCCURRENCE

Jeffrey A, Farrarl

ABSTRACT

Analysis of penetration testing for liquefaction
resistance evaluations performed at field 1ique-
faction sites in Japan is described. The study
reviews results of standard penetration, cone
penetration, and vibrocone tests performed in
October and November of 1983 at six field study
sites which exhibited evidence of 1iquefaction
in Akita and Niigata, Japan., Standard penetra-
tion test data with energy measurements and cor-
rections to account for sampler dimensions are
analyzed using N1 and Japanese simplified
methods, and factors of safety against tiquefac-
tion are compared, Mechanical cone penetration
test data are analyzed according to methods pfo-
posed by Seed and Olsen. A method to evaluate
liquefaction resistance from cone penetration
testing by using the state parameter is deve-
loped and evaluated. Flat plate dilatometer
tests were performed at three liquefaction sites
in the Hachiro-Gata Lagoon area of Japan,
Dilatometer tests were performed using quasi-
static and dynamic advancement techniques, and
ability to predict liquefaction occurrence is
evaluated, Vibrocone testing and its ability tb
quantify cyclic strength is evaluated. Findings
of the report indicate additional case study
data from silty sand sites and with differing
Toading conditions are required to further proof
test relationships.

KEYWORDS: Cone Penetration; In Situ Testing;
Standard Penetration; Vibrocone

1. INTRODUCTION

The purpose of this report is to investigate
various in situ testing techniques for evalua-
tion of liquefaction occurrence in Japan. The
current report is an extension of U.S.-Japan
cooperative studies initiated in 1983 with
fieldwork. This report focuses on the cone
penetration (CPT) and flat plate dilatometer
(DMT) tests but also addresses the use of ‘stand-
ard penetration (SPT) and. vibrocone penetration
(VCPT) testing. Data obtained in a comprehen-
sive field study performed in 1983 at six study
sites are reviewed, and a field study with the
DMT was performed. Results of these studies
have developed valuable case history information
on various methods of geotechnical testing and
will improve our ability to accurately predict
occurrence of earthquake liquefaction,

From the results of the 1983 field study,
several important papers have been published to
date. However, there is yet no evaluation of
the CPT test from the data collected. Several
researchers have recently published papers on
the use of CPT for liquefaction resistance eval-
vation, but lack case history validation,
Results of the U.S.-Japan 1983 field data can be

used to check these methods. Another new in
situ test, the DMT, has recently become very
popular among geotechnical groups, Laboratory
chamber testing in sands has indicated that the
instrument may have good potential for eva-
luation of liquefaction, To date, only one
field liquefaction study site in the U.S, has
been investigated, In this study of the DMT,
three locations in the Hachiro-Gata Lagoon were
investigated by quasistatic and dynamic advance-
ment techniques.,

1.1 Background Information

A comprehensive field study was performed to
investigate in situ testing techniques in
October and November 1983 in Akita and Niigata
prefectures, Three sites from each prefecture
were selected for study, with two sites showing
evidence of liquefaction and one site showing
none. As shown on Fig, 1, the Niigata sites
were affected by the 1964 Niigata earthquake of
Richter magnitude 7.5 and Akita sites were
affected by the 1983 Nihonkai-Chubu earthquake
of Richter magnitude 7.7, According to strong
motion seismographs in areas nearby study sites,
maximum ground accelerations of 0.17 and 0.16 ]
were used in analyses of data for Akita and
Niigata sites, respectively,

Study sites in Akita were labeled sites A, B,
and C. The sites are all located in the Hachiro
Gata Lagoon area as shown on Fig, 2. The
Hachiro-Gata area is reclaimed land surrounded
by protective dikes. Site A is located on the
approach to Gomyoko bridge at dike station WC
154653, This location experienced serious lat-
eral spreading of the approach fill. Site B is
located at dike station FD 6+900 where there was
a slope failure of the dike and numerous sand
boils, Site C is located at dike station WC
0+580 where no damage was experienced.

Study sites in the Niigata area were labeled D,
E, and F (Fig. 3). Site D is the Kawagishi-Cho
apartment building site which is famous for the
rotational movement of apartment buildings,
Ishihara and Koga (1) have documented soil con-
ditions at the site through SPT, CPT, and undis-
turbed sampling. Site E is on the left bank of
the Showa Ohashi bridge where extreme damage to
the bridge and surrounding ground mass was
experienced, Site F is on the right bank of the
Showa-Ohashi bridge site where no damage
occurred. Analysis of the Showa-Ohashi bridge
damage was performed by Iwasaki, et al. (2),

1 Supervisory Civil Engineer, U.S. Department of
the Interior, Bureau of Reclamation, Division
of Research and Laboratory Services,
Geotechnical Branch, Denver, Colorado,




The field study at these study sites was prob-
ably one of the most intensive of its kind to
date, A listing of the testing performed at
each study site is given in Table 1., Some of
the tests performed included SPT with energy
measurements, CPT, Swedish dynamic cone, Swedish
weight sounding, piezocone, vibrocone, and other
dynamic cone tests, Borings and soundings were
generally spaced at distances of 2 m from one
another, Soil types present at the sites are
summarized on figure 4, The sites are almost
compietely comprised of clean fine to medium

sands.

Following the field investigations, 0Y0
Corporation compiled the sounding and laboratory
data obtained from the study in a report dated
March 1984, Presentation of SPT energy measure-
ments and vibrocone results were made by Sasaki,
et al. (3), at the meeting of the U.S.-dapan
Panel on Wind and Seismic Effects (UJNR) in May
1984, Results of SPT measurements were docu-
mented by Kovacs, et al, (4), in National Bureau
of Standards report dated August 1984, With
additional data on SPT energy made available,
Seed reevaluated the SPT data base to refine the
N1 method (5). At the UJNR meetings of May of
1985 and 1986, Sasaki, et al. (6, 7), presented
papers refining the vibrocone test. On

August 17-20, 1985, the UJNR group sponsored a
workshop on in situ testing with results soon to
be published. Ohya and Iwasaki (8) presented a
paper which concentrated on the dynamic penetra-
tion testing and its correlation with liquefac-
tion resistance, In this paper, relationships
were proposed for a ratio of static penetration
from the CPT to dynamic penetration from the
Swedish dynamic cone or automatic ram sounding
test to predict liquefaction,

Several approaches to liquefaction resistance
evaluations from CPT testing have evolved over
the past 10 years, Many initial proposals were
not very refined ‘and sometimes depended on
extensive site-specific correlation with the SPT
test., In 1985, both Robertson (9) and Ishihara
(10) proposed relationships with normalized cone
tip resistance and cyclic strength, Both meth-
ods were felt to only be applicablé to clean,
low compressibility sands as an increase in
fines or more compressible minerals such as
micas would greatly reduce cone resistance, At
the ASCE specialty conference on in situ
testing, Seed (11) proposed a similar rela-
tionship based ‘on refined SPT-CPT correlation.
Only two case history sets of information were
available to validate the proposed method. The
method in¢luded correlations to account for
fines content,

Some researchers have argued that the cone
appeared to be too insensitive to stress-fabric
effects which are beneficial to liquefaction
resistance., Olsen (12) presented a method which
incorporates normalized tip-and sleeve
resistance to evaluate liquefaction strength.,
This method was developed for the electric cone

with a sleeve directly behind the tip, The dif-
ficulty with this method is that sleeve data
must be accurately determined, In cohesionless
soils, sleeve resistance is typically one-tenth
of the tip resistance; and additional accuracy
of less rugged, independent load-cell electric
cones is required for the method,

Researchers working on the Beaufort Sea drilling
islands developed a correlation of state parame-
ter to normalized cone resistance to study
failures. The concept of the state parameter
was presented by Been and Jeffries (13) in 1985,
The state parameter measures the distance or
position of a sand in given void ratio stress
condition to a reference steady-state line. The
steady-state line is the same as defined by
Castro and Poulos and originally proposed in the
critical void ratio concept of Casagrande, The
advantage to this approach is that many signifi~
cant engineering parameters such as static
stress - strain behavior can be correlated to
the state parameter, In addition, positive
values of the state parameter are indicative of
collapse potential of sand structure under
existing stress conditions resulting in very
large strain development in loading events such
as earthquakes, Recently, Been, et al, (14),
have determined a correlation of normalized cone
tip resistance with state parameter by deter-
mining steady-state lines for sands used in cone

chamber tests.

In this report, each of the concepts for CPT
evaluation -of liquefaction will be studied,
Oepending on the results, more in-depth studies
will be made. Conclusions regarding the general
applicability of the methods will be made,

An additional study was performed with the flat
plate dilatometer (DMT) testing device .to gain
valuable case history experience with the
instrument. The Public Works Research Institute
arranged for a field study with this device
which took place in the Hachiro Gata Lagoon area
during October 29 through -November 1, 1986, The
DMT test. has been discussed by Marchetti (15)
who developed the test in the mid-1970's. In
1982, Marchetti (16) discussed the possible use
of the test. for liquefaction evaluations.
Robertson (17) proposed a correlation . of the
horizontal stress index to .cyclic stress ratio,
Based on discussions at the UJNR workshop on in
situ testing and with users and manufacturers of
the DMT, the differences between dynamic and
quasi-static insertion were also evaluated to
see if sensitive sands could be identified.

2. DISCUSSION
2.1 SPT Simplified Methods

Two methods of evaluation of liquefaction resis-
tance .using the. SPT find widespread usage. In
Japan, Iwasaki .and Tatsuoka, et al, (18), have
developed a method whose basis is in a large
quantity of undisturbed sample testing to .
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develop a correlation between cyclic strength
for 20 cycles of equivalent loading (Rlaqg), SPT
N value normalized for overburden pressure
effects, and particle size expressed in terms of
mean particle diameter (Dgp).

In the U.S. Seed (5) and coworkers developed a
method which separates liquefaction and nonli-
quefaction from observed field performance data
on a plot of cyclic stress ratio and SPT Nl
value normalized to a stress level of 1 ton/ft2,
The method also distinguishes for fines content
in sands, Nefther method is applicable for low-
plasticity silts or gravelly soils,

When studying previous liquefaction sites, the
most difficult task is to determine the actual
zones of liquefaction, Since SPT testing is the
most widely accepted method of evaluating lique-
faction, it will for the basis for testing cone
penetration and other methods for their ability
to predict liquefaction. As a result, the SPT
analysis must be carefully performed to evaluate
zones of liquefaction,

Results of SPT analysis using both SPT tech-
niques by Ohya and Iwasaki (8) are shown on

Fig. 5. On this figure, liquefied and critical
zones where factor of safety is close to 1 are
shown, Inspection of these plots indicate there
is good agreement among the methods in their
predictions., One will also notice, however,
that the two methods diverge at high and low
factors of safety. This trend has been iden-
tified in the past by others. The divergence at
large factors of safety could possibly be
explained by loosening of undisturbed samples of
dense sands during the sampling process, thereby
reducing the Rlpg strength,

The analysis of factor of safety by the Seed
Nigsp method was reperformed to incorporate
energy corrections and corrections for sampler
barrels in accordance with the 1984 report,
Calculations for this analysis are summarized on
Table .2, The boring logs used for this analysis
were reported by OYO Corporation in March 1984,
To estimate the induced cyclic stress ratio at
the depth of interest, the simplified equation
proposed by Seed was used, To simplify calcula-
tions, a single unit weight of 120 1b/ft3 was
used and the reduction factor rgq was the equa-
tion proposed by Iwasaki (18), SPT N values
obtained with the ASTM sampler were increased to
account for larger inside barrel diameter by
using the recommendation by Kovacs (4). The
factor of 20 percent is probably too large for
low blow count soils, and a factor of 10 percent
is probably more appropriate. After conversion
for sampler size, the N value was then adjusted
to an energy level of 60 percent using the
equation proposed by Seed and Kovacs (4, 5), At
each field study site, only several energy data
points were available at depths of greater than
30 ft. Where energy data were available, they
were directly applied to the N value obtained;
and an averaye value was used for the remainder

of the boring., At site E, energy data were not
available; but the same operator and drill rig
previously used at site D were again used. At
site F, no data could be assumed; therefore,
Japan average epergy was used (4), Corrections
for rate and borehole size, as recommended by
Seed (5), were not used as it was felt that they
were purely specutative and probably overempha-
sized,

After conversion to Nso, the value was then nor-
malized to an overburden pressure of I ton/ft2
using the following equation for the factor CN;

Cy = (ay)" = (oy)-0.5 Equation 1

with oy (vertical effective stress) in ton/ft2

The graphic CN values proposed by Seed (1984)
were not used as it requires prejudging the rel-
ative density of the deposit., The values of Cy
using the above equation are median points of
those from the two curves recommended by Seed.

After obtaining values of Njgp along with fines
content information, cyclic strength was deter-
mined by visual examination of the Njgg chart,
If fines were present, increased strength was
interpolated from the curves for various ranges
of fines contents, In some cases, the cyclic
strength was estimated as infinite following
concepts of limiting shear strain potential.

The resulting change in factor of safety from
both SPT methods is shown on figures 6 and 7.
Factors of safety from the Japanese method were
not recomputed but scaled graphically from the
report by Ohya and Iwasaki. It can seen that,
at lower factors of safety, the agreement is now
better between the two methods in most cases.
This can be attributed to the higher energy
level (68 percent) delivered in Japan. Correc-
tion to the Ngg value results in an increase of
the N value. Remaining differences at a low
factor of safety can be attributed to slightly
higher cyclic strength observed in the Japan
undisturbed sample test data due to consolida-
tion of loose sands.

2,2 Analysis of 1983 Field Data Using the QC1

Method

The method presented by Seed (11) is refined
correlation of cyclic stress ratio to normalized
cone penetration resistance (Qc1). The effects
of particle size on the correlation were
inferred by refining the Q¢/N versus Dsp data
base to incorporate energy consideration on the
SPT value and then using the SPT data base to
develop the relationship. In this approach, the
N value should be normalized to the 60-percent
energy level to check the Og/Ngg versus Dgp
relationship, Using Q¢/Ngp and Dsg, the Q)
method could be extended to silty sands by
inferring fines content from Dgg; and dividing
lines separating occurrence of liquefaction were
developed, The chart for clean sands is very



similar to the charts proposed by Robertson and
Ishihara (9,10). Seed compared this approach to
case history data at the Niigata Kawagishi-Cho
apartment site [Ishihara and Koga (1)] and the
Imperial Valley study sites in the U.S. [Youd
(19)). Additional field performance data from
this study will assist in validating this
method,

In the 1985 UJNR workshop on in situ testing,
Ohya and Iwasaki presented evidence that the
ratio of Q. to dynamic blow count Ng from the
Swedish dynamic penetration test could be used
to predict occurrence of liquefaction. Larger
ratios of Q./Nd had indicated increasing possi-
bility of liquefaction. In this study, the
Oc/Ngo ratio was also studied for this effect,
A comparison of Q./Ngo versus Dgg particle size
js shown on figure 8, On the figure, points
which did or did not liquefy according to SPT
Nigo analysis are appropriately marked, From
this plot, there is no consistent trend in
liquefaction occurrence; and there is wide
scatter among the data.

Begemann friction mantle cone (ISSMFE M2
penetrometer) tests were performed at each of
the study sites. Tip resistance data, (c, were
normalized for overburden pressure effects using
the same correction factor Cy as used in the
Nigo analysis. It should be noted that this
normalization proposed by Seed (11) is not in
accordance with findings presented by
Jamiolkowski (20), who recommended the n expo-
nent of equation 1 to be -0.72 with oy in
kg/cm2. As with the SPT analysis, a single unit
weight of 120 1b/ft3 is used with all stress
computations.

A dependent analysis of occurrence of liquefac-
tion was performed to evaluate the Qc1 method.
At each SPT depth interval, Q.1 values were
averaged, Plots of (¢} and cyclic stress ratio
were made on the proposed chart, and points
which did or did not liquefy from SPT prediction
could be marked. A summary of dependent data is
given in Table 3, which also shows the average
friction ratio in the SPT interval. All of the
values are less than 2.5 percent, which is the
common borderline dividing sands and sand-silt-
clay mixtures using the Begemann friction mantle
cone, For electrical cones, this value will be
different, The () method should not be used
for liquefaction assessment using the Begemann
cone if higher friction ratios are obtained.

A summary chart, Fig. 9, shows that liquefaction
occurrence is accurately predicted at the sites.
From the individual charts for each site the
cyclic strength was determined by visual inspec-
tion, taking into account the percentage of
fines and Dgg particle size. The cyclic
strength and factor of safety for the (. data
are summarized in Table 4 and factor of safety
is plotted on Figs. 6 and 7 for comparison to
SPT methods. The (¢} factor of safety compares
very well with SPT methods. It is interesting

to note that, at site A, liquefaction is pre-
dicted to greater depth using the (.} method,
This may possibly reflect on the greater uncer-
tainty of overburden pressure corrections for
the SPT at shallow depths,

Results of the study of the Q) method indicate
that the method is very suitable for evaluation
of liquefaction resistance for clean sands.
Since no sample is obtained in the test, the
friction cone should always be used to check
friction ratio, Further field evidence is
required to evaluate silty sands and sand depos-
its which have been subject to larger cyclic
stress ratios, Additional study is also
required for sands of varying compressibilities
due to varying mineralogies,

2.3 Evaluation of Olsen's CPT Method of
Liquefaction Assessment

A method of liquefaction resistance evaluation
using normalized cone and friction sleeve data
from the CPT test was proposed by Olsen (1984).
By incorporating normalized sleeve resistance,
sensitive soils can be detected. The CPT tip
resistance is relatively insensitive to stress
history effects, such as overconsolidation, and
some aging effects, such as slight cementation.
The sleeve is more sensitive to effects, such as
overconsolidation.

Olsen developed a soil characterization chart
that identifies sensitive, normally consoli-
dated, and overconsolidated behavior. The
advantage of this method is that it may also
identify sensitive silts and silt-sand mixtures
which are potentially liquefiable.

Normalization of the tip resistance (. uses the
same form as previous sections of this report;
but the exponent n in equation 1 varies with
soil type, and an iterative process is used.
Sleeve- friction is normalized by dividing by the
effective overburden pressure, since it is a
measure of remolded strength, Using SPT-CPT and
laboratory cyclic stress ratios, stress ratio
contours of liquefaction resistance strength
were drawn on the characterization chart.

The relationship developed by 0lsen was devel-
oped for electric cone testing with friction
sleeves located immediately behind the tip,

The sleeve friction measured by the Begemann
friction mantle cone is located further back
behind the cone tip. The sleeve has a shoulder
or bearing surface at its base and, therefore,
measures higher levels of sleeve friction.
DeRuiter (21) states that the electric friction
is, on the average, only one-half of Begemann
mechanical friction values., In electric cone
testing with subtraction-type cones, the

sleeve friction can be in error as much as

+0.3 ton/ft2, making it difficult to obtain
accurate friction readings.

For this study, the Begemann cone data were nor-
malized for a qualitative comparison with




Olsen's chart to evaluate if use of such a chart
was feasible for mechanical cones., The exponent
n to obtain the correction factor to normalize
Q. was taken as -0.72, since practically all of
the soils were clean sands, Friction sleeve
data were not reduced to be more comparable to
electric cone friction values. Normalized tip
and sleeve resistance data points are summarized
in Table 3. A summary plot with data points for
all six sites is shown on the soil charac-
terization chart on Fig. 10, On Fig. 11, data
from site B are plotted on the characterization
chart, which contains the contours of cyclic
strength, Beside the data points on this
f;gure, the SPT Njgg cyclic strength values are
shown,

From review of the figures, it is evident that
the Begemann friction values are higher than the
electrical data. It is possible that the cyclic
stress ratio contours and characterization zones
could be shifted to the right to make Qlsen's
method applicable to the Begemann cone. The
general trend of liquefiable data points lying
on the sensitive side of the normally consoli-
dated zone confirm the concepts of this method.
Dense dilative sands fall in the overconsoli-
dated zone.

Overall, conclusions regarding this approach are
that the method in concept is fundamentally *
correct. Possibilities exist to modify this
relationship for mechanical cones. The benefit
of this approach is that it may be able to iden-
tify sensitive silts and sand-silt mixtures and
eventually apply cyclic strength estimates., For
now, if sensitive sands with fines or silts are
identified by the method, laboratory testing may
be required. Disadvantages to the method are
its log-log relationship, which makes resolution
difficult. Also, sleeve friction measurement is
more sensitive and subject to error.

Since accurate conversions of mechanical to
electrical cone data cannot be made, electrical
cone data are required from case history sites
in c¢lean sands, sands with fines, and silts to
validate the method.

2.4 Evaluation of the State Parameter for
Liquefaction Assessment

The state parameter (v) proposed by Been and
Jefferies (13) is simply a convenient method to
develop a common referencing system which can
quantify static stress - strain behavior of
sands and eventually sand-silt mixtures. The
concept of the state parameter is shown on

Fig, 12. The unique reference line is the
steady-state line which is fairly easily
measured on remolded contractive specimens. The
state of the soil is expressed as a function of
mean normal stress and void ratio. Soils, whose
position is the below the steady-state line with
a negative value of state parameter, will exhi-
bit dilatant behavior in shear, Soils, whose
state lies above the steady-state line with a

positive value of state parameter, are contrac-
tive in shear., The contractive condition indi-
cates potential collapse of Structure with
extremely large deformations. Contractive soils
are rare in natural deposits; but if identified,
they can exhibit extensive deformation upon
earthquake or additional static loading. Been
and Jeffries (13) have related the state para-
meter to angle of phase transformation, drained
peak angle of shearing resistance, dilation
rate, and decrease in peak to steady-state fric-
tion angle.

In a currently unpublished paper, Been, et al,
(14), have determined the steady-state lines for
all of the sands used in CPT chamber testing and
have found a unique relationship to Q¢ nor-
malized to mean effective confining pressure and
the state parameter in clean sands. The initial
correlation developed is shown on Fig., 13,
Additional study is needed to determine the
relationship for silty sands. '

In this study, it was desired to calculate the
state parameter for qualitative comparison to
liquefaction resistance. The equation proposed
by Been, et al. (14), to determine the state
parameter from Q¢ is as follows:

o0c - I1
v = -.092 1In - * 17)/311 Equation 2
1

where 11 and I1' are the first total and effec-
tive stress invariants (mean normal stress)., In
equation 2, stress is expressed in kPa. Calcu-

‘lation of state parameter requires knowledge of

the value of Ky (ratio of in situ vertical to
horizontal stress). Based on results of DMT
tests to be presented later in this paper, a K,
value of 0.6 was assumed for liquefied sites and
1.0 for nonliquefied sites, The state parameter
was calculated for all Q¢ values.

Average state parameter values in SPT depth
intervals are summarized in Table 4. Inspection
of these data reveals extremely low state param-
eter values in a low cone bearing zone from 5.0
to 6.5 m in depth at site B. Liquefaction sites
D and E had more moderate values of the state
parameter,

The state parameter for the zone present in site
B is very close to being a contractive value;
but if the equation for state parameter is exam-
ined, it is found that extremely low values of
tip resistance would be required to indicate a
contractive condition, In fact, the tip
resistance may approach zero since the sand
structure collapses away from the cone.

Results of this analysis indicate that modera-
tely dilative sands are subject to level ground
liquefaction and resulting excessive deforma-
tions. In order to develop a correlation in
terms of the state parameter, the Q:j versus
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cyclic strength relationship was used. (&) val-
ves for clean sands from the chart proposed by
seed were converted to state parameter values by
assuming Ky = 0.5 with typical sand unit weight
and ground-water location at the ground surface.
Then, state parameter points calculated in SPT
intervals were plotted with liquefaction occur-
rence as predicted by the SPT Njgo method noted.
The results are shown on Fig, 14,

The results indicate that the majority of the
liquefied data points fall in the proper posi-
tion, with exception of two near-surface data
points at sites B and C and a point at site D at
7.3 m with high cone bearing. At site C, there
was no evidence of liquefaction, As discussed
earlier, shallow blow counts from the SPT are
more difficult to evaluate due to uncertainty of
pressure normalization. Also, erratic energy
transmission is a problem with the SPT at
shallow depths., It is highly probable that the
cone can better estimate near-surface liquefac-
tion occurrence.

The effect of deriving a state parameter versus
cyc¢lic strength correlation based on Ky = 0.5
conditions will have a similar effect as the Ny
method, which disregards varying Ko in pressure
correction of the N value, In equation 2, the
state parameter is most sensitive to the
value and less sensitive to mean normal stress,
since the tip resistance is typically two orders
of magnitude larger than mean normal stress
levels. At higher K, values, the dominant
increase in (. will cause a more negative value
of state parameter to be estimated if K; = 0.5
conditions are assumed. This will result in
predicted increase in cyclic strength, which is
appropriate for liquefaction studies. However,
the K, = 0.5 assumption would overestimate the
dilational tendency for static stress ~ strain
behavior predictions,

In conclusion, there seems to be a relationship
between the state parameter and occurrence of
liquefaction, Further study should be performed
to evaluate the effects of higher Ky values on
the state paraméter and its ability to predict
liquefaction, ~Since it is difficult to deter-
mine field K, values, a Ky = 0.5 assumption is
appropriate for young alluvial soils which are
typical subjects of liquefaction studies. The
shortcoming of the method -is that relationships
still need to be developed for silty sands and
silts.  Additional studies are required to test
sand in a contractive condition and -sands which
contain fines., The benefit of this approach for
¢lean sand at this time is that static stress -
strain behavior of the soil can also be esti-
mated. As with the Q.1 method, there-is no
sample obtained, so the method should only be
applied with-friction ratios of less than

2.5 percent and gradation of the sand should be
checked to be sure the fines content is less
than 10 percent. :

2.5 Analysis of Flat Plate Dilatometer Test
Results

The flat plate dilatometer test (DMT) was intro-
duced by Marchetti in the mid 1970's. Marchetti
(15) presented a summary of the equipment and
data reduction procedures in the ASCE
Geotechnical Journal, The DMT consists of a
TTat blade-shaped penetrometer with a 60-mm cir-
cular expandable membrane located on the face of
the blade., The blade is usually quasi-
statically advanced at 20-mm/s at 20-cm inter-
vals, while thrust pressure at the surface is
recorded, At each 20-cm increment, pressure is
released from the rods and the membrane is
expanded, Two readings are obtained at each
interval:

- First, an internal pressure to lift the
membrane into an approximately planar
condition '

- Second, an internal pressure to extend the
membrane approximately 1.1 mm into the
soil «

The two readings are obtained in about

30 seconds. After subtraction of inertial pres-
sures required to expand the membrane freely in
air, values of Pg and Py are obtained from the
first and second readings, respectively. Based
on the two readings, three index parameters are
determined as follows:

, , P, - Po

Material or Deposit Index, Id I, = 5=——
d P1 -u

, 0

‘ . PO - U0

Lateral Stress Index, Kd Kd =T
, VO

Dilatometer Modulus, Ed Ey = 34,7 (P - Pg)

The material index is used to determine the soil
type. It represents the normalized difference
between 1-mm expansion pressure, Py, and contact
pressure, Pg, which is the measure of soil
rigidity. Since soil classification is based
only on rigidity, some errors in estimated soil
type may exist. The horizontal stress index is
related to lateral earth pressure at rest. The
dilatometér modulus is a numerical solution for
(E/1 - y2) when expansion is modeled as loading
of a circular area in an elastic half space,

The modulus “obtainéd must be empirically related
to soil modulus since'drainage conditions and
disturbance vary. ' :

Dilatometer parameteérs have been related to ‘Ko,
8', Sy, P'c, Ezs (sand), and € (clays). The
561l friction angle in sands is now based pri-
marily on thrust data and bearing ¢apacity anal-
ysis [Schmertmann' (22)]). BRased on initial
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chamber tests in normally consolidated and
prestressed sands, Marchetti (16) felt that the
instrument was more sensitive to prestress than
the CPT and proposed it as a viable method for
evaluation of liquefaction potential., Marchetti
proposed that Ky values of less than 1.5 would
indicate sands at relative densities of less
than 60 percent and that resistance to liquefac-
tion in terms of cyclic strength may be roughly
proportional to Ky/10. A most recent paper
showing additional chamber test results in sands
was presented by Baldi, et al. (23). Robertson
(17), after consideration of chamber test data
and a relationship between relative density and
liquefaction resistance proposed by Christian
and Swiger (24), proposed a correlation between
the K4 and liquefaction resistance, After
attending the 1985 UJNR workshop on in situ
testing, OMT users felt there may be some rela-
tionship of liquefaction to the change in Ky
with static and dynami¢ advancement. In this
study, both the effects of static and dynamic
driving and Robertson's method will be analyzed,

On October 29 through November 1, 1986, the
public HWorks Research Institute, Ministry of
Construction, Japan, performed a series of nine
soundings using OMT and CPT testing in the
Hachiro Gata Lagoon area., DMT equipment was
supplied by the Bureau of Reclamation for this
study. - Six soundings were located in sites.B-
and C of the 1983 field study, An additional
site A' was located near the Gomyoko Bridge at
dike station WC 134620 where the dike had
settled up to 1 m, and approximately 6 m of
banking soil were available for testing., CPT
and SPT data were available for site A' from
previous investigations. At each site, a cone
penetration test using a Dutch mantle cone:
(ISSMFE ‘penetrometer. Ml1) was performed to eval-
uate any change in soil conditions since the
dikes were réhabilitated after 1983, - The:
rebuilding did not include subsurface
densification,

At each s$ite, dynamic ‘and static -DMT tests were
performed to evaluate effects on the Ky index.
Static DMT .tests were advanced with a portable
cone penetration machine which used anchors to
develop additional reaction. "Thrust pressure to
quasi-statically advance the OMT was méasuréd at
the surface with CPT hydraulic pressureé-gauges,
At site B, the pressure gauges malfunctioned and
a second sounding with the OMT blade was:per-
formed, - 'The Swedish automatic ram sounding
equipment was -used to dynamically advance the
DMT. ‘This device .uses a chain cam mechanism to
1ift and drop the hammer -so that consistent
energy is applied. The 63.5-kg: hammer is
dropped from 50 cm. The DMT blade was driven
with CPT. rods for -20ic¢m, and the number. of blows
were recorded for - each increment., On the two
dynamic soundings at-sites B:and C, the ham- . -
mering action 1oosened the wire contact at the
base of the sensing:disk .at about 7.-and 5 m, -
respectively; and the soundings were terminated.
No other specific equipment problems occurred,

The completed sounding numbers, test site, test
type, and depths are listed below:

Sounding

No. Site Test_type Depth
86-1-2 8 Quasi-static 15 m
86-1-3 8 Dynamic 7m
86-2-2 A Quasi-static 8m
86-2-3 A Dynamic 7m
86~3-2 c Quasi-static 5m
86-3-3 C Dynamic 4m

DMT data were reduced using IBM PC Basic program
DILLY4 distributed by GPE, Inc,, the U.S,
distributor of the DMT. -The program provides
tabular output of all parameters and a graphic
output of strength, stress, and modulus values,
Computer data reduction used methods recommended
by Schmertmann (22) for plane strain friction
angle and Ky, For the dynamic soundings, the
thrust data from the adjacent static tests were
input instead of trying to convert the number of
blows to thrust.

Summary graphs which contain pertinent data from
both quasi-static and dynamic tests on one graph
for each site are shown on Figs. 15, 16, and 17.
Cone penetration data from the 1983 field stu-
dies and the current study are plotted in terms
of O for sites B and C are shown on Figs. 18
and 19. From'Fig. 18, it can be seen that 0gy
has inc¢reased to a depth of 5 m since 1983,
Below 5 m, the same zone Of low coné bearing
sands exists with: 1ittle increase in (1. At
site C, it can be-seen that (3 has inireased
over a depth of 2.5 to 5 m,

At site A', the DMT summary ‘graph (Fig. 16)
indicated an interbeddéd deposit of silty sands
and sands with highly errati¢ data. Cone tip
resistance data also indicated soils with fines,
Data from site A' were not included in the anal-
ysis of liquefaction resistance. It will be
included when additional gradation and cone data
from the previous borings can be analyzed,

The effects of dynamic driving of thé OMT in
loose and dense sands can easily be distin-
guished from the summary graphs. Oynamic driv-
ing causeés an increase in material index and
friction angle and a decréase in horizontal
stress index and modulus. Of intefest for lig-
vefaction’ potentfal s the decrease in Ky. At
site B, dynamic driving resulted in réducing Ky
to below 1 incritical Yiquefied zones, At
sité C, the ‘reduction in Kq is also apparent;
but values remained:- dbove 2. In" an attempt to
quantify this reduction, the ratio of dynamic to
static 'Ky were analyzéd., At site C in‘dénse
sand, a 60 percent reduc¢tion of Ky otcurréd at



3 to 4m in depth., At site B, an 80-percent
reduction in K4 occurred at a depth of 56 to 6 m
in loose sand. However, a 90-percent reduction
in K4 occurred at 4 to 5 m at site 8 where nor-
malized cone bearing was significantly higher,
Additional checks of dynamic and static Ky
ratios resulted in no correlation to liquefac-
tion resistance, The only conclusion that can
be drawn is that, if dynamic Kg is less than 1,
liquefaction seems highly likely,

The quasi-static Ky values were then compared to
Robertson's method, Ky values were averaged in
the 1983 SPT intervals., Using the SPT factor of
safety as a guide, Ky values in zones which had
liquefied at site B could be plotted on the pro-
posed relationship by Robertson on Fig. 19.
These data confirm a limiting Ky value of 4.2 at
cyclic stress ratio of 0,18, At site C, the ¥4
value varied considerably in the SPT interval;
and a bar was used to show the nonliquefied
zone, Since Oz} had increased in 1986, the (¢)
cyclic strength was used to show increased
strength of the deposit. This approach indi-
cates the K4 versus cyclic strength line may
increase more sharply than proposed by
Robertson., Additional field performance data
will be needed to confirm the K4 relationship

at higher cyclic stress ratios.

In conclusien, the field tests at Hachiro Gata
have resulted in a better understanding of the
OMT in sands. Major changes can occur between
static and dynamic DMT tests to the point where
dynamic driving should be discouraged in loose
and dense sands alike. It is doubtful that a
useful correlation between dynamic and static K4
values and liquefaction resistance can be devel-
oped. Robertson's proposed correlation works
well, but additional information will be needed
at higher . levels.of cyclic loading and in dense
sands at low levels of cyclic loading.

Since material index is not necessarily a good
indicator of soil type, there may also be ques-
tions regarding fines contents in the soils
tested.

2.6 Comments on the Static and Dynamic
Penetration Resistance

So far on this project, there have been four
types of static dynamic comparisons of penetra-
tion resistance attempted.. The ratio of cone
resistance to SPT resistance was shown on.
fig..10 to.be highly erratic, Likewise, K4
ratios obtained in this recent study do.not show
consistent trends., Ohya and Iwasaki (1985).
showed some success in correlating CPT Q. to the
Swedish dynamic penetration Ny value., However,
there is also considerable scatter among the
data; and.the relationship. could not be corre-
lated to quantify cyclic.strength, Sasaki and
_others.at the Public Works Research Institute
“have shown the vibrocone to have good success,
at least in a qualitative sense, If any method
of a static to dynamic comparison methods stands

a chance of success, it seems to be the
vibrocone,

Recent efforts to quantify the decrease in cone
penetration resistance, D, from the VCPT with
cyclic strength are summarized by Sasaki, et al.
(7). 1In Table 4, the most recent version of the
equation expressing cyclic strength (Rlpg) ver-
sus decrease in cone resistance and effective
overburden pressure was used to calculate
strength. The D value was obtained for the
study sites from plots shown in Sasaki, et al,
(3), A review of Table 4 indicates that
Tiquefaction would not have been predicted at
any of the study site SPT intervals, :

Review of the decrease in resistance diagrams
indicates a general trend of reduction of D with
depth, In current field use, the force on the
cone tip is being measured at the ground sur-
face, As a result, friction buildup on the rods
is influencing the penetration resistances. The
recent modification to incorporate effective
overburden pressure into the strength equation
may compensate for this effect; but it is
possible that friction buildup occurs at dif-
ferent rates for the static and dynamic sound-
ings which are performed independently. If

this is the case, the static and dynamic com-~
ponents of D may have to be adjusted separately,
Static Q¢ can be compared to CPT ( data and
friction can be evaluated; but the only solution
to evaluating the effect on vibratory Q is to
locate a load cell within the tip or just above
the vibratory section,

A second problem with the correlation is the use
of cyclic strength data from undisturbed samples
obtained the field., The sampling process has a
tendency to densify loose sand. Trimming and
reapplication of confining stresses may further
densify the sand., The converse effect can occur
with dense sands. As a result, there is a
general flattening of the cyclic strength versus
D curve., On Fig, 21, the two equations proposed
for. the vibrocone are plotted on a cyclic
strength versus D diagram, Also plotted on the
diagram are the SPT Nygg cyclic strength data
and D value summarized in Table 4, In the area
of 100~ to 60-percent reduction (1 - D = 0.0 to
0.4), SPT strength data for a given D value seem
reasonable. At smaller values of Dor as 1 - D
approaches 1, there is considerable scatter.

The point. of lower cyclic strength in this area
originate from. deeper-zones at liquefied sites
where friction has reduced the magnitude of
decrease. If the friction problem .is solved, it
may be possible to develop the anticipated treénd
line shown on the figure, o

To summarize, two recommendations can be made to
improve VCPT performance, First, the effects of
rod friction must be omitted or determined
accurately, Second, either of the three
approaches  which follow could be taken to
develop the cyclic strength correlation; labora-
tory chamber studies of sands of known cyclic
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strength, field cyclic strength determinations
on sands which are frozen prior to sampling; or
correlations to accepted in situ testing tech-
niques such as Iwasaki - Tatsuoka, Njgg, or Qci
approaches. In order to extend the prediction
into sands containing fines, it may be helpful
to add a friction sleeve to the static penetro-
meter system to assist in identifying these
materials,

3, CONCLUSIONS

Comparisons of liquefaction resistance evalua-
.tion techniques using the SPT, CPT, DMT, and
vibrocone have been performed with the data
obtained from the 1983 U.S.-Japan cooperative
field study sites and a field study performed in
1586, Pertinent conclusions regarding the meth-
ods considered along with recommendations for
further study are as follows:

a. SPT data were reanalyzed to incorporate
energy and sampler corrections using the Njgg
method proposed by Seed (5) and compared to
the Iwasaki, et al, (18), method. The
methods agree very well with only slight dif-
ferences at low factor of safety, At a large
factor of safety, the methods diverge due to
the limiting shear strain concept of the Njgg
method,

b. CPT data were analyzed using the Q¢
method proposed by Seed (11). Results of an
SPT dependent analysis and independent (1
factor of safety comparisons show the method
was very reliable and suitable for use in
liquefaction analysis. Additional field per-
formance comparisons in silty sands and sands
subjected to higher levels of cyclic loading
are required.

C.. CPT data were analyzed for a qualitative
comparison to the method proposed by Olsen
(12). The method in concept is fundamentally
correct, but modifications would be required
to develop the relationship for mechanical
cones., :

d. . CPT data were analyzed and a method
developed to evaluate 1iquefaction resistance
using the state parameter proposed by Been
and Jeffries (1985), The method should have
comparable accuracy as the Qg1 methéd and has
the additional benefit - of est%mating static
stress - strain behavior in shear.

Additional study will be required to evaluate
prestress effects and extend the correlation
to silty sands.

e. A series of six DMT soundings were per-
formed by the Public Works Research Institute
at the Hachiro Gata lLagoon area during
October and November of 1986, Comparisons of
static and dynamic Kyq values did not indicate
a trend correlated to liquefaction
resistance. Static Ky values were compared
to the method proposed by Robertson (1984)

with favorable results, additional studies of
silty sands and sands subjected to higher
Tevels of cyclic loading are required,

f. Of all static-dynamic penetration tech-
niques, the vibrocone test has the best
potential for accurate prediction of
liquefaction resistance, Equipment or calcu-
lation methods need to be improved to over-
come rod friction effects, The correlation
of penetration decrease to cyclic strength
requires further study.
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Table 1 1Items of field investigation
Raglon | Axtea (Lagoon Hacniro) , Hifgaca
Sice No. S A T o | E | F
. . : t
Location I Gomyoko |  Froot | Vest Kavagiaht | Shova Ohasnt bridge
bridga | leves levae -¢ho ! iefc 3ide . rignt side
Occurrence of Liquefaction . I yes i yes | no I yas ' yes no
No.l () | 0~20.0 | 0v20.0 ! 0120.0 I 04200 ' 0~20,0 : 0120.0
Boring ; - -
No.2 @ | 0200 ! 06200 | or0.0 l n0.0 | - | -
; | i i
Yol Gotae | 10 | 10 | 10 I 10 I 0 | 10
5.2.7, i .
(JIS sampler) . ; | i
No.2 (poincs) l [} ! 3 ' 9 l 3 ! . , -
L '
No.1 (potnts) | 10 10 l 10 , 10 , 10 I 10
s.P.2, :
(ASTH samplex) . ! . l ’
Ho.2 (posncs) ! s o | “ -
: : ! : ¢ !
. ; [\ i |
Sand Ssmpling (potacs) l s i [ , 2 7 I - i -
N '
Piezocone m | 0w l 02000 | 0v12.) I 0420.0 | 0~18.0 0~10.5
H ]
H H :
Autoratic Raa Sounding (W | O0Mee | 0n20.0 ! 0020.0 I 0~20.0 | 0120.0 0+20.0
) !
R H . . [ ' '
Duceh Cona (@ 02 FoonLs ez | oMol | 0wz, ' on.2
. . : H ’
i i ! | !
Vibratory Cone (@) ' s | 0n20.0 i 0v2uk [ 6.8 0vs.2 0~7.2
Svedish Sounding (@) i 0M2.0 | OnLS.0 | 0n1S.0 | o000 | owsis [ onl.0
! ! !
Dynamtc Cooe Penetracion Test (=) | 0+19.0 ! 0420.0 j ovs.s | 0n19.) 0ni7.2 1 0163
: ' ! !
1 ; . i . i
TS Logging (@ . 0210 | 20,0 | 0r20.0 { n20.0 - I 0n20.0
Magnscic Suscepcidbilisy i . H . : ,
Logsing (m) - - LN SUN T | L.5v1.8 | den2l2 !l 3542000
' ] . .
Density Logging () 0~20.0 3.0M15.81 1.0820,51 0.5%20.8 | 0M2L.4 ) 1082001
Caliper Logging (=) 0208 - oo ! 0r20.6 0~20.9 0+20.8
M N ) t .
Elaceric Logging {a) 3.500.07 8.3+16.5] 4.519.8]  L.2n20.8 3.4820.5 i 3.5n19.0
]
Clastificacion Tase {poincs) 25 ! 2% | 22 ! 26 H - . ’ -
Cyclic Triaxial Tast (series) ; 3 ! 3 ! 1 ! 4 ! - l -
| H i .
Resonsnt Columa Tast (series) 2 , 2 l - i 2 | . I "

and Cycli¢ Torsicnal Tast
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Summary of factor of safety and strength data

Table 4(1)
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Summary of factor of safety and strength data
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Preface

This report summarizes my research activities conducted at
the Public Works Research Institute (PWRI) of the Ministry of
Construction, located in Tsukuba Science City, Japan. The
research, carried out from January to March of 1987, was funded
through an appointment by the Science and Technology Agency of
the Government of Japan. Dr. Yasushi Sasaki, Head of the Ground
Vibration Division at PWRI, supervised the project.

The objective of my research at PWRI was to determine the
effects of topographic amplification of earthquake shaking on
slope stability, particularly in the case of large, deep-seated
landslides. The massive debris avalanche from the south flank of
Mt. Ontake triggered by 1984 Naganoken-Seibu earthquake was
investigated as a possible case study of topographic
amplification leading to slope failure. This required synthesis
of research on several subjects:

1. A method was developed to estimate the relative dynamic
performances of slopes having different dynamic stabilities and
experiencing different levels of seismic shaking.

2. Findings from other investigations of topographic
amplification were analyzed for comparison with each other and
with findings from the present research. Data from seismic site-
response experiments in Chile and Japan were examined in detail.

3. Results of shaking-table tests on silicon slope models,
conducted at PWRI in 1987, were analyzed and compared with the
results of the field studies mentioned above and to the Mt.
Ontake debris avalanche.

4. Findings from the research described above were
synthesized and applied to the Mt. Ontake debris avalanche to
determine the effects, if any, of topographic amplification on
the formation of the avalanche.

The research activities outlined above are summarized in
four reports included herein as Parts 1-4, respectively. The
reports were written somewhat independently of each other as the
research progressed and are presented sequentially as they were
written. Therefore, some statements in later reports supersede
those made in earlier reports, because new information became
available. The reports do, however, reference each other where
appropriate (e.g. "see Part 3," etc.).

Page numbers are sequential from the beginning of Part 1
through the end of Part 4. Figures, tables, and equations,
however, are numbered separately within each Part (for example,
"figure 2.5" is figure 5 of Part 2, etc.); figures and tables for
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each Part are collected at the end of that Part. References from
all Parts are combined in a reference section at the end of the
report.

Several people provided valuable help and support throughout
this project. Dr. Y. Sasaki and Dr. T. Iwasaki of PWRI arranged
for my visit and directed the research; Mr. T. Kuwabara of PWRI
provided the results of his slope model tests and aided in their

interpretation; Mr. Tamura of PWRI provided data from the

Matsuzaki dense seismic array, Dr. K. Ishihara of Tokyo
University helped me reconstruct his slope-stability model and
provided data on dynamlc soil strengths, dlscu551ons with Dr. Y.
Kobayashi of Kyoto University and Dr, E. Harp of the U, S.
Geological Survey aided in the evaluation of dynamic slope
performance.
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PART 1
Use of the Newmark Analysis to Predict Dynamic Slope Performance

1.1 INTRODUCTION

A method for comparing the dynamic responses of slopes
having different stabilities and in different levels of
earthquake shaking would find wide application in regional
seismic hazard analysis. The most recent and comprehensive study
on this subject is that of Wilson and Keefer (1986)'), who
developed a method for predicting the areal limits of earthquake-
induced landsliding from a given design earthquake., they used a
four-step approach. First, they showed how to determine a
slope's seismic stability as measured by its critical
acceleration, the threshold ground acceleration required to
initiate landslide movement. ~Second, they introduced the use of
Arias intensity as a measure of earthquake shaking intensity and
developed an equation that relates Arias intensity to earthquake
magnitude and source distance. Third, they used the landslide
displacement analysis developed by Newmark (1965) 2) to model
dynamic slope response and estimated the amount of Newmark
displacement necessary to cause failure. Fourth and finally,
they determined. the comblnation of critical acceleration and
Arias intensity necessary to generate this amount of displacement
and calculated the distance from the seismic source at which this
Arias intensity would occur for their design earthquake.

‘The approach outlined above provides a valuable theoretical
and practlcal framework for evaluation of seismic slope
stablllty, but it suffers from two 51gn1ficant problems.. it*is
somewhat unw1eldy and dlfflcult to apply, and its governing
equations are based on several unjustified, though not
unreasonable, assumptlons. To overcome these problems, I use an
approach similar to that of. Wilson and Keefer (1986)° ), but I
derive the governing equations in a dlfferent manner and then
develop a Single equation easmly applied to the evaluation of
slope performance during earthquakes. . This w1ll 1nvolve (1) the
development of a relationship relating:earthquake .shaking
1nten31ty to magnitude and source distance,'and (2)-the
development of a relationship between seismic slope stability,
earthguake shaklng intensity, and dynamlc slope performance.r

1.2 EARTHQUAKE SHAKING INTENSITY

Earthquake shaking intensity‘as deflned by Arias (1970)3{
has been shown to correlate well with earthquake damage in



general and landslides in particular (Wilson and Keefer, 19834%
19861); Jibson, 19835); Jibson and Keefer, in press6)). As
defined by Arias (1970)3), this intensity (/) is directly
proportional to the integral of the square of an acceleration
time-history of an earthquake, which is simply the area enclosed
by the time-domain strong-motion record. Note that an earthquake
does not have an Arias intensity, but rather an earthquake
strong-motion record has an Arias intensity, because /s is
measured directly from a given acceleration time-history.
Because it is an integration of acceleration, Arias intensity has
units of velocity and is normally expressed in meters per second,
Arias intensity yields a reliable measure of the total shaking
content of a strong-motion record and is thus appropriate for use
in analysis of seismic slope stability. Use of Arias intensity
as a measure of earthquake shaking is preferred over use of peak
ground acceleration, typically used in slope-stability studies,
because /. depends not only on the ground acceleration, which may
have a peak value of very high frequency and short duration that
will not affect many slopes, but also on the duration of strong
shaking.

From considerations of seismological theory, Wilson and
Keefer (1986)4) suggested a relationship between Arias intensity,
earthquake magnitude, and depth-corrécted source distance having
the following functional form for the mean data distribution:

log(/a) = a(M) - b log(R) + ¢ (1,1)

where /s is the Arias intensity; M is the moment magnltude as
defined by Hanks and Kanamori (1979) ); R is the source distance
corrected for focal depth; and a, b, and ¢ are constants. They
then assumed that a = 1 and b = 2, which assumés that the
shaking ‘intensity decreases as the square of the source distance;
they further assumed a log-linear relatlonship between ‘magnitude
and Arias intensity in order to convert all the ‘input data to a
single equivalent magnitude. Although these assumptions may be
reasonable as such, none was rigorously justified either
theoretically or empirically; they were made solely for the
purpose of reducing the problem to a bivariate linear regre351on.

‘The functional form of equation 1.1 is well supported by

theory (Wilson and Keefer, 19861)). Therefore, to prodiuce an
equation relating Arias intensity to earthquake magnitiude and
source distance that does not depend on unjustified assumptions,

I employ a multiple linear regression model that allows all of

the constants (a, B, and c¢) in equation 1.1 to vary. This
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permits the input data to determine the final form of the
magnitude-distance equation. I use the same data set as Wilson
and Keefer (1986)1) with the addition of a strong-motion record
from the 1978 Tabas, Iran earthquake (table 1.1), included to add
a large value of Arias intensity to the data set. The multiple
regression analysis yielded the following equation:

log(/a) = 0.98(M) - 1.35 log(R) - 4.90 (1.2)

where /o is in meters/second and R is in kilometers, The
coefficient for M is nearly 1, which demonstrates that the data
justify this assumption of Wilson and Keefer; the coefficient for
log (R), however, differs significantly from 2 and thus indicates
that the Arias intensity does not decrease as R2., This model
yields a correlation coefficient (r) of 0.84, and is thus well
fitted to the data. A comparative chi-square test shows that
equation 1.2 is significantly better at predicting the observed
values in the input data set than is the equation of Wilson and
Keefer (1986)1L Thus, the theoretical justifications for the
functional form presented by Wilson and Keefer have been
preserved, but an equation better fit to the data that does not
rely on unjustified assumptions has been developed to predict the
variation in earthquake shaking intensity as a function of
magnitude and source distance.

1.3 SEISMIC SLOPE STABILITY

Seismic slope stability traditionally has been evaluated by
pseudostatic analysis, in which earthquake acceleration in
conjunction with the landslide mass is treated as an explicit
body force. By iteratively employing different input
accelerations, a yield acceleration is determined at which the
static factor of safety is reduced to 1.0, and any exceedance of
this yield acceleration is defined as slope failure. As Wilson
and Keefer (1983)4) point out, this method is overconservative
because it assumes that any exceedance of the yield acceleration
results in failure. Experience shows, however, that earthquakes
can produce transitory peaks of very high acceleration, sometimes
exceeding 1 g, but that many slopes having yield accelerations
much lower than the peak earthquake acceleration do not fail
despite the. fact that their yield accelerations have been
exceeded. by a considerable amount. Newmark (1965)2)~realized
that short-duration, large accelerations can induce minor amounts
of displacement in a landslide block without causing general
failure; therefore, he developed a method for calculating the




displacement of a landslide block of known yield acceleration (or
critical acceleration, as expressed by Newmark) when subjected to
shaking represented by a given strong~motion record. Newmark
(1965)2) showed that for a homogeneous slope, the critical
acceleration can be expressed as

Ae = (FS - 1)g sin(a) (1.3)

where A, is the c¢ritical acceleration in terms of g, the
acceleration of gravity; FS is the static factor of safety, anda
is the angle from the horizontal that the center of mass of the
potential landslide block first moves. (For failure parallel
to an infinite slope, o is the slope angle; for circular failure
surfaces, o is the angle between a vertical line and a line
connecting the center of mass of the landslide block and the
center of the slip circle.) For nonhomogeneous slopes, yield
acceleration may provide a more accurate index of a slope's
dynamic stability.

As shown in figure 1.1, integration of those portions of a
strong-motion record that exceed the critical acceleration of a
potential landslide block produces a velocity profile of the
block; a second integration produces a cumulative displacement
profile of the landslide block. In this manner, a cumulative
landslide displacement can be determined from a strong-motion
record if the critical acceleration of the potential landslide
block is known. Experience has shown that Newmark's method
commonly underestimates the amount of actual landslide
displacement, because in many slope materials, shear strength
decreases during shearing, and thus the critical acceleration is
continually decreasing as the slide block translates. Therefore,
the results of Newmark's analysis do not necessarily predict the
actual landslide displacement, but rather are a relative index of
dynamic slope performance. Wilson and Keefer (1983)4), however,
did document an instance where the Newmark analysis very
accurately predicted the actual measured displacement of a
landslide triggered by an earthquake.

Because ‘it is seldom possible to find a strong-motion record
having the exact shaking intensity of interest to a particular
problem, it 1is desirable to develop a general relationship
between Newmark displacement (Dn), critical acceleration, and
Arias intensity. To do this, I calculated Newmark displacements
from a wide variety of strong-motion records and for a similar
variety of critical accelerations. For the 10 strong-motion
records listed 1in table 1.2, which have Arias intensities between
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0.2 and 10 m/s, I conducted Newmark analyses for critical
accelerations of 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 g, the
range of interest for most slope-stability problems. Figure 1.2
shows the results; critical acceleration is plotted as a function
of Arias intensity and Newmark displacement, and best-fit lines
are drawn through those data points corresponding to a given
value of critical acceleration. The lines are nearly parallel as
well as being fairly evenly spaced, and the best-fit lines for
each c¢ritical acceleration have very high correlation
coefficients (between 0.79 and 0.99), with the sole exception of
Ac = 0.2 g (r = 0.46). This indicates a linear distribution of

critical acceleration in relation to log(/.) and log (Da). To
gquantify this multivariate relationship, a multiple regression
analysis using the following functional form was conducted:

log(Dn) = a log(/a) + b(4s) + ¢, (1.4)

where 0», is the Newmark displacement; /. is the Arias intensity;
Ac is the critical acceleration; and a, b, and ¢ are constants to
be determined by the regression. The model produced by the
regression analysis has a correlation coefficient (r) of 0.90,
and the resulting equation is

log(Dn) = 1.37 10g(/a) - 6.368(4,) + 1.57, (1.5)

where D,is in centimeters, /. is in meters/second, and A; is in
g's. The high correlation coefficient indicates that this model
accurately predicts. the Newmark displacement from the input data.
Figure 1.3 shows the contours of critical acceleration predicted
by equation 1.5 and plotted as a function of log (/s:) and
log(Dn). The upper dashed line represents 4 = 0, the
theoretical and practi¢al upper bound to the dataj; the lower
dashed line represents A.= 0.5 g, for which only two data points
exist, and which thus provides a practical lower bound for this
analysis. Using this model, any combination of critical
acceleration and Arias intensity can be combined to estimate
Newmark displacement, which thus eliminates the need to locate a
strong-motion record that has the exact Arias intensity desired.

1.4 EVALUATION OF DYNAMIC SLOPE PERFORMANCE

When analyzing dynamic slope performance, we seldom know the
exact shaking intensity of interest; rather, we normally model
the effects of some actual or postulated earthquake of known
magnitude and location. Therefore, an equation directly relating



Newmark displacement to earthquake magnitude and source distance,
as well as to the critical acceleration of the slope, is most
useful. Such an equation can be produced by substituting the
right side of equation 1.2 for /s in equation 1.5, which yields
the following:

log(dn) = 1.37(0.98(M) - 1.35 log(R) - 4.90) - 6.36(40) + 1.57,

and thus (1.6)

1608(Dn) = 1.34(M) - 1.85 log(R) - 6.36(4c) - 5.14, 1.7

where Dais in centimeters, M is the moment magnitude, B is in
kilometers, and A; is in g's. The signs of the coefficients in
this equation are intuitively consistent, in that they indicate
that increasing magnitude produces increases landslide
displacement, and that increasing source distance or critical
acceleration results in decreased landslide displacement. This
equation is very versatile, and can be solved for any of the four
variables if the other threéee are known or postulated, as follows:

log(R) = 0.72(M) - 0.54 log(Da) - 3.44(4c) - 2.78, (1.8)
M = 1.38 10g(R) + 0.75(Dn) + 4.75(4.) + 3.84 S (1.9)

Ac = 0.21(M) - 0.29 10g(R) - 0.16 log(Pn) - 0.8] (1.10)

In the case of Mt. Ontake (see Part 4), the magnitude and
hypocenter of the earthquake are known, the critical
accelerations of various slopes on the mountain can be calculated
from the estimated static factors safety and the slope angles,
and thus the Newmark dlsplacement can be estimated for comparison
of the dynamic performances of these slopes.: Equations 1.7-1.10
can also be applied in any number of ways to problems of regional
hazard analysis as well as to individual sites.

For some applications, it is more useful to have an equation
in terms of peak ground acceleration (PG4) than earthquake
magnitude and distance. Wilson (in press) developed a well
constrained relationship between /,, PG4, and the duration of
strong ground shaking, 74 (defined by Dobry and others (1978)8)
as the time required to build up the central 90 percent of the
Arias intensity of an earthquake record)

s = 0.90(PGAZ)(T4), o (1.11)
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where /a2 is in meters/second, PG4 is in g's, and T4 is in second.
Substituting the right side of equation 1.11 for /., in equation
1.5 yields the following:

Log(Dn) = 2.74 108(PGA) + 1.37 108(T4) - 6.36(Ao) + 1.51, (1.12)

Thus, equation 1.12 can be used to estimate the Newmark
displacement if the peak ground acceleration, shaking duration,
and critical acceleration of the landslide are known or
estimated.

Appraisal of dynamic slope performance from the Newmark
displacement requires considerable judgment, however. Wilson and
Keefer (1986)1) suggested using 10 cm of Newmark displacement as
the threshold for failure (macroscopic cracking and damage to
overlying structures) for coherent slides, and 2 cm for rock
falls and other disrupted slides. The amount of actual landslide
displacement, however, will depend on the properties of the
landslide material. For slopes that will fail in tension and for
slopes composed of very brittle materials or highly sensitive
soils--those whose shear strength decreases by a large amount
during shearing--a Newmark displacement of about 2 cm will
probably result in catastrophic failure (infinite displacement).
For moderately sensitive soils, large displacements will probably
occur for Newmark displacements of about 5 cm. For nonsensitive
or only slightly sensitive soils, the Newmark displacement
probably corresponds approximately to the actual displacement,
and, as Wilson and Keefer (1986)1) note, displacements of about
10 cm generally cause ground cracking and damage to overlying
structures. Regardless of the relationship of the actual
landslide displacement and that predicted by the Newmark
analysis, for a given type of slope material, the Newmark
displacement provides a valuable index to the relative dynamic
performance of slopes having any range of static slope
stabilities and in any level of earthquake shaking.

The amount of Newmark displacement required to cause
catastrophic failure for a given type of slope material can be
estimated by examining case studies of historical landslides
triggered by earthquakes. If Newmark displacements for several
such landslides can be calculated, they may indicate a minimum
amount of Newmark displacement necessary to cause failure in a
given type of slope material. Ishihara and Hsu (1986)9) compiled
data on several landslides triggered by the 1980 Irpinia, Italy
and the 1984 Naganoken-seibu, Japan earthquakes. Table 1.3 lists
the critical acceleration of each of the landslides and the



magnitude and source distance of the triggering earthquake. The
Newmark displacement, D, , was calculated using equation 1.7,

The landslides triggered by the Naganoken-seibu earthquake
all formed in pumice, and 3 cm appears to be a reasonable lower
bound of Newmark displacement required to cause catastrophic
failure. The landslides triggered by the Irpinia earthquake all
were reactivated slides in variegated clay; for these slides, 2
cm of Newmark displacement is a reasonable lower bound leading to
general failure. These amounts of Newmark displacement agree
well with the estimated critical displacements discussed
previously.

, Equations 1.7-1.10 and 1.12 reflect the well supported
theoretical basis established by Wilson and Keefer (1986)1) for
the relationship between earthquake magnitude, source distance,
seismic slope stability, and dynamic slope response. These
equations also are extremely easy to use, are rigorously
constrained by empirical data, and are not based on unsupported
assumptions.
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Table 1.1 Magnitude~Distance-Arias Intensity Data
(from Wilson and Keefer, 1986)

Moment ?ource Accele~ Aria§
Earthquake/Station Magnitude Dlﬁ:?nce ration In%;z;lty
H

() in km *) in m/s

Kern Country/Taft ~——-———~ 7.4 43 0.179 0.59

Parkfield/Station 2 ————o 6.1 6.6 0.498 1.71

Parkfield/Station 5 ——--— 6.1 9.3 0.434 0.85
Lower California/El

Centro —o—m—mmmem e 6.5 53 0.182 0.62
Imperial/EL Centro —----~ 7.0 12 0.348 1.93
San Fernando/Castaic ---- 6.6 21 0.271 0.99
Eureka / Federal

Building -~—~————m——— 6.5 25 0.257 0.710
San Fernando/Orion . ~———v 6.6 20 0.255 1.28
Lytle Creek/Wrightwood -- 5.3 14 0.198 0.14
Parkfield/Temblor ————-c 6.1 16 0.347 0.45
Ferndale/City Hall -——-- 5.6 25 0.237 0.105
San Fernado/Palmdale ~--- 6.6 34 0.113 0.334
Kern County/Pasadena —--- 7.4 130 0.053 0.114
Hollister/City Hall ———~ 5.6 40 0.065 0.135
San Francisco/Golden '

Gate —mm——mmmmm—m—seee 5.3 11 0.105 0.05
San Francisco/State

Building -—-——-—-————mmm 5.3 17 0.085 0.052
San Francisco/Alex.

Building -———-—m—mmme 5.3 16 0.043 0.016
San Francisco/Oakland —~-- 5.3 26 0.04 0.010
Borrego/San Onofre -—-———- 6.6 122 0.046 0.035
Kern County/(A005) ~--—- 7.4 85 0.131 0.29
Kern County/(A006) ----- 7.4 109 0.053 0.11
Borrego/(A020) ~~——~~—une 6.6 96 0.029 0.03
Long Beach/Vernon ---—--- 6.3 53 0.133 0.23
San Jose/(A010) ~——mm—— 5.8 - 10 0.102 0.075
Southern California/

(B023) ——m——mmmmmm 5.4 38 0.033 0.010
Wheeler Ridge/(B031) —--- 5.9 43 0.068 0.042
Central California/

R 7 T —— 5.0 6 0.057 0.05
Northern California/

(U308) ————m—mmmmm 5.7 59 0.075 0.04
Torrance-Gardena/

(V316) ——mmmmmmm—een 5.4 6 0.055 0.04
Southern California/ ‘

T(V329) e 5.0 6 0.167 0.100
Tabas, Iran =————~—=——=—- 7.4 37 0.705 9,926




Table 1,2 Strong Motion Records for Newmark Analysis
Time Arias
Earthquake Duration PGA
No. File Name : Increment |Intensity
Information (sec) (sec) (m/sec) .(g)
1 PARKFL=2 1966 Parkfield, 12 0.05 1.636 0.485
station 2
2 PARKFL~S 1966 Parkfield, 11 0.05 0.953 0.447
station 5
3 ELCENTRO |1940 Imperial Valley 34 0.05 1.722 0.293
El Centro station
4 TAFT 1952 Tehachapi 29 0.05 0.461 0.144
Taft. School
5 GOLETA 1978 Santa Barbara 30 0.05 0.928 0.338
Goleta station
6 HILO-75 |1975 Hilo 12 0.05 0.200 0.205
GLRY6—~NE [ 1979 Coyote Lake 12 0.05 0.710 0.360
Gilroy station 6 (050)
8 GLYCC250 (1979 Coyote Lake 11 0.05 0.245 0.206
Coyote Creek station
(250)
9  PACO-SE 1971 San Fernando 21 0.01 9.069 1.22
Pacoima Dam S16E
10 IRAN2 1978 Tabas, Iran 34 0.01 9.926 0.705




Table 1.3 Newmark displacements of landslides triggered by the 1980 Irpinia,
Italy and 1984 Naganoken-Seibu, Japan earthquakes.
earthquake magnitudes and distances and on critical accelerations

from Ishihara and Hsu(1986).

Data on

Earthauake Source Critical Newmark
Landslide q Distance Acceleration| Displacement
Magnitude
(km) (8) (cm)
1980 Irpini, Italy Earthquake
Buoninventre 6.5 8 0.210 3.66
Serra dell' Acquara 6.5 10 0.135 7.27
Pergola 6.5 10 0.170 4,35
Grassano 6.5 80 0.155 1.83
Andretta 6.5 18 0.095 4.40
1984 Naganoken-seibu, Japan Earthquake

Ontake Headwall 6.8 10 0.27 2.54
Matsukoshi 6.8 1 0.32 86.46
Ontake Highland 1 6.8 3 0.30-0.32 11.33-15.18
Ontake Highland 2 6.8 3 0.27-0.34 8.45-23.56
Ontake Highland 3 6.8 3 0.40 3.51
Ontake Highland 4 6.8 3 0.40 3.51
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Figure 1.1 Demonstration of the Newmark-analysis algorithm:

(a) strong-motion record with critical acceleration
(dotted line) superimposed; (b) velocity of block versus
time; and (c) displacement of block versus time.

(from Wilson and Keefer, 1983).
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PART 2

Description and Analysis of Preliminary Results of
Seismic Site-Response Experiment
Following the March 3, 1985 Central Chile Earthquake .

2.1 INTRODUCTION

Following the 3 March 1985 Central Chile earthquake (M,
=7.8), personnel from the United States Geological Survey (USGS)
deployed seismic instruments in the Canal Beagle subdivision of
Vina del Mar, about 10 km east of Valparaiso (figure 2.1). The
instruments were deployed along ridge crests and intervening
valley bottoms to observe possible effects of topographic
amplification of seismic shaking during aftershocks of the main
earthquake (Celebi, 1986, in press)1oh

Earthquake motions were recorded by eight portable General
Earthquake Observation Systems (GEOS), which used two sets of
three-component sensors consisting of force-balance
accelerometers and velocity transducers. The only results
available at present are from the velocity recordings (Celebi,
1986)11). Ground motions were recorded at several sites in Canal
Beagle (figure 2.2), which rests on Pleistocene sediments and
decomposed granite. Ground motions at station CBA (figure 2.2),
located in a valley bottom in Canal Beagle, were first compared
with those recorded at a flat, hard-rock site (VAL in figure 2.1)
near Valparaiso to determine the amplification effects owing to
geology. All ground motions recorded at other stations in Canal
Beagle were referenced to the motions at station CBA, and any
differences in ground-motion response were attributed to the
effects of topography. Stations CBB and CBC were located on one
ridge (ridge B-C), stations CBE and CBF were located on a second
ridge (ridge E-F), and station CBD was located on the hilltop
from which both ridges emerge. All instruments were located on
the ground floors of 1-5 story structures (table 2.1).

All graphical representations of amplification ratios
contained in the present paper drawn by visually averaging the
amplification ratios at least two seismic events as shown by
Celebi (1986)11), with one exception, ratios plotted for the
- same stations from different events showed similar responses, so
" the averaging process should introduce minimal error into the
description and analysis of the test results, The single
exception is station CBD, which showed responses having
considerable variation; results for station CBD are thus
uncertain,




2.2 COMPARISONS OF SEISMIC RESPONSES

Figure 2.3 shows the amplification ratio of station CBA
relative to the flat, hard-rock site at station VAL. Celebi
(1986)11) assumed that all variations in ground-motion response
between these stations are due to geological conditions because
the seismic source parameters and source distances for the two
stations are about the same. Figure 2.3 indicates that the
geological conditions at Canal Beagle cause amplification of
frequencies from about 4-8 Hz and 9-10 Hz; no amplification or
some deamplification occurs below 4 Hz and from 8-9 Hz,

Figure 2.4-2.8 show the responses of the two horizontal
components of ground motion at each of the five stations located
on ridges; all plots show the amplification ratio of the named
station to station CBA. Figures 2.9 and 2.10 show the responses
of all stations for the E-W and N-S components, respectively.
All the responses are somewhat similar and display two major
amplification peaks, one around 4 Hz, the other around 8 Hz.
Table 2.2 summarizes the characteristics of these two dominant
response peaks in the data, hereafter referred to as the low-
frequency peak and the high-frequency peak. Table 2.2 lists the
upper and lower frequency limits of the peaks (defined as the
points between which the amplification ratio exceeds 2.0), the
widths and center points of the peaks, the frequencies at which
the greatest amplification occurs, and the peak amplification
ratios.

Despite the overall similarity in the responses of all
stations, some differences, mostly minor, are present. The
following sections compare the spectral responses from the Canal
Beagle experiment with respect to the following parameters: (1)
north-south (N-S) versus east-west (E-W) components of ground
motion at each site; (2) response on ridge B-C versus ridge E-F
(figure 2.2); (3) response of station CBB versus CBC, and of
station CBE versus CBF; (4) overall responses of stations CBB,
CBC, CBD, CBE, and CBF; and (5) characteristics of the low-
frequency response peaks compared to those of the high-frequency
response peaks.

2.2.1 North-South Versus EAst-West Components

The ridges at Canal Beagle are aligned nearly east-west, so
we might expect to see a systematic difference in the sismic
responses between the two horizontal components of ground motion.
Table 2.2 shows that few differences exist between the responses
of the two horizontal components of ground motion. The following
observations can be made:



1. For stations CBB and CBC, the low-frequency peak appears
to be sharper and more well defined for the E-W component than
for the N-S component, but this does not hold true for the other
stations.

2. The center points of the response peaks for the E-W com-
ponents at all stations are located at slightly lower frequencies
than those for the N-S components, The offset is no greater than
0.8 Hz but is systematic throughout the data,

3. At the high-frequency peak, the amplification ratios for
the N-S components are all greater than for the E-W components.
At the low-frequency peak, variations in amplification ratios are
inconsistent.

The systematic differences in the locations (in the
frequency domain) and amplification ratios between N-S and E-W
components suggests that these two components may respond
somewhat differently to different aspects of the ridge
geometries. However, the differences are small enough that
little error is introduced by combining the horizontal ground-
motion response into a single, average response (figure 2.11).

2.2.2 Ridge B-C Versus Ridge E-F

Two observations can be made regarding the response
differences between ridge B-C and ridge E-F. First, the low-
frequency peak of ridge B-C is located at a higher frequency than
that of ridge E-F; the difference ranges from 0.2 to 1.6 Hz.
Second, the low-frequency response peaks for the stations on
rldge E-F are wider and not as well defined as those for rldge B-
C. - This may be due to geometrical dlfferenceq between the
ridges, as discussed subsequently.

'2.2.3 ‘Station CBB Versus Station CBC

Comparison of stations CBB and CBC will give insight into
the variations of ground shaking on different portions of the
same ridge. Station CBC is located along the ridge crest about
halfway from the top to the base of the ridge; station CBB is
located on the ridge crest about midway between station CBC and
the base of the ridge. The following observations can be made:

1, Station CBC has much higher amplification ratios (15-24)
than'station CBB (8-9) at the low-frequency peak. At the high-
frequency peak, amplification ratios are comparable.’ ‘

- 2. At the low-frequency ‘peak, station CBC has slightly

broader response centered at slightly lower frequency than
station CBB. At the high-frequency peak, the responses are
similar, though that of CBC is very slightly broader, :
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3. Overall, the amplification of station CBC is generally
greater than that of CBB., This observation is similar to that
for the PWRI model tests that indicate that amplification is
greatest near the midpoints of ridge crests (see Part 3).

2.2,4 Station CBE Versus Station CBF

Station CBE is located about where ridge E-F emerges from
the main hill and is relatively higher on the ridge crest than is
station CBC on ridge B-C. Station CBF is located farther down
the ridge crest, downslope from the midpoint, at a point
relatively higher on the crest than is station CBB on ridge B-C.
The following observations can be made:

1. Both high- and low-frequency response peaks for station
CBF are broader than those for CBE, but peaks for both stations
are centered at the same frequencies.

2. Amplification ratios for station CBF at both high~ and
low~frequency response peaks are significantly greater than those
for CBe: ratios of 13-16 versus 3-6 for the low-frequency peak,
and ratios of 8-12 versus 3-5 for the high-frequency peak. This
may occur because station CBF is closer to the midpoint of the
ridge line than is station CBE, and because station CBE is
located on the emerging portion of the ridge and is therefore
more firmly anchored or buttressed to the main hill than is CBF.

2.2,5 Comparison of All Stations

If the two ridges are assumed to have identical ideal
responses, then it is possible to compare all stations as if they
were aligned progressively down a single ridge crest. In this
case, station CBD would be at the top of the crest line, and,
moving progressively downslope, would be stations CBE, CBC, CBF,
and CBB. The ridges at Canal Beagle differ from those modeled at
PWRI (see Part 3) in that they do not have a uniformly sloping
crest line, but rather have relatively gently sloping upper
surfaces and a steeply sloping nose or ridge front. Stations CBB
and CBF are located on the noses or fronts of their respective
ridges and therefore may experience similar amplifications at a
level greater than might be expected from the model tests
conducted on ridges having uniformly sloping crest lines.

The average-horizontal responses of all stations (figure
2.11) show that at the high-frequency peak, stations CBB, CBC,
and CBF all have peaks centered at the same frequency and having
about the same amplitude. Each of these three stations is

located either near the midpoint of the ridge crest or on the

nose or front of the ridge, where amplification is expected to be

___75..._.



greatest., Stations CBD and CBE have significantly lower
amplitude responses, and, perhaps surprisingly, the response of
CBE is lower than that of CBD. This may be because station CBD
is actually located on the midpoint of the much larger ridge from
which the smaller ridges emerge (this ridge peaks at the closed
150-m contour and slopes downward to the northwest), so CBD may
be responding to the effects of the larger ridge, rather than
responding as if it were at the peak of one of the smaller
ridges.

At the low-frequency peak, the responses are less uniform.
Stations CBC and CBF have peak responses of similar amplitude,
but they are centered at different frequencies (3.7 and 2.3 Hz,
respectively). Stations CBB and CBC have a similar peak
response, but the other stations appear to have either a very
broad peak response or, more likely, two closely spaced peak
responses at about 2 and 4 Hz. This significant difference in
the nature of the low-frequency response may relate to
differences in ridge geometries, as discussed subsequently. As
with the high-frequency peaks, station CBE has the lowest
amplitude response, CBD the next lowest.

Comparison of all stations indicates the following:

1. The stations distant from the point where the ridges
connect to the main hill experience the greatest amplification,
whether they be at the midpoint of the crest line or on the
exposed fronts of the ridges.

2. Station CBD may be responding to the effects of the
geometry of the larger ridge on which it is located.

3. Station CBE, located where ridge E-F connects with the
main hill, had the lowest amplification ratios in all cases.

2,2,6. Low-Frequency Versus High-Frequency Peak Responses

-~ The most notable difference between the high- and low-
frequency response peaks is that the high-frequency peaks are
invariably narrower and more well defined than the low-frequency
peaks. This holds true for all stations; the mean width of the
high-frequency peaks is 1.6 Hz, and the mean width of the low-
frequency peaks is 3.0 Hz, almost twice as .wide. The peak
amplifications, however, are very similar for the two peaks; the
mean peak amplification ratio for the high-frequency response is
about 9, and for the low-frequency response it is about 11. The
high-frequency peaks are all centered at about ‘the same
frequency, 8.3 Hz, and have a standard deviation about this mean
of only 0.23. The low-frequency peaks are not dentéred so
uniformly: the mean center frequency is 3.2 Hz, and the standard




deviation is 0.42, nearly twice as great as for high-frequency
peaks.

Some of the low-frequency peaks, particularly those from
stations CBD, CBE, and CBF, may actually contain two peaks, one
at about 2.5 Hz and another at about 4.0 to 4.5 Hz, The broad,
double-peaked shape of these responses, with a significant low
point between peaks, suggests the possibility of two closely
spaced but distinct peaks. This could account for the relatively
broader, less consistently centered nature of the low-frequency
response for these stations.

2.3 ANALYSIS OF PEAK AMPLIFICATION

Several researchers have modeled or documented topographic
amplification of seismic waves (Boore, 1972 2) 197313 ; Bouchon,
197314); Davis and West, 197315); Rogers and Others, 197416);
Wong and Jennings, 197517); Griffiths and Bollinger, 197918)°
Brune, 198419); Sasaki and Kuwabara, 198620), but none have been
able to provide quantitative conclusions regarding how to predict
which freqeunc1es will be either amplified or deamplified. Davis
and West (1973) 15) stated that "the amount of amplification and
periods at which it occurs vary with the size of the mountain and
are probably a function of the relationship between the
wavelengths of the incoming signal and the dimensions of the
mountain." A similar observation was made by Bouchon (1973)73),
who stated that "the effect of topography on surface motion
appears to be very important when the wavelength is of the order
of dimension of the anomally..." Brune (1984)19) reported on
model tests of seismic amplification and showed that
amplification is maximum at ridge crests, for vertically incident
shear waves, and that it varies according to the ratio of the
incoming wavelength and the width of the ridge. Sasaki and
Kuwabara (1986)20) introduced a factor "I" to predlct the

resonant period of ridges:

[ = HL/W(Vs), | (2.1)

where #, L, and ¥ are the ridge height, length, and width,
respectively, and Vs is the shear-wave velocity of the ridge
material. They postulated that this factor I is about equal to
the fundamental resonance period of ridges; any relationship of I
to higher resonance modes is unclear.

Figure 2.12 shows a topographic map of the Canal Beagle
area, and geometric constructions as recommended by Sasaki and
Kuwabara (1986)20) to determine the dimensions of the ridges are



shown. Dimensions are recorded in table 2.3, along with values
of factor I for each ridge, for a shear-~wave velocity of 700m/s
for the Pleistocene sediments composing the ridges at Canal
Beagle. For ridge B-C, I = 0,29 s, which corresponds to a
resonance frequency of 3.5 Hz; for ridge E-F, I = 0.25 s, which
corresponds to a resonance frequency of 4,1 Hz, Figure 2.11 and
table 2,2 indicate that stations CBB and CBC, located on ridge B-
C, have low-frequency amplification peaks centered at 3.6 Hz,
. which corresponds closely to the value predicted by factor I.
Stations CBE and CBF, located on ridge E-F have low-frequency
peaks centered near 3.0 Hz, but as explained above, this broad
low-frequency peak may in reality be two closely spaced but
distinct peaks (see figure 2.,11). If this is the case, the
higher frequency of these two minor peaks is centered near 4.1
Hz, again the frequency predicted by factor I. These results
suggest that the fundamental resonance frequencies of ridges B-C
and E-F are 3.5 and 4.1 Hz, respectively.

The other peak responses cannot easily be explained by
factor I, which is an aggregate measure of the total ridge
geometry and accounts for all the dimensions of the riddes
simultaneously. If we examine single dimensions of the ridges
individually as they relate to the incident seismic wavelength,
however, we may be able to better understand the locations of the
other response peaks. Bouchon (1973)20) and Davis and West
(1973)15) suggested that amplification probably occurs at
wavelengths corresponding to the widths, heights, or lengths of
topographic features. This hypothesis can be tested by setting
the incident shear-wave length equal to each of these three
dimengions for the two ridges and using the simple relationship

f= Vs/X | (2.2)

where f is the frequency, V., is the shear-wave velocity, and A is
the wavelength. The computed frequency can then be located on
figure 2.11 to determine if it coincides with an amplification
peak. Assuming a shear-wave velocity of 700 m/s for the
Pleistocene sediments, frequencies corresponding to wavelengths
equal to the ridge dimensions are shown in table 2.4, For ridge
B-C, the height corresponds to a frequency of 8.2 Hz, very near
the center of the high-frequency peaks of stations CBB ‘and CBC
(figure 2.11, table 2.2). The width of ridge B-C corresponds to
a frequency of 3.5 Hz, which coincides with the centers of the
low-frequency peaks for stations CBB and CBC; this frequency also
coincides with the resonance frequency of ridge as estimated by




I. For ridge E-F, the height corresponds to a frequency of 7.8
Hz, close to the center of the high-frequenoy peaks of stations
CBE and CBF; the ridge width corresponds to a frequency of 2.0
Hz, near the centers of the lower of the two low-frequency peaks
of CBE and CBF.

These results appear to explain the difference in the nature
of the low-frequency peaks of ridges B-C and E-F. Stations CBB
and CBC have relatively narrow, well defined low-frequency
response peaks, Presumably because the overall resonance
frequency of the ridge, predicted by factor I, coincides with the
frequency of the wavelength-matching effect of the ridge width.,
Stations CBE and CBF have broader, more diffuse low-frequency
peaks that appear to be the merging of two closely spaced but
ditinct peaks. This is explained by the overall resonance
frequency from factor I, 4.1 Hz, being significantly different
from the frequency of the matching wavelength of the ridge width,
2.0 Hz. These two frequencies correspond to the two minor peaks
within the broad low-frequency peak for these two stations.

The frequencies corresponding to the lengths of both ridges
do not coincide with amplification peaks from any of the stations
(figure 2.11, table 2.2)., This may be because the data are
highly variable and not well constrained at such low frequencies
for this experiment, or it could indicate that the long
dimensions of topographic features are not as greatly affected by
wavelength-matching as are the two shorter dimensions.

2.4 CONCLUSIONS

All of the stations show approximately similar
amplification responses in that tﬁey have two frequency ranges
where the amplification ratios exceed 2.0, one peak being
centered around 3-4 Hz, the other around 8-9 Hz. Many of the
minor differences discussed herein may be insignificant or at
least unexplainable at present. The most significant difference
in the amplification responses is that stations on ridge E-F have
a broad, two-peaked response in the 3-4 Hz range, whereas
stations on ridge B-C have narrower peaks in that range. The
effects of resonance of the entire ridges, having frequencies
predicted by factor I of Sasaki and Kuwabara (1986)20), together
with wavelength matching at frequencies corresponding to the
heights and widths of the ridges, appear to explain the
amplification responses of stations on both ridges,

The greatest amplification ratios were recorded at stations
located near the midpoints of the ridge crest lines and on the
exposed fronts of ridges., Amplification ratios exceeding 20 were



computed for some stations at some frequencies, and peak ratios
exceeding 10 were common. Results of this experiment reported by
Celebi (1986)11) show that ground motions on topographic ridges

can be amplified by a large amount in frequency ranges related to
the ridge geometry.




Table 2.1 Canal Beagle Experiment Stations (from Celebi, 1986),

Station Description

Site Stations:

CBA

CBR

CBE

CBF

At ground floor (no basement) of Type B*
structure founded on a clear cut at canyon
between two ridges. ‘The structure and its
twin next to it were not damaged. Geologic
formation: sedimentary, (Building #1)

At ground floor of a Type B* structure on top
of ridge where there is extensive damage,
Geologic formation: Sedimentary and decom-
posed granite. (Ruilding #7)

(Same as above, (PRR.) (Building #12)

At ground floor of a Type A* (single story)
structure. This part of Canal Beagle is on

the main body of the hill crowned by the ridges.
(699 Ventisquero Street - at corner of Canal
Kivke Street)

At ground floor (no basement) of Type ¢ (all
5 stories) structure lccated on top of ‘emerg-
ing portion of the ridge. (Building #4 -
Edificio Thomson)

At ground floor (no basement) of Type C* (all

5 stories) structure located at the top of
the ridge. (Building #15 - Edificio Hyatt)

Reference Stations:

VAL

On a concrete pedestal at the University of Santa
Maria. Same location as the SMA station of the
Chilean strong motion network. The site is amphib-
olite and granite gneiss formation. ,

There are three types of structures in Canal Beagle. Type A structures
are single and two-story buildings on top of the hill, whereas Type B
structures are four-story buildings on one ridge and Type structures are
five-story buildings on another ridge. Two of the Type B structures are
in a canyon at the entrance to the subdivision, ’



( SRR Table 2.2 Characteristics of amplification peaks.

LOW-FREQUENCY PEAK HIGH-FREQUENCY PEAK
STATION/ LOWER ~ UPPER WIDTH CENTER  PEAK  AMPLIFICATION STATION/ LOWER UPPER WIDTH CENTER PEAX  AMPLIFICATION
; COMP. LIMIT - LIMIT POINT POINT RATIO COMP. LIMIT LIMIT POINT POINT RATIO
(H1) (H2) (Hz) (Hz) (Hz) ' (Hz) {Hz) (Hz) (Hz) (H2)
CBB/E-W 2.9 . 44 1.5 3.7 3.3 9x CBB/E~-W 7.5 2.8 .3 3.2 8.2 8x
CBB/N-$ 2.3 s.S 3.2 3.9 . 4.1 9x CBB/N-S 7.4 9.1 .7 8.3 3.3 18x
CBB/AVE. 25 4.8 2.3 3.7 " 3.9 8x CBB/ AVE. 7.4 9.1 .7 3.3 8.3 1lx
CBC/E-W 1.9 4.6 2.7 3.3 3.7 24x Sl cBe/E-w 5.8 9.0 2.2 7.9 8.2 10x
CBC/N-S 1.8 as 3.0 3.3 4.3 15x CBC/N-$ 7.4 8.3 1.8 3.4 8.2 15x
CBC/AVE. 2.0 - 4.8 2.8 3.4 37 15x CBC/AVE. 7.2 $.1 1.9 8.2 2.2 11x
CBO/E-W 1.3 41 2.8 2.7 - 3.4 6x CBD/E-W 7.7 2.8 1.1 8.3 2.2 6x
[ CBD/N=-S 1.4 5.1 3.7 3.3 2.4 10x CBD/N-S 7.8 9.5 1.7 3.7 2.4 tx
3 CBD/AVE. 1.4 4.3 2.9 2.9 1.8 6x CBD/ AVE. 7.8 9.6 1.8 8.7 3.4 Sx
CBE/E-W 1.3 41 2.8 2.7 2.3 4x CBE/E-W 7.7 8.3 0.6 3.0 8.1 3x
CBE/N-S 2.0 4.6 2.6 33 44 6x CBE/N-S 7.§ 9.1 1.§ 8.4 3.4 5%
CBE/AVE. 1.9 4.5 2.6 3.2 2.6 3x CBE/AVE. 7.6 8.9 1.3 8.3 2.0 4x
CBF/E-W Le 4.4 3.4 2.7 2.2 16x . CBF/E-W 7.2 9.0 .3 81 7.3 8x
CBF/N-S 1.3 s. 6 4.3 s 2.4 14x CBF/N-S 7.8 9.2 1.7 8.4 8.3 12x
: ' CBF/AVE. 1.3 46 3.3 3.0 2.3 13x CBF/AVE. 7.4 9.1 1.7 8.3 7.9 9x




Table 2.3 Ridge dimensions and "I" values (shear-wave velocity 700 m/s)
Ridge Helght Width Length Factor I Frequency
8 (m) (m) (m) (sec) (Hz)
B-C 85 200 475 0.29 3.5
E-F 90 345 660 0.25 4.1
Table 2.4 Frequencies corresponding to wavelengths equal to ridge
dimensions (shear-wave velocity 700 m/s)
: Value Frequency
Ridge Dimension‘ " (m) (Hz)
Ridge B-C |
Height 85 8.2
Width 200 3.5
Length 475 1.5
Ridge E-F o
Height 90 7.8
Width 345 2.0
Length 660 1.1
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Figure 2.1 Location map showing main shock and largest aftershocks.

(adapted from Celebi, 1986).
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PART 3

Comparison of Results of Slope Model Tests with Field Studies of
Topographic Amplification of Ground Shaking

3.1 INTRODUCTION

In January and February 1987, a series of model tests were
performed at the Public Works Research Institute (PWRI), Tsukuba
Science City, Japan, to observe the effects of topography on the
amplification of earthquake ground motion., The present paper
(Part 3) compares the results of the model tests with results
from the seismic site-response experiment conducted after the
1984 Central Chile earthquake (Celebi, 1986, in press; Part 2)
and with data from the dense seismic array at Matsuzaki, Japan.
What follows is not a rigorous analysis of the model-test results
but rather a summary of those results for comparison with the
field-study results.

3.2 DESCRIPTION OF MODEIL TESTS

Six 'slope models having different geometries were
manufactured for testing on the 6x8-m shaking table at PWRI. The
models were constructed of transparent silicon having a shear-
wave velocity of approximately 1237 mm/s, and 12 miniature
accelerometers were placed on the outer surfaces or within each
of the silicon models. Figure 3.1 shows the generalized geometry
of all the models and the nomenclature for measuring their
geometries, and figures 3.2-3.7 -show scaled drawings of models 1-
6, respectively, including the locations and channel numbers of
the accelerometers mounted on each model. Table 3.1 lists the
overall dimensions of each of the models. : ‘

The models were exposed to one horizontal component of
ground shaking at time and were shaken in directions
perpendicular to the long dimensions of the models (transverse
shaking) and parallel to the long dimensions of the models
(longitudinal shaking). Tests were conducted at frequencies
ranging from 3-60 Hz and having constant zero-to-peak
acceleration of about 200 gal. A sinusoidal waveform was used.
Two types of tests were conducted: (1) sweeping-frequency tests
where the frequency of the ground motion increased 1 Hz/s from 3-
60 Hz, and (2) constant-frequency tests conducted at 0.5-Hz
intervals from 3-60 Hz., Test results were summarized in the
frequency domain by plotting the ratio of the recorded
acceleration for each channel to the input acceleration measured
on the rigid base of the shaking table.

___92_._




3.3 ANALYSIS OF FREQUENCY-DOMAIN TEST RESULTS

Figures 3.8-3.13 show the frequency-domain acceleration
ratios for transverse shaking recorded on all accelerometers for
models 1-6, respectively. All models displayed similar
responses: the fundamental resonance frequency is about 14-15
Hz, and the response peaks for this resonance mode differ by no
more than 1.5 Hz between models. Second-mode peaks of smaller
amplitude are less consistently located, but are generally
between 20-25 Hz. Figures 3.14-3.18 show frequency-domain
acceleration ratios for longitudinal shaking for models 1-5,
respectively. The models all had fundamental resonance
frequencies of about 16-17 Hz and secondary peaks centered
between 30-35 Hz. '

The similarity of the responses of model slopes having
significantly different geometries indicates that the fundamental
resonance frequency is controlled by one or more of the inter-
related geometric parameters held constant for all models. These
parameters include the maximum vertical cross-sectional height or
thickness (figure 3.1, dimension T); the 45° angle of the rigid
backslope to which the model is attached; and, more
approximately, the slope length measured along the crestline
(figure 3.1, dimension S). Thus, overall slope height, width,
and horizontal length (figure 3.1, dimensions #, ¥, and L,
respectively), the dimensions related by Sasaki and Kuwabara
(1986)20)(see Part 2) through a factor "I" to predict the
fundamental resonance frequency, appear unrelated to the
fundamental resonance frequency in the model tests. This
observation is confirmed by calculating values of factor I for
each of the models. Table 3:2 shows I-values calculated in
several different ways for each of the models. The fundamental
resonance period of the models as measured by the shaking-table
tests ranges from 0.067 to 0.071 s. None of the values listed in
table 3.2 are close to this range, and most differ by a large
amount. :

. To detect any minor response differences between slope
models, I compared the responses of. the six models channel by
channel for the case of transverse shaking. Figure 3.19-3,30
show the responses for channel 3-14, respectively, as located on
model 1-(different, but analogous, channels were plotted in some
cases for models 3 and 6 pecause -transducers on these models were
arranged somewhat differently).. Two types of systematic response
differences were investigated: (1) differences in responses
between models having different crestline slope angles (figure
3.1, angle ©) when the angle of. the side slopes (figure 3.1,



angle B) is constant, which requires comparison of models 1, 2,
3, and 6; and (2) differences in responses between models having
different side-slope angles when the crestline angle is constant,
which requires comparison of models 1, 4, and 5.

To document any systematic effects of increasing crestline
angle on the fundamental resonance frequency, I examine figures
3.19-3.30 and recorded those instances where the model peak
responses increased or decreased in frequency consistently with
increasing crestline angle (crestline angle increases in the
model sequence 3-2-1-6). Observations are summarized in table
3,3, Channels 6, 12, 13, and 14 (figures 3.22, 3.28-3.30) showed
slight but systematic decreases in the fundamental resonance
frequency with increasing crestline angle; channels 9 and 10
(figures 3.25, 3.26) showed slight increases in the fundamental
resonance frequency with increasing crestline angle. ° The
remaining channels showed no systematic response differences.
For the secondary response peaks, only channels 10 and 11 showed
systematic differences: the peak frequency increased slightly
with -increasing crestline angle. Thus, even these minor response
differences vary inconsistently.

- Examination of the effects of increasing the side-slope
angle (model seguence 5-1-4) shows that channels 6,7, and 9
(figures 3.22, 3.23, 3.25) all display slight systematic
decreases in the fundamental resonance frequency with increasing
side—slopé angle: The other channels show:no systematic
differences. For the secondary response peak,: channels 6, 7, and
9 show decreases,; ‘and channel 4 (figure 3.20) shows an increase
in the resonance fredguency with increasing side-slope angle.
Thus, in the majority of cases where systematic differences are
préesent; increasing either crestline angle or side-slope angle
results in very slight decreases in the fundamental and secondary
resonance frequencies. It must be remembered, however, that most
channels showed no systematic differences between the models, -and
that those differences that do exist are slight and not entirély
cofisistent. One reason for this inconsistency 1is that each
accelerometer is measuring the 1esp0nse of a different part of
the resonating model. : .

Systematic variations in the amplificatlon ratio were also
investigated (table 3.3). For the case of increasing crestline
angle,; channels 9, 10, 12, 13, and 14 (figures 3.25,'3.26, 3.28-
3.30)  all showed systematic increases in the amplification
ratio; channel 6 (figure 3.22) showed ‘a systematic decrease in
the ratio. For the secondary response peaks, channel 10 showed
ah increase, and channel 11 (figure 3,27) showed & decrease in
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amplification ratio with increasing crestline angle. Other
channels showed no systematic variations in either response peak.

For the case of increasing side-slope angle, channel 6
(figure 3.22) showed an increase and channels 7 and 9 (figures
3.23, 3.25) decreases in amplification ratio. For the secondary
response peaks, channels 4, 6, 7, 9, and 11 (figures 3.20, 3.22,
3,23, 3.25, 3.27) all showed systematic increases in
amplification ratio with increasing side-slope angle.

The variations in amplification ratio with changing slope
geometry are of much more significant magnitude than the
variations in frequency. whereas peak response frequencies vary
by no more than 1.5 Hz between models, amplification ratios for a
given channel location vary between models by factors as great as
2. The majority of the data suggest that increasing the
crestline angle tends to increase the amplification ratio for the
fundamental resonance mode; increasing the side-slope angle tends
to decrease the amplification ratio for the fundamental resonance
peak, but it tends to increase the ratio for the secondary
response peak. The data, however, are not entirely consistent.

The most significant and consistent factor affecting the
magnitude of the amplification ratio is the vertical distance
from the rigid model base to the accelerometer. Figure 3.31
shows "amplification ratio plotted against accelerometer height
for all channels having a response peak at the fundamental
resonance frequency (14-15 Hz). The solid line is the "best-fit"
from a standard linear regression; it has a correlation
coefficient (r) of 0.93 and is thus well fitted to the data. The
amplification ratio for an accelerometer height equal to zero is
0.64, which is reasonably close to the value of 1.0 intuitively
expected at the rigid base of the model. The dashed line in
figure 3.31 is constrained to have an amplification ratio of 1.0
at zero accelerometer height and was visually fitted to the data.
Thus, the model tests confirm theory and intuition that
amplification of ground motion is maximum at the highest points
of ridges. These results also agree with results from Brune
(1984)19) that showed a consistent increase in the amplification
ratio from the base to the apex of a ridge model similar in shape
to those tested at PWRI, ' '

In most cases, for a given accelerometer height,
accelerometers located along the longitudinal axis of the models
displayed greater amplifications than accelerometers located
along the flanks of the ridges. This phenomenon was not
consistent throughout the data, however,



3.4 SPATIAIL VARIATION IN ACCELERATION

One way in which topographic amplification of ground motion
can lead to ground failure is by increasing the inertial forces
acting to drive potential landslide blocks downslope. This
effect can be examined by plotting the spatial variation in
acceleration for each of the models, This section discusses the
variation in acceleration ratios between (1) accelerometers
located along the model ridge crests and (2) accelerometers
aligned vertically along the centerlines of the maximum vertical
cross-~sections.

3.4,1° Variation Along Ridge Crests

For each of the model cases (1-6), I plotted the
acceleration ratio for each accelerometer located on the
crestline as a function of its proportional distance along the
crestline from the base to the top of the ridge. Data are
plotted for each frequency at which any of the accelerometers
along the crestline had peak responses. Data from transverse as
well as from longitudinal ground vibration are plotted as figures
3.32-3.37 and 3.38-3.42, respectively. No data from case 6 for
longitudinal shaking is available, Figure 3.43 and 3.44
summarize the data for transverse and longitudinal ground
shaking, respectively, by showing acceleration-ratio plots for
the three major response peaks (peak 1, peak 2, peak 3) for each
of the six cases. The frequency ranges of these peaks 1is
indicated: on the figures. : T :

Figures 3.43 shows that the peak-1 responses of each of the
models subjected to transverse ground shaking are essentially

identical: a single acceleration-ratio maximum. of. 5-7. centered

between 0.4 and 0.6 (of the way from the base to the top of the
crestline)., This shows that the maximum acceleration in. the
fundamental resonance mode is at the center of the crestline.
Examining cases 3-2-1-6 shows -the effects of increasing the
crestline ‘angle, which appears to cause the acceleration maximum

to be ‘centered successively lower along. the crestline.

Increasing the side slope angle (cases 5-1-4) .has no discernible
effect. , : - . e

The peak-2 responses are less consistent. Cases 3 and 6, at
the extremes of the range of crestline angle, show a distinctive
two-peaked response centered near. the one-third points along the
crestline. ~Case 2 has.a broad, single-peaked response centered
at 0.5. .Cases 1, 4, and 5 have responses intermediate between
those previously described, but are similar to each other in that
the peak response is at about 0.3. These latter three cases have




the same crestline angle but differing side-slope angles, and the
plots suggest that increasing the side-slope angle increases the
peak acceleration ratio from about 3.8 to about 5.4. On average,
acceleration ratios for peak 2 are less than those for peak 1.

All of the plots for peak 3 show similar two-peaked shapes
centered close to the one-third points. No systematic variations
in the responses with differing crestline angle or side slope-
angle are evident. Acceleration ratios, on average, are roughly
the same as those for peak 2.

Figure 3.44 shows peak responses from longitudinal ground
shaking for cases 1-5, The peak-1 plots are very similar to
those of figure 3.43: single-peak responses centered near the
midpoint of the crestline. As is the case for transverse ground
shaking, increasing the crestline angle (cases 3-2-1) moves the
peak response lower along the crestline. Peak acceleration
ratios range from about 4.5 to 6.5.

The peak-2 plots in figure 3.44 show two-peaked responses
that are asymmetrical, the peak lower along the crestline
generally having the greatest acceleration ratio. Maximum
acceleration ratios range from about 2 to 4, and increasing the
crestline angle appears to cause a decrease in the peak response,

Only cases 1,4, and 5 yielded valid data in the frequency
range of peak 3. All cases show two-peaked responses having very
low (less than 2) acceleration ratios.

These data for both transverse and longitudinal ground
shaking show that the maximum acceleration ratios occur between
about 0.2 and 0.8 of the way from the base to the top of the
crestline, Between these points, however, locations of
acceleration maxima vary considerably. 1In the fundamental mode
(peak 1) the maxima are near the crestline midpoint; in higher
frequency modes (peaks 2 and 3) the maxima are located near the
one~third points, but locations can vary significantly.
Acceleration ratios for peak 1 tend to be the greatest, 1In the
case transverse ground shaking, acceleration ratios for peaks 2
and 3 are slightly less than those for peak 1; in the case of
longitudinal shaking, they are much less than those for peak 1.

3.4.2. Variations Along the Maximum Vertical Cross Section
‘Acceleration ratios for acccelerometers located along the
vertical line bisecting the maximum vertical cross section were
plotted in a manner similar to that explained in. the previous
section. Only data for transverse ground shaking was recorded.
Figures 3.45-3.50 show plots for cases 1-6, respectively; data
were plotted from frequencies at which any of the accelerometers
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along the vertical section had peak responses. Figure 3.51
summarizes these data by showing plots of the three major
response peaks for each of the six cases.

The peak-1 acceleration ratios range from 4-7, and in all
cases the acceleration increases from the base to the top of the
ridge, though not linearly. No significant differences
attributable to changing ridge geometry are evident.

The peak-2 acceleration ratios, ranging from about 1.5 to 4,
are generally less than those for peak 1. The response shape is
distinct from that of peak 1 but is similar for each of the six
cases. As in the previous case, maximum accelerations are at the
ridge top. Increasing the crestline angle appears to decrease
the maximum acceleration response; while increasing the side-
slope angle tends to increase the maximum acceleration response.

The peak-3 acceleration ratios are much lower than those of
peaks 1 and 2; ratios are all less than 2.5, and most are less

than 2.0.

3.4.3 Conclusions

The model-test results summarized in this section indicate
that inertial forces within a ridge are greatest along the
crestline near its midpoint. Significant amplification of ground
shaking occurs along the central 60 percent of ridge crests, but
response peaks in different frequencies and from ridges having
different geometries are located in different places within this
region. Amplification of ground motion is invariably greatest at
the ridge crest as compared to points within the ridge vertically
below the crest. These findings suggest that inertial forces
will have the greatest effect on potential landslides near the
surface (shallow landslides) on the central parts of ridge
crests. This conclusion is substantiated by my observations, as
well as those in several reports, that topographic amplification
of earthquake shaking commonly results in (1) shattered ridge
crests covered by churned surficial soils and (2) shallow,
disrupted landslides in surficial material. '

3.5 SPATIAL VARIATION IN SHEAR STRESS

In addition to increasing inertial forces, differential
amplification of ground shaking induces increased shear stresses
within a ridge. The greater the difference in acceleration
between adjacent elements of soil, the greater the induced shear
stress. thus, spatial differences in the amplification ratio are
an index of induced shear stress. To measure this effect, I
calculated and plotted the absolute value of the first derivative




of the acceleration-ratio plots shown in figure 3.43, 3.44, and
3.51, The derivative was calculated as the ratio of the
difference in acceleration ratio between two adjacent points to
the proportional distance separating those two points. this
point-to-point calculation eliminates the bias in the
approximated curves drawn in the figures, The derivative is the
ratio of two dimensionless numbers and is referred to herein as
the "Shear-Stress Index" because it is a semiquantitative index
of the induced shear stress within the ridge.

3.5.1 Variations Along Ridge Crests

Figure 3.52 shows the distribution of relative induced shear
stress along the crestlines of the six models for each of the
three major response peaks in the case of transverse ground
shaking. For peak 1, shear stress is least at the extremities of
the crestlines and is greatest in the central portion. In the
case of increasing crestline angle (cases 3-2-1-6), the maximum
shear stress tends to decrease, but its location varies within
the central 60 percent of the crestline. The shear-stress
distribution for cases 5, 1, and 4, which have identical
crestline angles and increasing side-slope angles, have similar
shapes, but the magnitude of the shear-Stress Index varies
inconsistently with the differing geometries. The maximum values
of the Shear-Stress Index range from about 15 to 23.

The plots for peak 2 mostly show shear-stress maxima near
the extremities of the crestlines and minima in the central
portions. Case 3 is notable exception, which shows a constant
induced shear stress across the entire central part of the
crestline. Maximum values of the Shear-Stress Index for peak 2
range from about 9 to 18, somewhat lower than those for peak 1.
Increasing the side-slope angle tends to increase the shear
stress, but the spatial distribution remains unchanged.
Increasing the crestline angle has no systematic effect,

Plots for: peak 3 show dinconsistent shear-stress
distributions: some are shaped similarly to those from peak 1,
others to those from peak 2. The maximum values of the Shear-
Stress Index range from about 12 to 29, the latter being the
greatest value calculated for transverse shaking. No consistent
variations in the shear-stress distribution can be correlated
with changing crestline or side-slope angle, :

The induced shear stress is of similar magnitude for each of
the three peaks despite fact that the acceleration ratios for
peaks 2 and 3 were much lower than those for peak 1. Thus, the
‘higher frequen¢y response peaks are as significant as the
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fundamental response peak in inducing shear stress along the
ridge crest in the case of transverse ground shaking. :

Figure 3.53 shows the induced shear-stress distribution for
the case of longitudinal ground shaking, The distributions for
peak 1 are similar to those in figure 3,52 in that the ridge
extremities have shear-stress minima. All of the plots also show
a local shear-stress minimum near the ridge-crest centers between
two maxima. Maximum values of the shear-Stress Index range from
13-17, lower than those for transverse shaking. No systematic
differences related to ridge geometry are evident.

For the peak-2 data, the induced shear stress tends to be
concentrated in the central portion of the crestlines. Maximum
values of the Shear-Stress Index range from about 5 to 20, and
most of the values are much lower than are thosée Ffor peak 1. No
differences related to ridge geometry are evident.

- For peak 3, only cases 1, 4, and 5 produced valid data. The
Index for case 1, having a maximum value of about 20, is the
greatest calculated for longitudinal shaking and is located at
the center of the crestline. The shear stresses induced for
cases 4 and 5 are minimal.

'The distribution of induced shear stress for longitudinal
shaking shows that shear stress tends to be concentrated in the
central parts of the ridges, but not in a unigque area. The
induced shear stresses decrease from peak 1 through peak 2 to
peak 3, such that for peak 1, the stresses are similar to those
induced from transverse shaking, but for peak 3, the stresses are
1ns1gniflcant in most cases,;

3.5.2 Variation Along the Makimum Vertical Cross Section

Figure 3.54 shows the distribution of induced shear stress
along the vertical line bisecting the maximum vertical cross
section of the modéls. ' The scale of the plotted Shear-Stress
Index is 40 percent of that in figures 3.52" and 3.53, so the
magnitude of induced shear stress in the vertical ‘section is much
smaller than it is along the ridge crest. The maximum Shear-
Stress Index in the vertical section is about 8, compared to a
maximum of about 30 along the ridge crest, co

- The data for peak 1 indicate that, except for case 4, the
‘shear 'stress is maximum near the center of the ridge. The
effects of increasing crestline angle (cases 3-2-1-6) .are a
systematic increase in maximum induced shear stress. Maximum
values range from about 5 to 8. : :

The peak-2 data generally show shear stress minima in. the
ridge centers and maxima at the ridge base or top. Increasing
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crestline angle appears to correlate with decreasing shear
stress. Maximum values of Shear-Stress Index range from about
1.5 to 6.

The data for peak 3 show very small induced shear stress,
Index values ranging from about 1 to 4. No systematic pattern in
shear-stress distribution is discernible.

3.5.3 Conclusions
Figure 3.55 shows the sum of the Shear-Stress Index for the

three major response peaks depicted in all cases shown in figures
3.52-3.54, This summation shows the overall distribution of
induced shear stress over all frequency ranges tested, For
transverse shaking, figure 3.55 shows that the shear stress is
least at the extremities of the crestline;, but that no unique
area within the central 60-80 percent of the ridge crest
consistently displays a shear-stress maximum. For longitudinal
shaking, the overall shear stress is less than that for
transverse shaking, and is similarly randomly distributed within
the central parts of the ridge crest. The shear stresses in the
maximum vertical cross section are of much lower magnitude than
those along the crestline,; and no significant variation along the
vertical cross section is evident. '

The preceding evidence indicates that shear stresses induced
from all three response peaks, both individually and
collectively, are distributed more or less randomly along the
entire central portion of the ridge crest and:-along the entire
vertical cross section; no single part of the ridge can be
identified as consistently having anomalously high induced shear
stress. Shear stresses induced along the ridge c¢rest are much
greater than those induced along the maximum vertical cross
section; which agrees with findings from the previous section on
spatial variation in acceleration that deformation and consequernt
ground failure induced by topographic amplification will tend to
concentrated near the ground surface. :

3.6 COMPARISON WITH RESULTS OF CHILE EARTHQUAKE EXPERIMENT

The resonance frequencies observed in the results of the
Chile earthquake experiment (Celebi, 1986, in press10); Part 2)
appeared to relate’' consistently both to the frequency predicted
by factor I of Sasaki and Kuwabara (1986)29) and to frequencies
corresponding to wavelengths equal to 'the height and width of the
ridges. As discussed previously, the model responses do not
occur at the frequencies predicted by factor I (table 3.2), and
table 3.4 shows that frequencies corresponding to wavelengths
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equal to the dimensions of the models as listed in table 3.1
likewise do not correlate with the observed resonance frequency
(14-15 Hz) of the models.

Two general reasons for the lack of agreement between the
Chile earthquake experiment results and the results of the PWRI
model tests are possible. First, differences between the natural
ridges in Chile and the model ridges tested may be so pronounced
that they behave in fundamentally different ways and thus respond
to incident ground motion differently., Such differences might
include (1) geometric differences between the models and the
Chile ridges, (2) the properties and behavior of the ridge
materials, (3) possible complex subsurface geologic structure in
the Chilean ridges, (4) effects of three components of random
ground shaking versus one component of steady-state shaking, or
(5) scale effects in the model tests.

The second possible reason for the lack of agreement is
misinterpretation of one or both of the data sets. The model
tests indicate that the fundamental resonance frequency is
probably related to slope length (measured parallel to the
crestline), maxima vertical ridge thickness, and (or) the
geometry of the rigid base to which the model is attached.
Examination of these factors for the Chilean:ridges, which had
responses similar to one another, shows that (1) the '"rigid base
geometry" of the two ridges is probably similar because they lie
adjacent to one another in an areaof relatively uniform geology,
so 1it. is reasonable to assume that the subsurface geologic
structure within and beneath the two ridges is similar; (2) the
maximum height or thickness of the ridges is similar; and (3) the
slope lengths differ somewhat, but, as with all such
measurements, the beginning and ending points of the slopes are
somewhat arbitrarily determined. Also, for the Chile ridges, the
ridge 'height and ridge thickness as measured in the models
(figure 3.1) are identical because the "rigid base" on which the
ridges rest is probably nearly horizontal. Thus, the Chilean
ridges and the PWRI model ridges may be responding to similar
parameters, 'and the resonant frequencies predicted by factor I
and by wavelenyth-matching effects may have been coincidental in
the case the Chile data. :

The effects of scale must be accounted for in the model
tests for appropriate comparlson of results with actual ridges.
Sasaki and Kuwabara (1986) 0) suggest using a- scaling
relationship based on a model of shearing in a vertical plane,
Using their relationship, I plotted (figure 3.56) model frequency
as function of a scaling ratio, x, and the frequency.of an actual
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ridge. For the most likely range of shear-wave velocities of the
Chile ridge material (500-700 m/s), the two main resonance
frequencies for the model tests (14 and 22 Hz) are plotted as a
function of Kk, the ratio of the ridge thickness to the model
thickness, and the frequency of the ridge. The resonance peaks
of the Chile ridges predicted by the model tests using this
scaling relationship are 13-19 Hz and 22-30 Hz. The observed
resonance peaks in the Chile data were centered at about 4 and 8
Hz., This indicates that (1) the scaling relationship used is
inappropriate for the type of deformation experienced in the
models or the Chile ridges, (2) the models and the Chile ridges
deformed in significantly different ways, or (3) the differences
in the geometries of the models and the Chile ridges are so great
that they behave fundamentally differently.

Overall trends in the amplification ratios for the Chile
data and the PWRI model tests are quite similar. Accelerometers
located nearest to the crestline midpoints and the points of
maximum ridge thickness on the models uniformly recorded the
greatest accelerations (figures 3.8-3.18). This result is
similar to the results from the Chile experiment, which showed
that stations near the crestline midpoints and on exposed ridge
faces recorded the greatest accelerations. The magnitudes of the
acceleration ratios are also similar for the two data sets.
Ratios from the Chile experiment, though reaching peak values
between 20 and 30, typically ranged from about 2 to 8.
Amplification ratios from the PWRI model tests were as great as
6.8 and generally ranged from about 2 to 5. The two ridges
instrumented in Chile had fairly similar geometries, so it is
impossible to observe any effects of changing ridge geometry on
amplification of ground shaking.

3.7 COMPARISON WITH DATA FROM MATSUZAKI DENSE SEISMIC ARRAY
PWRI has deployed several seismometers in a dense array in
matsuzaki on the western Izu Peninsula, as shown in figure 3.57.
The array is located on a long ridge having a gently sloping
(less than 10°) upper part and a steeply sloping (15-25°) face.
‘Station 1 is located where the ridge abruptly steepens and is
thus on the thickest portion of the ridge on an exposed
promontory. Stations 2-5 are spaced along the steep lower part
of the ridge face to the base of the ridge. Peak ground
accelerations ( PGA') from strong motion records from five
earthquakes are recorded in table 3.5 for stations 1-5. Figure
3.58 shows the ratio of the PGA recorded at each station to the
PG4 recorded at station 1 plotted versus the elevations of the

—103—



stations above the ground surface at station 5. The ratios
decrease significantly from the maximum ratio of 1.0 for station
1 on the ridge crest to a minimum mean ratio of 0.36 for station
5 at the base of the ridge. Thus, the Matsuzaki data agree with
observations from the Chile data and from the model tests that
amplification is maximum on the thickest parts of ridges and on
exposed ridge faces. Amplification ratios as great as about 3
(1/0.36) at station 1 compared to station 5 at Matsuzaki are in
the same range as amplifications from the other data sets.

3.8 SUMMARY AND CONCLUSIONS
The PWRI slope models all displayed similar resonance
responses when vibrated in the 3-60 Hz frequency range. For
ground shaking transverse to the length of the ridges, the
fundamental resonance frequency is 14-15 Hz, and secondary
resonance peaks are centered between 20 and 25 Hz. For ground
shaking longitudinal to the ridge length, the fundamental
resonance frequency is 16-17 Hz, and the secondary resonance peak
is centered between 30 and 35 Hz. The models had differing
‘overall heights, widths, and horizontal lengths; maximum vertical
thicknesses (maximum vertical cross-sectional heights), slope
lengths measured parallel to the crestline, and rigid model-base
geometries were the same for all models. - The similarily of
responses between models indicates that these latter factors that
were held constant govern the fundamental resonance frequency of
the models and that the factors that varied between models do not
sighnificantly affect the fundamental resonance frequency. This
finding differs markedly from the findings of previous studies
‘that used a factér I, related to overall slope height, width, and
horizontal length, to predict the fundamental resonance
frequency. This contradiction may be due to fundamental
differences in the béhaviors of the model ridges and thé natural
‘ridgés studied previously, or p0351b1y to: misinterpretatlon of
one or more of the data sets, : ' : R :
- Plots of the spatial Variatlon of . acceleratlon along the
ridge crestlines and along the maximum vertical ¢ross secdtion
indicate that accelerations are greatest along the central  60-80
percent of the crestline, but that no unique part of the
crestline experiences anomalously high accelerations.. A similar
‘result is ‘obtained from plots of the induced shear-stress
distribution: maximum' shear stress is distributed somewhat
randomly along the central 80 percent of the c¢restline., No
particular part of the ridge could be identified as’ being
‘especilally susceptible to deformation or ground failure as a
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result of inertial forces related to amplification of
acceleration or to induced shear stress related to differential
amplification. Plotting the distribution of acceleration ratio
and induced shear stress over the entire range of frequencies
tested (at 1-2 Hz intervals) would more completely illustrate
space- and frequency-dependent variations in these parameters.

The magnitude of the amplification ratios in the model tests
agree well with data from the Chile earthquake experiment and
from the Matsuzaki dense seismic array. Amplification in all
cases is greatest along ridge crests and on exposed ridge faces
and decreases towards the bases of slopes and the on anchored or
buttressed portions of slopes. Maximum amplification ratios
along ridge crests generally range from about 2-8. Amplification
ratios at points lower on the ridge crest or flanks--or deeper
within the ridges--are much lower and appear to decrease as a
linear function of height above the base of the ridge.

These findings are in general agreement with my experience
and with documented field observations of apparent topographic
amplification effects along ridges in past earthquakes. The
commonest reported observation is that of surficial material
along ridge crests being highly disrupted and churned or of
boulders and other objects resting on the ground surface having
been overturned or otherwise disturbed. Rock falls, debris
slides, and other shallow, disrupted landslides have likewise
been reported along ridges that may have experienced topographic
amplification. For the most part, observations of the effects of
topographic amplification of earthquake shaking are of near-
surface effects. Topographic amplification decreases rapidly
toward the bases of ridges; therefore, the effects of such
amplification on deep-seated landslides having failure surfaces
near the bases of ridges is probably much sma1ler than the
maximum effects present along the ridge crests.
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Table 3.1 Dimensions of slope models as defined in figure 3.1
(L, H, Wy, S, and T in mmj & and B in degrees)

CASE L H W S T o B
1 852 397 424 940 212 25 45
2 915 333 424 974 212 20 45
3 1,081 290 424 01,119 212 15 45
4 852 397 244 - 940 212 25 60
5 852 397 734 940 212 25 30:
6 866 500 424 1,000 212 30 45

Table 3.2 Values of factor I computed in various ways (H, L, W, T,
' and S as defined‘in figure 3.1; V is the shear-wave
velocity of ridge material, 1237 mm/s)

Case 1 Case 2 Case 3 Case 4 Case 5 :| Case 6
Ta=HL/VW 0.645 | 0.581 0.598 | 1.121 | - 0.373 | 0.826
Tp=HS/VW 0.712 | 0.618 | 0.619 | 1.236 | 0.4112 | 0.953
1o=TL/VW 0.344 | 0.370 | 0.437 | 0.598 | 0.199 | 0.350
14=TS/WW 0.380 | 0.394 | 0.452 | 0.660 | 0.219 | 0.404
Te=H2/VW 0.301 | 0.211 | 0.160 | 0.522 | 0.174 | 0.477
If=T?/VW 0.086 0.086 | - 0.086 |- 0.149 0.050 0.086

Table 3.4 Frequencies corresponding to wavelengths equal

to the ridge dimensions listed in table 3.1

(values in Hz; shéar-wave velocity is 1237 mm/s)

Dimension Case 1 | Case 2 | Case 3 Case 4 | Case 5 | Case 6
L 1.45 1.35 1.14 1.45 - 1.45 1.43
H 3.12 3.71 4,27 3.12 3.12 2.47
W 2,92 2.92 2,92 5.07 1.69 2,92
S 1.32 1.27 1.11 1.32 1.32 1.24
T 5.83 5.83 5.83 5.83 5.83 5.83
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Table 3.3 Systematic acceleration responses. A "+" indicates a systematics
increase in resonance frequency or amplification ratio; a "-" indicates a
systematic decrease. No symbol is shown where no systematic increase or

~ decrease is present.
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Table 3.5 Peak ground accelerations (PGA), amplification ratios,'and
station elevations (relative to ground surface at station 5)

for five earthquakes recorded at the Matsuzaki dense

seismic array.

STATION COMPONENT ELEVATION (m) PGA (gal) RATIO

Earthquako of 9/13/85

1 N~§ 167 106. 4 1.0

] N-S 148 86,0 0.808

4 N-§ 48 ‘18. 4 0,137

5 N-S§ 0 77.9 0.732

5 N-S§ ~-§ 32.1 0. 302

1 E-W 167 101. 4 1.0

2 E~-W 148 70. 0 0.690

4 E-W 48 47.1 0. 464

5 E-W 0 87.1 0.859

5 E~-W -5 26.3 0. 259

1 U-b 167 65. 8 1.0

2 U-b 148 26. 4 0.401

4 u-D 48 23.9 0.363

5 U-D 0 24,8 0.3177

5 U-b -5 18. 2 0.277
Earthquake of 10/4/85

1 N-S 167 21. 8 1.0

2 N-S 148 12.8 0. 587

4 N-$§ 48 5.9 0.271

1 E-W 167 20. 6 1.0,

2 E-W 148 9.7 0.471

4 E-W 48 8.1 0,393

1 U~D 167 8.1 1.0

2 u-b 148 4.9 0. 605

4 u-b 48 2.4 0,296
Earthquake of 10/18/85

1 N-§ 167 43.2 1.0

2 N-§ 148 21,1 0. 4388

4 N-§ 48 29.3 0.678

] N=§ -5 15.9 0.368

1 E~-W 167 34.7 1.0

2 E-\V 148 22. 4 0. 646

4 E-\W 48 14.3 0.412

3 E-W -5 10. 8 0. 311

i u-b 167 26: 5 1.0

2 U-Dp 148 14.3 0. 540

14 U-D 48 8.0 0. 302

5 U-Dp -5 6.7 G, 253
Earthquake of 6/24./86

1 N-§ 167 22,3 1.0

2 N-S 148 10. 5 0. 471

3 N-§ 98 8.8 0. 395

4 N-§ 48 6.9 0. 309

5 N-S -5 2.9 0.130

1 E~W 167 18.6 1.0

2 E-W 148 10. 9 0,586

3 E-W 98 9,8 . 0.527

4 E-W 48 6.7 0. 360

[ E-W -5 3.5 0.188

1 u-b 167 11. 5 1.0

2 U-b 148 8.9 0,861

3 u-p 98 5.6 0.478

4 u-p 48 6.1 0.530

5 u-p «5§ 3.4 0. 296
Earthquake of 11./22/85

1 N-S 161 49.6 1.0

2 N-§ 148 30.6 0.617

5 N-§ 0 18.1 0. 365

5 N-§ =$ 1.3 0.228

1 B~ 167 32,2 1.0

2 E-W 148 24. 4 0,758

5 E-W 0 16,9 0. 5625

5 E-W ] 9.3 0.289

1 -D 167 19, % 1.0

2 u-b 148 12,3 0.624

5 u-p 0 7.8 0. 396

$ y-b =5 5.4 0.274
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Figure 3.9 Acceleration response for case-2 model, transverse shaking.
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Figure 3.26 Acceleration response of channel 10
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Figure 3,29 Acceleration response of channel 13
(ch. 12, case 6), transverse shaking.
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Figure 3.30 Acceleration response of channel 14
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‘PART 4

- pid Topographic Amplification of Earthquake Shaking Play
a Role in Triggering the Mount Ontake Debris Avalanche?

4.1 INTR()DUC'I‘ION 4

On September 14, 1984, a large (M 6.8) earthquake struck the
Nagano Prefecture in central Japan. Several landslides were
triggered by the quake,_the largest of which was a debris
avalanche con51sting of about 35 million m*® of volcanic soil and
rock, which 1nitiated at an elevation of 2550 m on the south
flank of Mt. Ontake. The debris traveled a total distance of
about 12 km and caused at least 15 fatalities. The Mt. Ontake
debris avalanche (hereafter referred to as the Ontake slide) has
been described and analyzed by Okusa and others (1985)21)
Tanaka and others (1985)22 Ishihara and others (1986)23), and
Ishihara and Hsu (1986)

‘The ‘mass that slid had formed a. prominent ridge before the
earthquake triggered its failure, the . ridge had -an average slope
of about 25° Reports of historical earthquakes 1ndicate that
such ridges in the epicentral areasrof earthquakes have
experienced topographic amplification of ‘ground shaking resulting
in anomalously large ground motlons and consequent secondary
ground failurea_ The discu551on that follows centers on. the
estimated dynamic response of mass that failed both w1th ‘and
w1thout the pOSSlble effects of topographic amplification, as
well as the responses of nearby ridges hav1ng Similar
morphologies. Findings of research on (1) use of the Newmark
displacement analys1s to evaluate dynamic slope performance, (2)
documented topographic ampliflcation during other earthquakes,
and (3) shaking table tests on model slopes, summarized in Parts
1 3 of the present report, are used to address the question of
whether or not topographic amplifcation of earthquake shaking
played a 51gnificant role in the formation of the Mt. Ontake

debris avalanche,

4,2 = MODELING SLOPE STABILITY e

. Ishihara and others (1986) 3‘),‘,‘conducted static and pseudo-
static stability analyses of the Ontake slide. Figure 4, 1 shows
their geometric model (hereafter referred to as Ishihara s model)
analyzed using an equilibrium equation similar to that proposed
by Janbu (1955) L,_ I constructed an identical slope stability
model using Ishihara '3 geometric construction and material
properties in order to observe the senSitivity of the model to
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changes in certain parameters, as discussed below.

Ishihara's equilibrium equation ignores interslice forces;
in my. model I added the empirical factor, related to the
curvature ‘of the slip surface, suggested by Janbu (1973)25) to
account for the interslice forces. Addition of this factor
increases the static factor of safety slightly.

No water table is assumed in Ishihara's model, and thus no
effects of pore pressure on the failure surface are present. In
the week precedlng the earthquake, however, 165 mm of rain fell
1n the epicentral area (Ishihara and others, 198623), Tanaka and
others, 1985)22), The materlal overlying the slip surface of the
Ontake slide was highly fractured and permeable andesite lava,
and ‘the slip surface consisted of relatively impermeable pumlce
predominantly composed of silt-sized particles. Thus, much of
the antecedent rainfall probably percolated through the fractured
andeSLte and formed a perched water table on the less permeable
pumice. The pumice that failed had water contents greater than
100 percent, well above the liguid limit of the materlal, and
Ishihara and others (1986) 3) reported springs in the lower part
of the fallure ‘surface. Tanaka’ and others (1985)22) state that
concentratlon of ground water on the pumice laver probably
contrlbuted to fallure. Therefore, it appears likely that the
pumlce layer that falled ‘was saturated, or nearly so, and that a
water table at least 1-2 meters above the slip surface was
present in’ the sllde mass at the tlme of the earthquake. ‘

Statlc factors of safety u31ng dynamlc strength parameters
(1ndlcated in flgure 4.1) were cdlculated for a potentlal Sllde
mass hav1ng a water table parallel to the failure surface far a
variéty of water table’ helghts.‘ Dynamlc strengths were employed
because the stabillty models well be used to determine the
crltical dacceleration of the potentlal sllde mass——that
'earthquake ground acceleratlon requlred to initiate movement of
the potentlal sllde ‘block. Flgure 4,2 shows that the statlc
factor ‘of safety (for dynamic strength condltlons) is 1.90 in the
‘abséfice of a water table; ‘a water table perched just 7.3 m above
the failure surface, however, reduces the static factor of safety
to 1.00. If static soil strengths are used, an even lower water
table reduces factor of safety to 1. OO ‘because dynanmic shaklng
increases the cohesion of the material and does not affect on the
friétioh ‘angle, ' A coticentration of a few meters of ground water
‘on ‘the relatively *1mpermeable pufiice as a result of very heaVy
antécedént rainfall is not ah unlikely odcurrence; therefore, the
stat&c factor of safety of 1.90 must considered an upper bound,
and the factOr of safety may have been«anly slightly‘greater than

LT
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1.00 immediately before the earthquake. Lack of quantitative
information regarding the ground-water conditions in the slope
before the earthquake makes it impossible to more accurately
establish the static factor safety for the Ontake slide.

To estimate the dynamic response of the Ontake slide, we
must determine the critical acceleration of the slide mass. For
the range of water-table levels of interest, horizontal ground
accelerations required to reduce the factor of safety to 1.0 were
determined using a standard pseudostatic approach on the model in
figure 4.1. Figure 4.3 shows the relationship of critical
acceleration to water-table level. Where the water table is
below the slip surface, the critical acceleration is about 0.32
g; a water table of about 7.3 m reduces the critical acceleration
to zero, the case of static slope failure,

4.3 COMPARISON WITH SIMILAR SLOPES

Only one of several morphologically similar ridges on Mt.
Ontake failed during the 1984 earthquake; therefore, some unique
combination of factors must have led to failure of the Ontake
slide. Several factors could have contributed to failure:

1. The geometry and location of the Ontake slide were
controlled by the presence of a relatively weak pumice layer.
The extent of this pumice layer beneath other ridges in the area
is unknown. ’

2 Smaller scale landsliding had been occurring at the toe
of the Ontake slide for some time, primarily as a result of
stream erosion and ‘ground-water seepage. This condition probably
reduced the stability of the Ontake sllde relative to other
ridges in the area. ’

3. The ridge that failed in' the Ontake slide may have been
particularly susceptible to amplification of ground shaking
because of some unique geometric properties or azimuthal
alignment.- S

4, The rndge that falled was on the flank of ‘Mt. Ontake
nearest! to the ‘fault' rupture surface and thus probably
experienced the strongest ground shaking. :

The pumice layér that failed in the Ontake slide has been
mapped in many locdations on and around Mt. Ontake (Ishihara
and others,(1986)23). For the purpose of comparison of the
stability of adjacent ridges, it may be reasonable to assume that
the pumice blankets the area and is présent beneath all :the
ridges in the vicinity of the Ontake slide. This assumption is
undoubtédly ihaccurate in many instances, but the lack of
detailed ‘subsurface geologic information in thearea precludes
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analysis of geologic variation between ridges.

Several ridges in the vicinity of the Ontake slide were
identified and measured for comparison of dynamic slope
performance during the 1984 earthquake. Ridges geometries were
measured as recommended by Sasaki and Kuwabara (1986)20). Also,
several linear profiles along the steepest parts of these ridges:
were analyzed. Table 4.1 lists the geometric properties of the
ridges and profiles. Also listed in table 4.1 are the distances
from the ridges and profiles to the fault rupture surface of the
1984 Naganoken-seibu earthquake. The extent of the fault rupture
surface was determined by the locations of aftershocks, and. the
rupture surface was assumed to extend to the ground surface'owing
to the very shallow (1-2 km) focal depth of the main shock and
reports of possible minor fault rupture at the surface.

If a potential failure mechanism identical to that of the
Ontake slide is assumed for the other ridges and profiles
analyzed, the critical acceleration of each slope becomes a
multivariate function of slope angle and water-table level,
Pseudostatic stability calculations of critical acceleration for
a variety of slope angles and water-table levels (using the model

-geometry in‘' figure 4.1) are summarized in. figure 4.4. The

relationships shown can be expressed as

Ao = 0.822 - 0.020(a) - 0.084( %) 4.1)

where A. is the critical acceleration of the potential landslide
block in g's, o is the slope angle in degrees, and k2 is the
height of the water table:above the potential slip surface in
meters. This model is nearly perfectly fit to the data: .. the
correlation coefficient is 1.00. Equation 4.1 is not'a general
relationship between A, ;da, and A but_applies only to the model
geometry in figure 4.1. . . o :

Critical accelerations were calculated using equatlon 41
for the slope angleés listed for each of the ridges and profiles
in table 4.1, Values of % equal to zero (no water table) and 2 m
were employed to yield a range of critical accelerations
encompassing the most likely situation. The relative dynamic
performance of these slopes was estlmated using Newmark
dlsplacement as ‘follows: : -

Iog(D > = 1. 34(M) .85 log(R) - 6.36(40) - 5 T <4 2

f

where Dn isg the Newmark displacement in centimeters, M is the
moment:magnitude of the earthquake, R is the earthquake source
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distance: inkilometers,.and A. is the critical acceleration of
the landslide in g's (this is equation 1.7, Part 1).

Table 4.2 lists the critical accelerations and Newmark
displacement for the slopes on Mt. Ontake that were analyzed as
well as for the Ontake slide, and figure 4.5 plots the
displacements as a histogram. The ridge that failed as
the Ontake slide has the greatest Newmark displacement, 2.23 to
8.11 cm, of all the ridges (A-0) analyzed; the greatest Newmark
displacement calculated for ridges A-O0 is 1.14 to 4.15 cm (ridge
G), only half as great as that for the Ontake slide. For the
profiles (1-23), only two had Newmark displacements greater than
the Ontake slide; profile 4 (2.82 to 10.22 cm) and profile 7
(4.86 to 17.62 cm). Thus, even if the unfavorable geologic
conditions leading to the Ontake slide are assumed to exist
beneath all the ridges in the area, the ridge that failed is
among the most susceptible to dynamic slope failure as estimated
by the Newmark analysis (figure 4.5). The close proximity of the
Ontake slide to the fault rupture and the relatively steep ridge
on which it formed rendered th1s slope highly susceptible to
dynamic slope fallure. :

4.4 POSSIBLE EFFECTS OF TOPOGRAPHIC AMPLIFICATION

Results of the Newmark analysis described above indicate
that the ridge that failed as the Ontake slide had Newmark
displacements between 2.23 and 8.11 cm, for water tables below,
and 2 m above, the slip surface, respectively. Findings from
Part I indicate that, for the slope materials at Mt. Ontake,
about 3 cm of Newmark displacement is the approximate threshold
above which slope failure occurs. Therefore, if' the water table
was below the slip surface, the Newmark displacement of about
2 cm is somewhat below the estimated threshold for slope failure;
any significant level of ground water above the slip surface
would ‘result in Newmark displacements: above this threshold for
failure. ‘Therefore, somé’amount of topographic amplification of
ground shaking may have occurred and contributed ‘to the failure
of the Ontake  slide. ’

The effects of ampliflcation of ground shaking can be
observed through the applicatlon of : the following equation: .

log([) ) = 2, 74 log(PGA) + 1. 37 log(Tq) - 6 36(A )+ 1.51, (4.3)
where D, is the: Newmark displacement in centimeters PGA' is the

peak ground-acceleration g's, Ty is the duration of strong ground
sHaking (defined by Dobry and others: (1978)8) as the time
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required to build up the central 90 percent of the Arias
intensity) in seconds, and A. is the critical acceleration of the
landslide in g's (this 1s equation 1.12, Part 1). T4 can be
estimated using a three-step approach:

1. Calculate the Arias intensity at the site using the

following relationship:
log(/a) = 0.98(M) - 1.35 log(R) - 4.90, (4.4)

where [s is the Arias intensity in meters/second, M is the moment
magnitude, and R is the earthquake source distance in kilometers
(this is equation 1.2, Part 1). At the Ontake slide, the Arias
intensity calculated using equation 4.4 is 4.12 m/s.

2. Estimate the PGA at the site using the attenuation
relationship for medium ground proposed by Kawashima and others

(1984)26),
PGA = 232.5x109-216nm /(A +30)"1-218 . (4.5)

where PGA is the peak ground acceleration in gals, m is the
earthquake magnitude, and A is the epicentral distance in
kilometers. The P4  calculated using equation 4.5 for the 1984
earthquake at the Ontake slide is about 0.39 g. :

3. Calculate the duration from the following equation

proposed by Wilson (in press)27):
e = 0.90,(PG/12)(Td), , (4 6)

where /- is the Arias 1ntens1ty in meters/second, PGA 1is the peak
ground acceleration in g's, and T¢is the duration in seconds
(this is equation 1.11, Part I). Such a calculation yields a Ty
of about 30 seconds, a reasonable duration. :

By holding the duration constant, Newmark displacements for
a range of peak ground accelerations and critical accelerations
can. be calculated using equation 4.3. Figure 4.6 shows contours
of c¢ritical acceleration plotted as a function of . Newmark
displacement and peak ground acceleration for a 7¢ of 30 seconds.
The maximum c¢ritical acceleration for no water table, 0.322 g,
and the critical acceleration for a water table 2 m above the
slip surface, 0.234 g, for the Ontake slide are shown.
Amplification ratios for a PG4 of 0.39 g are shown along the
upper horizontal axis. For the case where 4. is 0.322 g and PGA
is 0.39 g, the Newmark displacement is bout 2.2 cm, which agrees
with that previously calculated using equation 4.2. To have. a
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Newmark displacement of 3 cm, the threshold for slope failure, at
a critical acceleration of 0.322 g requires a peak ground
acceleration of about 0.43 g, which corresponds to an amplifi-
cation ratio of only 1.1. Thus, even in the most stable possible
slope conditions, when no water table is present, only a very
minor amount of topographic amplification of ground shaking would
have been necessary to trigger failure. Indeed, the uncertainty
inherent in this procedure because of model assumptions and
approximations suggests that the role of topographic
amplification in the failure of the Ontake slide is doubtful at
best and probably was not required to cause failure,

4.5 SUMMARY AND DISCUSSION

Comparison of the dynamic performances of several ridges on
Mt. Ontake similar to the one that failed suggest that, even if
the unfavorable geologic conditions at the Ontake slide were
present everywhere, the Ontake slide was more susceptible to
failure than almost any other slope on the mountain: only two
of the 38 ridges and profiles analyzed yielded greater Newmark
displacements. This indicates that the ridge that failed did so
because it was most susceptible to failure in the conditions
present during the 1984 earthquake. Had many or most of the
other ridges yielded greater Newmark displacements than the
Ontake slide, this could have provided evidence that
extraordinary conditions such as amplified ground shaking had
occurred. ,

At present, there is no way to determine if the ridge that
failed was uniquely susceptible to topographic amplification
because of its geometry, azimuthal alignment, internal structure,
or material properties, Results of the PWRI model tests, in
their current form (see Part 3), cannot be used for such an
analysis; further analysis of the model-test results may make
such a determination possible in the future.

The amount of Newmark displacement calculated for the Ontake
slide in the most stable slope condition, when no water table is
present, is only slightly below the threshold or critical
displacement necessary to cause failure; in the presence of even
a few decimeters of hydrostatic head on the slip surface, this
critical displacement is exceeded. Thus, results from the
Newmark analysis indicate that the maximum amplification of
ground shaking required to cause failure in the most stable slope
condition is only 1.1, an amount probably much less than the
uncertainty introduced in the analysis by model assumptions and
approximations.
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The Ontake slide had a maximum thickness of about 150 m, and
the slip surface formed along a weak pumice layer deep within the
ridge near its base., The results of the PWRI model tests (Part
3) indicate that amplification of ground shaking deep within a
ridge randges from 1.0 (no amplification) at the base of the ridge
to rio more than bout 2.0 in the center of the maximum vertical
cross section. Shear stresses induced by differential
accelerations within a ridge are greatest along the ridge crest
and are minimal deep within a ridge. These results suggest that
possible amplification that may have affected the slip surface of
the Ontake slide was no greater than about 1.5 and probably was
less than 1.2.

Did topographic amplification of round shaking contribute to
the failure of the Mt, Ontake debris avalanche? Probably not.
None of the evidence indicates that amplifcation was necessary to
cause failure, that the ridge that failed was wuniquely
susceptible to amplification, or that significant amplification
would have occurred. Evidence from the model tests suggests that
any effects of amplification near base of such a ridge would have
been minimal. : » .

The location and geometry of the Ontake slide were entlrely
controlled by the geologic structure within the ridge, and the
critical acceleration of the slide block cannot be determined
uniquely without knowing the ground-water conditions-at the site.
Also, . -no strong-motion récords were writtéen near the site; 'so
estimates of the shaking are necessarily crude. These
observations;, in concert with the findings summarized above,
indicate that the:Ontake. slide is not a valid case study of
topographic amplification of ground shaking. ‘Seismically induced
slope failures in homogeneous slopes--such as earth dams, natural
or man-made levees, or natural soil slopes--may better -illustrate
the effects of topographic ampllflcatlon of earthquake shaking on
slope stability. : : -

i
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Table 4.1 Characteristics of ridges and profiles on Mt.Ontake
Ridge or Length Height Width 2i°§2 D'Focal
Profile (m) (m) (m) & istance

*) (km)
dges
A 2690 920 1625 19 6.7 .
B 3050 1280 800 23 7.3
C 2075 750 550 20 8.0
D 1650 650 600 22 8.5
E 1225 270 650 12 8.8
F 1950 650 1100 18 10.2
G 1500 690 875 25 10,2
"B 1900 670 1475 19 11.8
I 3060 1170 750 21 7.9
J 2610 610 2265 14 7.8
‘K 1675 600 625 20 9.4
L 1975 700 475 20 10.4
"M 1975 460 625 13 12.9
N 2775 1010 1150 - 20 11.8
0 2050 820 400 22 11.5
Profiles
1 - 1265 450 20 7.1
2 1475 600 20 7.3
3 1250 500 22 8.2
4 800 400 27 8.6
5 675 250 20 8.8
6 1065 350 18 10.5
7 515 300 30 10.3
8 675 350 27 11.9
9 1000 400 22 11.7

10 975 400 22 12.0

11 890 300 19 13.7

12 800" 400 27 11.8

13 650 350 28 11.8

14 1425 450 18 -12.0

15 - 1315 400 17 12.1

16 - 690 250 20 12,5

17 575 250 ¢ 24 12,5

18 - 915 350 - 21 11.8

19. 1125 550 26 11.1

20 1065 450 - 23 10.4

21 850 - 350" 22 9.4

22 1425 350" 14 9.0

600 22 7.9

1465
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Table 4.2 Critical accelerations and Newmark displacements
for ridges and profiles on Mt.Ontake

NO WATER TABLE

WATER TABLE 2 M ABOVE BASE

Ridge or Critical Newmark Critical Newmark
Profile Acceleration | Displacement | Acceleration [ Displacement
(8) (cm) (8) (cm)
Ontake Slide 0.322 2.23 0.234 8.11
Ridges
A 0.442 0.43 0.354 1.56
B 0.362 1.18 0.274 4.29
G 0.422 0.41 0.334 1.50
D 0.382 0.67 0.294 2.41
E 0.582 0.03 0.494 0.12
F 0.462 0.15 0.374 0.53
G 0.322 1.14 0.234 4,15
H 0.442 0.15 0.354 0.55
I- 0.402 0.57 0.314 2.06
J 0.542 ' 0.07 0.454 0.27
K 0.422 : 0.31 0.334 1.12
L 0.422 0.26 0.334 0.93
M 0.562 0.02 0.474 0.08
N 0.422 0.20 0.334 0.73
0 0.382 0.38 0.294 1.38
Profile
| 0.422 0.52 . 0.334 1.87
-2 0.422 0.49 - 0.334 1.78
3 0.382 0.71 0.294 2.58
4 0.282 2.82. - 0.194 10.22
.5 0.422 0.35 0.334 1.26
6 0.462 0.14 0.374 0.51
7 0.222 4,86 0.134 17.62
8 0.282 1.54 0.194 5.60
9 0.382 0.37 . 0.294 1.34
10 0.382 0.35 . 0.294 1.28
11 0.442 0.14 - 0.354. 0.51
<12 0.282 1.57 . 0.194 5.69
13 0.262 2,10 0.174 7.63
14 0.462 0.11. 0.374 0.40
15 0.482 0.08 0.394 0.29
16 0.422 0.18 0.334 0.66
~17 0.342 0.59 0.254 2.12
18 0.402 0.27 - 0.314 0.98
19 0.302 1.31 - 0.214 4,75
20" 1 0.362 , 0.61 1 0.274 2.23
21 0.382 0.55 0.294 2.00
22 0.542 0.06 0.454 0.21
23 0.382 0.76 0.294 2.76
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Figure 4.1 Slope-Stability model proposed by Ishihara and others (1986)
-for Mt.Ontake debris avalanche.
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Figure 4.2 Statié”féé%of of safetyﬁfor dynamic strength
as a function of water-table level.

— 164 —

S ERAR W




04

Accelergtion, Ac (g)

Critical

1 i . f ) { L

| 2 3 4 5 6 7
Height of water table above Slip Surface, h (m)

Figure 4.3 Critical acceleration as a function
- -of -water-table .level. ’

— 1656 —



0.60

0.50

040

0.30

Acceleration, Ac (g}

Critical

0.20

0.10

Ac = 0.822-~ 0.020a - 0.044 h

r =1.00

25
Slope Angle «a(°)

Figure 4.4 Relationship between critical
acceleration (Ac), slope angle (o), and
water—table level (h) for the Ontake slide.

— 166 —




Number of Qccurrences

Number of Occurrences

No water table (h:zOm)

7-
6] ' ;
f' -
5. | Profiles 1-23
4.
34 Ontake
// Slide
2-
I-
0 l - T -
0 I 2 3 4 5
‘ Newmark Displacement {cm)
7-
6-
5. l Ridges A-0
4~
3
2 Ontgke
| Slide
0 ~ T - T )
0 I o2 ) 3 4 5
- Newmork ~ Displacement (c¢m)
Water table 2m" above slip sufface (hz2m)
Profiles |-23
’ Ontake ;
: , , ~/]snde g
! I T bl I—-—! : T —T T !—_J_W T l_-!
0 [ 2 3 4 . 5 7 .8 9 10 18
57 * " Ridgés A-0
44 S ; P
:~3— e o
2- , . . .. Ontake
N l_l_l : SRR ﬁ Slide
0 ; _ . : — ‘
' F EREEY THNEE SHERE T SRR SR

" Newmark Displacement (em)

Figure 4.5

Histograms of Newmark displacement

~167—



Ampiification for

PGA = 0.39¢

0.5 10
1,000 Y T

For Tp = 30sec

logON = 2.741L0g PGA +1.3710g To ~6.36 Uc +1. 51

100

(em)

Newmark Displacement,. DN

121520253 "t
I

-
-®

0.1
0.0l 0.1

Peak Ground Accelerotion,” PGA (9)

Figure 4.6 ' Relationship of p;?.ak ground acceleration, ' °

critical acceleration and Newmark displacement

— 168 —




1)

2)

3)

4)

5)

6)

7)

8)

References

‘Wilson, R.C., and Keefer, D.K., 1986, Predicting areal limits

of earthquake-induced landsliding, in 2ziony, J. I., ed.,
Earthquake Hazards in the Los Angeles Metropolitan Area: U.S.
Geological Survey Professional Paper 1360, p. 317-345,
Newmark, N.M., 1965, Effects of earthquakes on dams and
embankments: Geotechnique, v. 15, no. 2, p. 139-160.

Arias, A., 1970, A measure of earthquake intensity, in
Hansen, R.J., ed., Seismic design for nuclear power plants:
Cambridge, Massachusetts Institute of Technology Press,
p. 438-483,° 4

Wilson, R.C., and Keefer, D.K., 1983, Dynamic analysis of a
slope failure from 6 August 1979 Coyote Lake, California,
earthquake: Seismological Society of America Bulletin, v.
73, no. 3, p. 863-877. A

Jibson, R.W., 1985, Landslides caused by the 1811-12 New
Madrid earthquakes: Stanford University, Ph.D. dissertation,
237 Pe

Jibsén, R.W., and Keefer, D.K., in press, Landslides

triggered by earthquakes in the central Mississippi Valley,
Tennessee and Kentucky. U.S. Geologlcal Survey Professional

'Paper 1336 C,

Hanks,T‘C” and Kanamori,'Hg‘ 1979; A moment magnitude
scale: Journal of Geophy51cal Research, 84, no. B5, p.

'2348 2350

Dobry, R., Idriss, I. M.;'Ng, E;; 1978, Duration character—
istics of horizontal components of strong motion earthquake
records: Selsmological 5001ety of America Bulletin, V.68,

:p.1487 1520,

$)

fd)

11)

12)

Ishihara, K., and Hsu,'H'Lg' 1986, Cons1derations for
landslldes in natural slopes trlggered by earthquakes.
Proceedings of ‘the Japan 8001ety of Civil Englneers,
no. 376/III 6 1986 -12, 16 P.

Celebi, M.,Vin press, Topographical and geologlcal
ampliflcation determined from strong motion and aftershock

records of the 3 March 1985 Chile earthquake. Seismological

Society of America Bulletin.
Celebi, M., ed., 1986, Seismic site response experiments

';following the March 3, 1985 central Chile earthquake' u.S.
‘Geological Survey Open-File Report 86- 90, 208 p.

Boore, D.M., 1972 A note on the effect of simple topography

‘on selsmic SH# waves: Seismological Society of America

Bulletin, v.62, no. 1, p. 275-284,

—169—



13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

Boore, D.M., 1973, The effect of simple topography on seismic
waves: implications for the acceleratoins recorded at Pacoima
Dam, San Fernando Valley, California: Seismological Society
of America Bulletin, v. 63, no. 5, p. 1603-1609.

Bouchon, Michel, 1973, Effect of topography on surface
motion: Seismological Society of America Bulletin, v. 63,
no. 3., p.615-632, _

pavis, L.L., and West, L.R., 1973, Observed effects of
topography on ground motion: Seismological Society of America

Bulletin, v. 63, no. 1, p.283-298. ,
Rogers, A.M., Katz, L.J., and Bennett, T.J., 1974,

’Topographic effects on ground motion for incident P waves--a

model study: oeismological Society of America Bulletin, v. 64,

" no. 2, p. 437- 456,

Wong, H.L., and Jennings, P.C., 1975, Effects of canyon
topography on strong ground motion: seismological Society of
America Bulletin, v. 65, no. 5, p. 1239-1257.

Griffiths, D.W., and Bollinger, G.A., 1979, The effect of
Appalachian Mountain topography on seismic waves:
Seismological Society of America Bulletin, v. 69, no. 4,
Pe 1080 1105.

Brune, J‘N,, 1984, Prelimlnary results on topographic seismic
amplification effect on a foam rubber model of the topography
near Pacoima Dam? Proceedlngs of the Eighth World Conference
on Earthquake Engineering, San Francisco, v. 2. p. 663-669.
Sasaki, Y., and Kuwabara, T., 1986, Estimated earthquake
motion affecting large landslide slopes: Japan Society of
Ccivil Engineers, Proceedings of November 1986 Annual Meeting,
4 p. (in Japanese). | k

okusa, S., Anma, S., and Maikama, H., 1985, A gigantic
avalanche of earth and rocks in the 1984 Naganoken-Seibu
earthquake, Central Japan: Proceedings of the First
Internatlonal Conference on Geomorphology, Manchester, U.K.,
43 p. ’ -

Tanaka, XK., Oyagi, N., Inokuchi, T., Uehara, S., and
Takahashi, H., 1985, Rock avalanche and slope failures

"induced by the Naganoken Seibu earthquake, 1984' Proceedings

23'_)‘

" of the Seventeenth Joint Meeting of the U. S. -Japan Panel on

Wind and Seismic Effects, Tsukuba, Japan, 14 p.

,1sh1hara, K., Hsu, H. L., Nakazumi, I., Sata, K.,V 1986,
Analysis of landslides during the 1984 Naganoken Seibu

earthquake: Proceedings of the Internatlonal symposium on

”Engineerlng Geology Problems in Seismic Areas, Bari, Italy,

v. 2, p. 175- 215.

—170—

|
.
|
i
N




5 G RN R IR TR

24) Janbu, N., 1955, Application of composite slip surface for

25)

26)

27)

stability analysis: Proceedings of the European Conference on
Stability of Earth Slopes, Stockholm, v. 3, p. 43-49,

Janbu, N., 1973, Slope stability computations, in Hirschfeld,
R.C., and Poulos, S.J., eds., embankment-Dam Engineering: New
York, Wiley, p. 47-86.

Kawashima, K., Arizawa, K., and Takahashi, K., 1984,
Attenuation of peak ground motion and absolute acceleration
response spectra: Proceedings of the Eighth World Conference
on Earthquake Engineering, San Francisco, v. 2, p. 257-264.
Wilson, R.C., in press, Quantitative prediction of seismic
intensity as a function of magnitude and distance:
Seismological Society of America Bulletin.

—171—



S,



ATTENUATION OF PEAK GROUND MOTIONS
FROM
MEXICO EARTHQUAKES OF SEPTEMBER 19 AND 21, 1985

by
“AMonso Behavarria Luna
| Ministry of Water Resources,
* Mexican Federal Government, HEXICO-

stayrng at ‘ ,
, Ground VrbratrOn D1VJsron
-Public Works Research Instrtute
_ Mlnrstry of Constructron
Tsukuba, Seicnee Crty.Jgpan
Sl as | S
Trarnee of the. Personel Exchange Program :
between Japan and Mexrco :

 March 1987




e st g s . B



ATTENUATION OF PEAK GROUND MOTIONS
FROM
MEXICO EARTHQUAKES OF SEPTEMBER 19 AND 21 y 1985

Abstract

This work presents the result of the regression analysis of
15 horizontal strong motion acceleration records that were
obtained at 14 stations from the Guerrero accelerograph array
installed along the Pacific coast of Mexico. DBach pair of
orthogonal horizontal components was taken into account , to
select the bigger peak ground motion in the horizontal plane , as
well as the maximum value of absolute acceleration response
spectra with damping of 5% of critical on the horizontal plane .
The records were obtained from the network of digital
accelerograph installed on rock y for the purpose of recording
strong ground motion on bedrock from large subduction thrust
earthquakes . Notwithstanding, in order to validate the data
used in this analysis , a field review and study of the subsoil
conditions should be made. By means of multiple regression
analysis, empirical formulae of attenuation of maximum peak
ground motions , acceleration y velocity , displacement , as well
as absolute acceleration response spectra with 5% damping ratio
were obtained and compared with the results obtained from the
multiple regression analysis performed at the Public Works
Research Institute , with the records of 67 free field sites in
Japan , from 90 ecarthquakes.
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1. Introduction

In determining the peak ground motion at a given site, for
estimating the seismic effects to be considered 1in design of
civil - engineering structures, the attenuation of ground motion
with distance from the origin of the earthquake 1is of great
importance and there has been much uncertainty about whether
attenuation rates vary significantly in different parts of the
world.

The importance of this kind of determination is because it
can be expected to provide a realistic basis for assessing the
characteristics of earthquake ground motions for wide range of
soil conditions associated with the frequency characteristics and
intensities of ground motion,

2. Strong motion data analyzed
The data analyzed was the one obtained from the main shock
of magnitude Ms=8.1, and largest aftershock Ms=7.5 from September
19 and 21, 1985 respectively, along the Pacific coast of Mexico,
in front of the states of Michoacan and Guerrero,
The -data used in this analysis was obtained by means of the
following instruments:
9 DCA-333 Terra technology digital accelerographs, +-2¢g
18 DSA-1 Kinematic digital accelerographs, +-2g

3. Attenuation of the maximum peak ground motion
The factors considered in this ana1y81s are the followings:
3,1 Seismic- conditions: :
‘a) Magnitude M .
b) Epicentral distance D (km)
3.2 Soil properties:
Observation sites are on Rock, as for the information at
: hand for- -this analysis. :
3.3 Characteristic varlables of acceleratlon records
a) max(gal) ‘Absolute peak acceleration. That is
o the largest value of two .
o S perpendicular horizontal motions
b) Vmax(cm/sec):'Peak'velocity. That is the largest
- wvalue -of two perpendicular
L T horizontal motions: :
c) dmax(om) : Maximum displacement. That is the:
: - largest wvalue of displacement of
two perpendicular horizontal values
- recorded for each site.

- Ins order to:perform this kind ofvénaiysis, there are some
itemg that should be: considered before regression analysis, among
which are the followings!

- Combination of two horlzontal condltlons, to flnd out
* the real peak value in time domain for horizontal .
- conditions., : :

- Instrumental. oorrectlon.
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- Classification of ground conditions.
For this work, any one of these items were taken into

account, because of the kind of information at hand. It is very
important to complete this information and validate the results
given here, as shall be explained in what follows,

The chgraoteristics of a ax’  Viax and dmax are represented
by a expression of the form:
~ a,.Ab
A ax © (D+DO) x10
B a b
Viax © (D+DO) ¥10
_ a,, b
dmax = (D+DO) ¥10
respectively, where each "a" and "b" value can change for ecach
ground condition in the Japanese equations, while for the
equations obtained for the Mexico earthquakes, it remains +to

perform the analysis for different magnitudes M and different
ground conditions.,

In this analysis, D was substituted for D+D,, where D, was
taken as 30 km, but it may be important to consider some oOther
values of D,, and compare among the Japan and Mexico ground
motion oharacgeristios.

For the Mexico earthquakes, it was found that only one
magnitude could be considered, the one corresponding to the main
shock (Ms=8.1), given that because the lack of information for
the largest aftershock, as well as for the smaller epicentral
distance. :

It should be considered for this kind of analysis, the
combination of two horizontal components in time domain, as well
as the necessary instrumental corrections which were not taken
into account for this work. '

In table 1:'0f the appendix, it is shown the formulated

regression equations and multiple correlation coefficients
obtained. :

From these graphs obtained from the regression analysis of
the Mexico earthgquake, and presented' in the appendix. 1In the
plotting of valués obtained for a o for different epicentral
distances, it can be seen how is 2¥ that the curve (a =D)
obtained, has lower values up to 200 km than the correspgﬁéing

Japanese curve for rock formation and that for larger D values,
the difference becomes quite small.

‘After plotting the values of By maximum acceleration
obtained at epicentral distances, equaf to 400 km or even larger
values of D, corresponding to the accelerations obtained on the
state of "Puelela" and '"Mexico City", it can be seen how it is
that for the data obtained, corresponding to rock formation, the
agreement is quite’ good (specially for the stations of Tacubaya,
CV and Puelela), while, for the values obtained and corresponding
to. goft subsoils of lacustrine, volcanic origin of Mexico City,
the ampli:fication characteristics can be seen very clearly.

It can be seen how, for that information, at D%*400 km, a
has a value of about 35 gals, while for soft subsoils, the vaTGE
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can reach up to 170 gals, what makes it clear an

ampll?lcation cffect of about 5, after the corresponding
attenuation generated at D%400km.

For the (D-v ) values obtained for Mexico, it can be seen
how is it that®®the values of v vary c¢lose to the

corresponding to v of Japan, but with greater values of vy

up to D200 km, glgén that after that epicentral distance, MeKe

attenuation curve of v behaves more similar to the

corresponding to softer™®g0ils of the Japanese curves.,
- Here again, it can be seen the amplification effect for the

soft subsoils of Mexico City. All of this, according to the data

obtained from the 19 Sept. Mexico earthquake.

For the attenuation characteristics of d__, +the variation
corresponding to Mexico earthquake is much mo¥e similar to the
corresponding to soft subsoils of the Japan curves of
attenuation.

On Lhe other hand, for the attenuation characteristics of

ax’ d yobtained for the largest aftershock (Ms=7.5),
+h& lacP of da%a corresponding to small values of epicentral
distance 'D is responsible of the quite great disagreement with
the Japanese attenuation equations.

4. Attenuation of absolute acceleration response spectra
Earthquake response spectra of strong-motion records are
important in civil engineering works, because they account for
two principal features: :
~-Frequency characteristics
-Intensities of ground shaking and structures
The first is characterized by the spectral shape and the
second by the spectral amplitude.
In order to get the. attenuation characteristics of absolute

acceleration ‘response spectra of the Mexico earthquakes; and
compare: them with the Japanese attenuation characteristics, an
analysis of multiple ' regression analysis was performed. The
follow1ng general dttenuatlon equation was obtained.

s (T 0. 05):(D+30) ay10P

Different values of "a" and "b" were obtained for different
values. of T. The. corresponding emplrloal equatlons are summarized
on Table 2 of the appendix.

It is quite important to p01nt out that this study should be
completed, taking into account the comments stated in chapter 3
of this work., Besides it should be included a detailed study of
the effect of different values of damping "h",on ‘the “ab8olute
responsge spectra attenuationh characteristics.

The empirical correlation equations obtained for T : 0.1,
0.15,. 0.2, 0.3, 0:5,: 0.7, 1.0, 2.0 and 3.0 seconds, are
summarized on Table ' 2 - and plotted simultaneously with  the
Japanese attenuation characteristics, for the same periods,
including - the curves corresponding ' to rock, diluvium and
alluvium, from where it can be gseen how the acceleration response
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spectra have bigger values for the rock formation, corresponding
to smaller period values (T = 0.1 - 0.15 sec.), comparing with
the values of softpr subsoils and it is gradually decreasing for
periods of vibration of the order of 0.2 sec. and 0.3 sec. For
values of periods of vibration (T), greater than 0,5 sec., the
greater values of acceleration response spectrum corresponding to
softer subsoils, like alluvium and diluvium.

For Mexico earthquake, the acceleration response spectrum
corresponding to small values of period of vibration (T= 0.1 -
0.15 sec.), it is quite similar to the corresponding for alluvium
for the Japanese attenuation characteristics,

For greater values of period of vibration, the acceleration
response spectrum has attenuation characteristics that can be
considered to vary between rock and softer subsoils, but closer
to the corresponding to rock; for the Japanese attenuation
characteristics.

From the accelerographs presented in . the appendix,
corresponding to station CALE,with an epicentral distance D = 21
km. and NOOE comp., as well as the corresponding to SCT1 at
Mexico City, for NY9OW component, epicentral distance D = 400 km,
it is very important to point out the following characteristics:

CALE NOOE ( on rock )
D = 21 km
a_ = 138.491 gal . :
w1%ﬁ-mainly short period component
SCT1 OA NIOW ( on lacustrine montmorillonitic clay of

volcanic origin )
D = 400 km . '
U ~-167.918 gal

mainly long period vibration components

: From here, it can be seen the high destructive effects of
the Mexico 19 september, 1985 earthquake on :the soft. subsoils of
Mexico City, -even the epicentral distance of 400 km. In ‘their
corresponding acceleration response spectrum, it can be seen the
difference in :dominant periods of vibration for the two stations
selected as representing the characteristic seismic behavior. Tt
should be said here that this problem is nowadays been studied in
Mexico, in order to determine the different amplification effects
in different parts of .the City, according to the seismic-dynamic
characteristics of - the subsoil ~and  topographic differences
detected, for rational civil engineering works.

5. Conclusions » . : _
The empirical equations: of attenuation of maximum peak

ground motion ( a oyt ¥ , and dmax ) are summarized in table 1.

ax max

_ The empirical equations for absolute acceleration ‘response
gspectral amplitude are summarized  1in table - 2.

Oh‘the‘figures included in this report, as an appendix, the

graphs . of. (D - a Y, (- D- v ) ( D - dmax ) and ( D - SA

max max
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)for characteristics of vibration for T 0.1, 0.15, 0.2, 0.3,
0.6, 0.7, 1.0, 1.5, 2.0 and 3.0 seconds are handled as

functions of D ( epicentral distance ). On all of these graphs
are included the Japanecse and Mexican attenuation
characteristics, from where the following conclusions can be
stated:

~-The main shock (Ms=8.1) has a good agreement with the Japanese
attenuation equations,

~For the largest aftershock, it was found a lack of agreement.,
due mainly to the absence of information near the epicenter.

-In order to complete this work and think about being able to
get empirical attenuation equations to be used in Mexico, it is
necessary to perform the following works:

a)Determine so0il conditions in a detailed form, at ecach
recording site, classifying the different site conditions,
according to geotechnical features, including soil profile
and shear wave velocity, obtained by means of soil borings
all along the network lines.

b)It 1is quite important to go on accumulating more ground
motion information, to complete this study with carthquakes
of different magnitudes.,

c)It should be considered the combination of two horizontal
components in time domain, to get the largest ground motion
characteristics that can be present in any direction,.

d)The recording instruments should be analyzed in its
performance, so that their limitations could be well known
and doing so, be able to make the corresponding

instrumental corrections.

e)Pay a very special attention to the local amplification
effects that can be present for and all along each civil
"structure, for what it will be necessary to complete this
study for different ground conditions.
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Table 1 Empirical Equations of
Attenuation of Maximum Peak
Ground Motltion

(a)Main Shock

Soil Condition Empirical Bquation Correlation
Coefficient

Anax [gal] Rock Anax=(D430)-2- 9542141040627 -0, 794
Vmax[cm/S] Rock Vmax:(D+30)-0'8?883*102'9635 -0.1799
dmax [en] Rock dnox= (D430)0- 924185 g2 5580 | _q q49

(b) Largest Aftershock

§oil Condition Bmpirical Bquation Correlalion

' Coefficient
anax [gal] Rock Quax=(D430)-2-62914]07. 9347 —0:905
Vwsx [Cn/S) Rock Vnax= (D430)~2-3737%)(8. 2223 -0.913
dmax [cm] Rock Anax=(D+30)-2-86824)(6.06734 ~0, 944




Table 2 Empirical Equations of
Attenuation of Acceleratltion
Response Spectrum

(a)Main Shock
‘Natural Soil Condition Bmpirical Bqualion Correlation
Period(sec] Coefficient
T=0. 1 Rock Sa={D+30) -1 1785 4[4 B0 -0, 763
T=0, 15 Rock Sa= (D430) - 16524]04-3473 -0.1730
T=0.2 Rock Sa= (D430) -1 -17E7 4]0 3945 -0. 756
120, 3 Rock Sa=(D430)~1- 085944 6899 -0, 808
1=0,5 Rock Sa=(D430) -1 -0885%]04- 695! -0. 829
T=0.17 Rock 8a=(D430) -0 854384 (4. 1068 -0.683
T=1,0 Rock Sa=(D430) -0 80475438859 -0. 850
T=1.5" Rock Sa=(D+30) 8- TA14T4[(3.5495 -0.792
T=2.0 Rock Sn=(D+30)“°'922';‘#103-3792 =0.791-
T;B.O Rock Sa=(D430) -8 -868854](3. 4262 -0,783
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Table 2 Empirical Fquations of
Attenuation of Acceleration
Response Spectrum

(b) Largest Aftershock

Natural Soil Condition Bmpirical RBquation Correlation
Period[sec] _ Coefficient
T=0, | Rock Sn= (D430)-2-9336 (5. 5801 -0, 830
015 ~ Rock Sa= (D430) ~2-39304(7. 74060 -0, 7179
T=0.2 Rock | Sa= (D430)-2-11274](7. 7553 -0. 848
10,3 Rock | Sz (D430)-2-a7rex g7 5220 -0, 957
1=0.5 | Rock So= (DE30) 22247 417 2551 -0. 881
10,7 Rock | Sa=(D430) 175554100 075" -0. 801

"sz,o{,,'i:’ . Rock sn=(Di30)-?-2542*107-6558 -0, 920
T=1,5 Rock Sa= (DF30) 23471 4108 9553 -0, 838
1220 Rock Sa= (D430) ~2- 1481 41qs- 3268 -0, 907
1:3.0 Rock Sﬁ:(D+30)'?-5759*107:T52;‘: 0,964
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Example of Acceleration Response
Vs Pectrum (CALE, Guerreroc Arra Y, A=ilkz)
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Synopsis : o
This report presents the works done by three foreign rescarchers at the
Ground Vibration Division, Earthquake Disaster Prevention
Department of Public Works Rescarch Institute during the fiscal
yeitr ol 1986.
1) Study of In-Situ Testing for Evaluation of Liguefuction

Following three subjects are included :

Resistance and Occurrence

2) Research on the Elects of Topographic Amplification of
Earthquake Shaking on Slope Stability

3 Attenuation of Peak Ground Motions from Mexico Earthquakes
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