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PREFACE 

 The Technical Committee (TC4 of ISSMGE) Earthquake Geotechnical Engineering 
under the auspices of Japanese Geotechnical Society has begun its activities in 1985 and 
during the last two tenures 1985-1989 and 1989-1993 has developed its activities under the 
leadership of Prof. Kenji Ishihara. The outcome of TC4 activities during this period includes 
the publication of the following special volumes and manual: 

-Earthquake Geotechnical Engineering (1989); 
-Manual for Zonation of Seismic Geotechnical Hazards (1993); 
-Performance of Ground and Soil Structures during Earthquakes (1994). 

 
 For the tenure 1994-1997, under the leadership of Prof. Pedro Sêco e Pinto, the 
following topics have been discussed: (i) Applications of the Manual for Zonation; (ii) 
Comments related with Eurocode 8 – Part 5 Foundations, Retaining Structures and 
Geotechnical Aspects. 
 The following TC4 meetings took place on April 4, 1995, in St. Louis (USA), on May 
31, 1995, in Copenhagen (Denmark), on November 15, 1995, in Tokyo (Japan), on June 15 , 
1996, in Acapulco (Mexico) and on September 10, 1997, in Hamburg (Germany). Active 
participation to divulge the Manual for Zonation in Seismic Geotechnical has been done in the 
following events: 

- 3rd  National Earthquake Engineering Conference in Turkey, 1995; 
- Short Course on Geotechnical Aspects on Earthquake Engineering Pile Dynamics in 

Bangkok, 1995; 
- 2nd Coloquio International sobre Microzonification Sísmica, in Venezuela,1995; 
- Introduction of the Manual of Zonation, during the Fifth International Conference on 

Seismic Zonation in Nice, October 1995. 
 
Promotion of the following Conferences, Workshops and Special Sessions: 

-IS Tokyo 95 “ First International Conference on Earthquake Geotechnical Engineering, 
Tokyo, November, 1995; 

- Special Session on “Lessons Learned from Northridge and Kobe Earthquakes”, during 
the 11 WCEE, Mexico, June 1996; 

- Workshop “Earthquake Geotechnical Engineering, Roorkee, India, September, 1996; 
- Workshop “Dynamic Analysis of Embankment Dams”, Lima , October,1996; 
- Special Session on “Earthquake Geotechnical Engineering” during the XIV 
International Conference on Soil Mechanics and Foundation Engineering, Hamburg, 
Germany, September 1997. 

 
Related with the above events the following documents were published: 

- II Coloquio Internacional sobre Microzonificacion Sísmica y V Reunion de 
Cooperacion Interamericana. Programa y Resumunes. Informe Funvisis, 1995; 

- Earthquake Geotechnical Engineering. Proceedings of IS-Tokyo´95/ The first 
International Conference on Earthquake Geotechnical Engineering. Edited by Kenji 
Ishihara. Published by A. Balkema, November, 1995; 
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- Special Session on “Lessons Learned from Northridge and Kobe Earthquakes”. A 
collection of 10 selected papers. Proceedings of the 11 WCEE, Mexico, June 1996; 

- Design Practices in Earthquake Geotechnical Engineering. Proceedings of the 
Workshop on Design Practices in Earthquake Geotechnical Engineering, Roorkee. 
Editors Swami Saran and R. Anbalagan, September,1996; 

- Seismic Behavior of Earth Structures and Ground. Special Volume. XIV International 
Conference on Soil Mechanics and Foundation Engineering, Hamburg, Edited by P. 
Sêco e Pinto. Published by A. Balkema, 1997. 

 
The terms of reference for the tenure 1997-2001are the following: 

- To promote cooperation and exchange of information in the area of earthquake 
geotechnical engineering by promoting active participation in symposia, workshops 
and specialty conferences. 

- To initiate revision of the Manual for Zonation in Seismic Geotechnical Hazards; 
- To seek possibility for preparing the Retrofit/Restoration Manual; 
- To contribute for the Discussion of EUROCODE 8 "Structures in Seismic Regions  
- Design - Part 5", "Foundations, Retaining Structures and Geotechnical Aspects"; 
- To organize the Second International Conference on Earthquake Geotechnical 
Engineering, in Lisboa, June 21-25, 1999; 

- To continue liaison with the International Association for Earthquake Engineering, 
considering the organization of a Special Theme Session, at 12 WCEE in Auckland, 
Jan 29-Feb. 5, 2000, on Earthquake Geotechnical Engineering; 

- To explore with the Organizing Committee of GEO ENG 2000 to be in Melbourne, on 
November 19-24, 2000, the organization of a Discussion/Workshop on Earthquake 
Geotechnical Engineering; 

- To explore with the Organizing Committee of XV ICSMGE, to be held in Istanbul, on 
August 27-31, 2001, the organization of a Specialty Session on Earthquake 
Geotechnical Engineering. 

 
The following TC4 meetings took place on February 24, 1998 in Istanbul and on March 10, 
1998 in St. Louis. 
 
Promotion of the following Workshops and Courses: 

- Mini Workshop on Soil Liquefaction, Hiroshima, October, 1997; 
- Short Course “Earthquake Geotechnical Engineering”, Bucharest, December 1997; 
- International Workshop on Liquefaction in Reclaimed Land, Tokyo, September 1998. 

 
 This second edition of the Manual for Zonation in Seismic Geotechnical Hazards was 
revised and enriched with three new appendixes related with prediction methods with 
liquefaction potential and liquefaction-induced ground flow and cases studies conducted after 
the publication of the manual. It is highly desirable that the revision work of the manual will 
continue in order to incorporate in a third edition the new developments on amplification 
effects, slope stability and liquefaction. It is hoped that this Manual for Zonation will be 
useful for those involved in site safety during earthquakes related with geotechnical problems 
and will give an important contribution for the International Decade of Natural Disaster  
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Reduction (IDNDR). I would like to express my deep gratitude to the Task Committee of 
Japanese Geotechnical Society for their efforts to the preparation of this document and 
membership of TC4 (the names of the members are given below) who have collaborated so 
enthusiastically on the work of the Technical Committee. 
 

February 28, 1999 
 
Pedro Simão Sêco e Pinto 
Professor of Civil Engineering, University of Coimbra 
Head of Special Geotechnical Studies Division (LNEC) 
Chairman of the Technical Committee on Earthquake 
Geotechnical Engineering (ISSMGE) 
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PREFACE for original version 

 The Technical Committee for "Earthquake Geotechnical Engineering", TC4, was 
authorized in 1985 by the International Society for Soil Mechanics and Foundation 
Engineering (ISSMFE) and initiated its activities in 1986.  Its first term of tenure ended in 
1989 at the time of the 12th ICSMFE in Rio de Janeiro with the publication of a special 
volume entitled "Earthquake Geotechnical Engineering" which was made possible by the 
financial assistance of the Japanese Society of Soil Mechanics and Foundation Engineering 
(JSSMFE). 
 The continuation of TC4 under the sponsorship of JSSMFE was endorsed in 1989 by 
the ISSMFE in Rio de Janeiro, and new undertakings were planned and executed for the term 
of office until the 13th ICSMFE in New Delhi in January, 1994.  In the meantime, the 
International Decade for Natural Disaster Reduction (IDNDR) was authorized by UNESCO 
and came into effect in 1990.  In support of IDNDR, the ISSMFE has taken an initiative to 
embark on some projects in concert with the intensions of IDNDR.  One of these 
undertakings was to prepare and publish a manual containing guidelines and methodologies 
for performing zonation on geotechnical hazards caused by earthquakes.  The items 
addressed in the manual pertain to ground motions, liquefaction and landsliding.  A 
preliminary draft of the manual was prepared by a Task Committee established by JSSMFE.  
To ameliorate and furbish the draft, a workshop was held in July, 1992 in Lisbon in which 
pilot works on zonation by several key persons were presented and discussed.  The outcome 
of the workshop was taken into consideration in amending the draft.  Useful comments were 
given by Professor M.P. Romo on behalf of the Mexican Regional Subcommittee of ISSMFE 
"Foundation Performance during Earthquakes and its Influence on Building Codes".  All the 
members of TC4 on Earthquake Geotechnical Engineering expended considerable efforts and 
time.  Members of the Task Committee of JSSMFE have made particular effort toward the 
completion of this manual.  Great appreciation is given with sincere thanks to the members 
of these Committees whose names are given below.  It is hoped that this manual will provide 
a useful document for those who are entrusted in preparing zonation maps in 
earthquake-prone areas of the world. 
 The editing work of the original draft was made by the aid of Drs. S. Iai, R. S. Steedman, 
S. Yasuda and N. Yoshida.  Their efforts are to be acknowledged with deep thanks.  The 
publication of this manual was made possible by the financial support provided by the Kajima 
Foundation, Japan.  Sincere appreciation is to be extended to it. 
 
 August 16, 1993 
  Kenji Ishihara 
  Professor of Civil Engineering, University of Tokyo 
 
  Chairman of the Technical Committee for Earthquake 
  Geotechnical Engineering, TC4, ISSMFE 
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1 Introduction 

 Safety against earthquake hazards has two aspects: firstly, structural safety against 
potentially destructive dynamic forces and secondly the safety of a site itself related with 
geotechnical phenomena such as amplification, landsliding and liquefaction.  In order to 
mitigate the risk from earthquakes and to ensure the safety of structures under earthquake 
loading, dynamic effects have been taken into consideration in design codes in many 
countries around the world, often using zoning maps based on geological assessments of 
seismic hazards which are embodied in building codes or regulations. 
 However, little attention has been paid to the assessment of safety of individual site in 
the form of regulations on land use.  The site safety during earthquakes is related with 
geotechnical phenomena such as amplification, landsliding, mudflow, liquefaction and fault 
movements.  Assessment of these specific geotechnical phenomena have been made in 
several countries in a variety of ways but attempts have seldom been made to formalize a 
standard approach in terms of regulations or code requirements.  The importance of site 
safety from earthquake hazards has received increasing attention in recent years among 
engineers, scientists and land users in seismically active regions in the world.  The growing 
recognition of importance of this problem has been generated by concern about many 
disastrous large-scale landslides and liquefaction-induced ground failures observed in recent 
major earthquakes, and also by the awareness that many large cities are exposed to a high 
level of risk from geotechnical hazards in case of future earthquakes. 
 In response to these new developments, several attempts have been made to identify and 
appraise geotechnical hazards and to represent them in the form of maps or inventories.  
Generally, the outcome of a hazard assessment is presented on a zoning map in which 
locations or zones with different levels of hazard potential are identified.  The zoning map 
may be used in a variety of ways in aiding mitigation of seismically induced geotechnical 
hazards as described below. 

(1) Land use planning 

 By combining the zoning map detailing geotechnical hazards with an accepted level of 
risk relevant to a local area important guidance can be provided.  In cases where the risk is 
assessed to be high, more detailed geotechnical investigations may be required to examine the 
hazard assessment further and to implement specific mitigative measures or to restrict land 
use. 

(2) Implementation of mitigative measures 

  Mitigative measures for the earthquake safety of existing structures and facilities can 
be effectively prioritized based on accurate and detailed zoning maps for geotechnical hazards 
which allow a proper assessment of the risk of future loss. 
 
 Code requirements or regulations regarding geotechnical hazards such as liquefaction 
and landsliding have not yet been widely adopted.  In some countries, such as Japan and 
China, the requirements are included in the foundation section of the building or bridge 
design code.  In other countries, such as the United States and Canada, requirements for the 
design of foundations in potentially liquefiable ground are not specified and left to judgement 



 4

by engineers or consultants.  It is clear that further guidance is needed on standard 
approaches for the assessment of geotechnical earthquake hazards.  This manual for zonation 
on seismic geotechnical hazards has been prepared by the Technical Committee on 
Earthquake Geotechnical Engineering (TC4) of the International Society of Soil Mechanics 
and Geotechnical Engineering (ISSMGE).  It is hoped that this manual will provide an 
important step forward in the mitigation of seismic hazards. 
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2 Framework of the manual 

 This manual, prepared by the ISSMGE Technical Committee for Geotechnical 
Earthquake Engineering includes accepted approaches for assessing three kinds of 
geotechnical phenomena: local ground response, slope instability and liquefaction.  For each 
kind of phenomenon, three grades of approach to zonation are described as below with 
reference to Table 1. 
 

Table 1  Use of data for three levels of zonation 

 Grade-1 Grade-2 Grade-3 

Ground 
motions 

･ Historical earthquakes 
and existing information
･ Geological maps 
･ Interviews with local 

residents 

･ Microtremor 
･ Simplified geotechnical 

study 

･ Geotechnical 
Investigation 
･ Ground response 

analysis 

Slope 
instability 

･ Historical earthquakes 
and existing information
･ Geological and   

Geomorphological maps

･ Air photos and remote 
sensing 
･ Field studies 
･ Vegetation and   

precipitation data 

･ Geotechnical 
investigation 
･ Analyses 

Liquefaction 

･ Historical earthquakes 
and existing information
･ Geological and 

geomorphological maps

･ Air photos and remote 
sensing 
･ Field studies 
･ Interview with local 

residents 

･ Geotechnical 
investigation 
･ Analysis 

Scale of 
mapping 1:1,000,000~1:50,000 1:100,000~1:10,000 1:25,000~1:5,000 

 

Grade-1: General Zonation 

 The first level of zonation is based on compilation and interpretation of existing 
information available from historic documents, published reports and other available 
databases.  This is the crudest and lowest-cost approach, used for covering a wide region 
such as a country, state, province or prefecture, or local areas. 
 For the zoning of local ground motions, catalogues of instrumentally monitored 
earthquakes can be utilized.  These catalogues are available for almost all areas of the world 
and contain information on locations, magnitudes, focal mechanisms, etc. for recent large 
earthquakes.  Historical data on various kinds of damage may also be available in many 
areas, and this can be used to gain an overall picture of the areal distribution of shaking 
intensity during historical earthquakes.  Information on past earthquakes can also be used to 
make a rough delineation of seismic source zones and to generate estimates of the magnitude 
and frequency of future earthquakes.  Using existing ground motion attenuation correlations, 
preliminary maps for ground motions can be compiled. 
 Existing geologic and geomorphological maps are usually very important sources of 
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information for the assessment of the potential for ground failure.  Although they vary 
considerably in detail and applicability from area to area, such maps usually provide useful 
information on geologic characteristics of Quaternary sediments.  Reports of site 
investigations carried out for major construction projects in the region can also provide useful 
information on geologic and soil conditions.  By correlating regional geology or 
geomorphology with different levels of hazards, maps for slope instability and liquefaction 
hazard can be prepared.  The quality of the zonation map is likely to vary strikingly 
depending on the quality of the data base; mapping at this level of zonation is likely to be in 
the range 1:1,000,000 to 1:50,000. 

Grade-2: Detailed Zonation 

 The quality of the Grade-1 zonation map may be improved considerably, at moderate 
cost, by making use of additional sources of data.  For example aerial photographs can help 
to better define fault structures and geologic conditions.  In some cases, older photographs 
may be more helpful in understanding the structure of local geologic units if they pre-date 
urban development.  Additional field studies may be performed to map out geologic units 
pertinent to local ground motion amplification, slope instability potential and liquefaction 
susceptibility.  Geotechnical engineering reports from governmental or local or prefectural 
agencies and private companies may provide additional field and laboratory test data.  Local 
residents may provide detailed historical information on slope instability and liquefaction 
occurrence during past earthquakes.  Microtremor measurements can also be utilized to 
obtain more detailed information on subsurface stratigraphy or amplification characteristics of 
ground motions.  This approach can usually be achieved at reasonable cost and permits a 
substantial upgrading of the zonation maps to scales of about 1:100,000 to 1:10,000. 

Grade -3: Rigorous Zonation 

 Where a very high and very detailed level of zonation is required, for example, in scales 
in range 1:25,000 to 1:5,000, additional site investigation data will be needed, specific to the 
site in question.  The findings from such investigations may be incorporated into 
computer-aided analyses of seismic ground response, slope instability behavior, or 
liquefaction potential.  This level of zonation, requiring detailed site-specific information, is 
generally expensive, but for sites where the hazard potential is considered very high, or 
existing or proposed development is regarded as critical or of high value, this level of 
investment may be warranted. 
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3 Zoning for ground motions 

3.1 General 

 Zoning for earthquake ground motions addresses one of the most fundamental aspects 
of seismic hazard assessment.  Firstly, the ground motions are directly related to the seismic 
forces acting on structures, and hence seismic zoning for ground motions provides an 
important initial indicator of seismic risk.  Secondly, ground motions are directly related to 
soil failure, for example in foundations and slopes, which can further lead to damage to 
structures.  Zoning for ground motions is therefore an essential part of the information 
necessary to evaluate the overall nature of geotechnical hazards. 
 Earthquake ground motions are affected by several factors such as source, path and site 
effects.  An assessment of ground motion therefore depends on the following: 
 a) Regional seismicity; 
 b) Attenuation of ground motion intensity; 
 c) Local site effects on ground motion. 
Figure 3.1 illustrates the key parameters underlying these effects.  Of these, the effect of the 
site is widely acknowledged to be the most important factor in the definition of surface 
ground motion; wide variations in site response have been observed even within small areas. 
 In this manual, approaches to assessing site effects are therefore described in detail 
because of their importance in seismic zoning, depending on the level of zonation required.  
Approaches to seismicity and attenuation, on the other hand, do not depend to the same 
degree on the zonation level and discussion of these is found only under Grade-1.  In the 
sections on Grade-2 and 3 methods, the discussion is concentrated on more detailed 
assessment of site effects, because the methodologies covering seismicity and attenuation 
described under Grade-1 methods are also applicable to Grade-2 and 3 levels.  Although a 
number of approaches are described below, in practice appropriate zoning methods should be 
chosen for each area since the available data varies in quantity and quality widely from region 
to region. 

3.2 Grade-1 methods 

3.2.1 Seismicity 

 Firstly, the seismicity of the area of interest needs to be investigated to establish the 
potential for strong ground shaking.  Strong ground motion assessments are generally based 
on the motion expected for a reference outcrop consisting of rock or stiff soil where there is 
no significant site-specific amplification of seismic motions. 
 Regional and local seismicity can be investigated using seismological and geological 
data.  Seismological data are collected from catalogs of instrumentally located earthquakes 
and historical (but non-instrumentally located) earthquakes.  Both kinds of data have been 
compiled and published for worldwide events by NOAA (NOAA, 1978; Ganse and Nelson, 
1981).  Geological data are collected from active fault maps, which are available for most 
areas.  For example, Figure 3.2 shows three different seismicity maps for in and around 
Japan: 
 a) instrumentally located earthquakes from 1926 to 1987, 
 b) historical earthquakes from 599 to 1949, and 
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 c) active faults. 
 Although locations and magnitudes of historical earthquakes are not so reliable as those 
of instrumentally located earthquakes, historical earthquakes can provide information on 
seismicity over much longer periods than instrumentally located earthquakes.  Both sources 
of data require careful assessment for accuracy and completeness, particularly for Grade-3 
assessments. 
 Geological fault data are also important in evaluating seismic potential especially for 
areas where available historical earthquake data are limited.  Geological data generally 
consists of slip rate of faulting, recurrence intervals between events, elapsed time from the 
most recent event, displacement per event, and fault geometry.  These data are used for 
evaluating long-term earthquake potential, such as determination of the maximum credible 
earthquake and construction of earthquake recurrence models (Schwartz, 1988). 

Earthquake catalog
Active fault map

SEISMICI
    Deterministic evaluation
    Probablistic evaluation

ASSIGNMENT OF HYPOTHETICAL

Isoseismal maps
Strong-motion records

ATTENUATION OF GROUND MOTION
    Seismic intensity
    Peak acceleration and velocity
    Response spectrum

GROUND MOTION INTENSITY ON

Surface geology
Geotechnical investigation
Microtremor measurement

LOCAL SITE
    Intensity increment
    Ground classification
    Relative site amplification
    Ground response analysis

DISTRIBUTION OF GROUND MOTION  
Fig. 3.1. Flowchart for seismic zoning on ground motions 
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 Approaches for evaluating strong ground shaking can be classified into two; 
deterministic and probabilistic approaches.  In the deterministic approach, seismological and 
geological data are used to determine which earthquakes would affect the area of interest and 
to assign hypothetical earthquakes which have the potential to cause destructive damage in 
the foreseeable future.  For example, in the seismic zoning study for Saitama prefecture, 
Japan, three hypothetical earthquakes were selected: two interplate large earthquakes and one 
intraplate moderate earthquake as shown in Fig. 3.3 (Shima and Imai, 1982). 
 In the probabilistic approach, seismicity is evaluated as the probability of earthquake 
occurrence during a given period.  The first step is to plot the Gutenberg-Richter relationship, 

1
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Fig. 3.3. Hypothetical earthquakes for seismic zoning of Saitama Prefecture, Japan (Shima 

and Imai, 1982). 
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Fig. 3.4. Gutenberg-Richter relation for earthquakes in Japan (1965-1984). 
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such as shown in Fig. 3.4, by counting the number of earthquakes for each magnitude range.  
By combining the Gutenberg-Richter relationship with an attenuation relation of ground 
motion intensity, the probability of strong ground shaking during a given period can be 
derived.  Figure 3.5 shows an example of the expected peak velocity on bedrock for a period 
of 100 years in Japan (Makino and Matsumura, 1978).  Details of the procedure are 
described by Cornell(1968).  The probability of strong ground shaking can also be derived 
by combining the fault activity and the attenuation relation.  To better define the seismicity, 
both fault and seismological data can be used in hybrid procedures (Wesnousky et al, 1984; 
Youngs et al., 1988). 

3.2.2  Attenuation of ground motion intensity 

 The attenuation of ground motion intensity (i.e. the severity with which the earthquake 
is felt locally) plays an important role in the assessment of possible strong ground shaking.  
Attenuation relations based on seismic intensity have been developed using isoseismals of 
historic earthquakes; for example, the attenuation relation derived from data from southern 
California is shown in Fig. 3.6 (Barosh, 1969).  Other proposed empirical attenuation 
relations are summarized in Table 3.1. 
 It should be noted that several different seismic intensity scales have been adopted in 
different parts of the world.  In North and South America and in Western Europe, the 
Modified Mercalli (M.M.) scale, as defined in Table 3.2 (Richter, 1958), is widely used.  The 
Medvedev-Sponheuer-Karnik (M.S.K.) scale is commonly used in Eastern Europe.  The 
Chinese maintain their own scale and the Rossi-Forel (R.F.) scale is still used in several 
countries.  While most of these scales consist of 12 degrees, the Japan Meteorological 
Agency (J.M.A.) scale which is employed in Japan, consists of 8 degrees.  Figure 3.7 shows 
a comparison between the J.M.A., M.M., M.S.K. and R.F. scales. 
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Fig. 3.5. Expected peak velocity on bedrock over a period of 100 years (Makino and 

Matsumura, 1978). 
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Table 3.1 Comparison of proposed empirical attenuation relations for seismic intensity 

Researchers Equation 
Evernden et al. (1973) I M XMM = + − +108 105 6 25. . log( )  
Crespellani et al. (1991) I M dMM = + − +8 6 14 6 4 14. . . log( )  
Kawasumi (1951) I M d d d

M X X d
JMA = − + − − >

= − + − − <
0 3 2 4 6 0 0018 100
4 0 2 2 0 0 0167 100
. . log .
. . log .

km
km

 

 IMM: Modified Mercalli intensity 
 IJMA: Japan Meteorological Agency intensity 
  X: Hypocentral distance in km 
 d: Epicentral distance in km 
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Fig. 3.7. Approximate correspondence between the J.M.A., M.M., M.S.K. and R.F. intensity 
scales (Seismological Division, J.M.A., 1971). 
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Table 3.2 Definition of the Modified Mercalli intensity scale (Richter, 1958) 

I. Not felt. Marginal and long-period effects of large earthquakes. 
II. Felt by persons at rest, on upper floors, or favorably placed. 

III. Felt indoors. Hanging objects swing. Vibration like passing of light trucks. Duration 
estimated. May not be recognized as an earthquake. 

IV. 

Hanging objects swing. Vibration like passing of heavy trucks; or sensation of a jolt 
like a heavy ball striking the walls. Standing motor cars rock. Windows, dishes, doors 
rattle. Glasses clink. Crockery clashes. In the upper range of IV wooden walls and 
frames creak. 

V 
Felt outdoors; direction estimated. Sleepers wakened. Liquids disturbed, some spilled. 
Small unstable objects displaced or upset. Doors swing, close, open. Shutters, pictures 
move. Pendulum clocks stop, start, change rate. 

VI 

Felt by all. Many frightened and run outdoors. Persons walk unsteadily. Windows 
dished, glassware broken. Knickknacks, books, etc., off shelves. Pictures off walls. 
Furniture moved or overturned. Weak plaster and masonry D cracked. Small bells ring 
(church, school). Trees, bushes shaken (visibly, or heard to rustle). 

VII 

Difficult to stand. Noticed by drivers of motor cars. Hanging objects quiver. Furniture 
broken. Damage to masonry D, including cracks. Weak chimneys broken at roof line. 
Fall of plaster, loose bricks, stones, tiles, cornices (also unbraced parapets and 
architectural ornaments). Some cracks in masonry C. Waves on ponds; water turbid 
with mud. Small slides and caving in along sand or gravel banks. Large bells ring. 
Concrete irrigation ditches damaged. 

VII
I 

Steering of motor cars affected. Damage to masonry C; partial collapse. Some damage 
to masonry B; none to masonry A. fall of stucco and some masonry walls. Twisting, 
fall of chimneys, factory stacks, monuments, towers, elevated tanks. Frame houses 
moved on foundations if not bolted down; loose panel wall thrown out. Decayed piling 
broken off. Branches broken from trees. Changes in flow or temperature of springs and 
wells. Cracks in wet ground and on steep slopes.  

IX 

General panic. Masonry D destroyed; masonry C heavily damaged, sometimes with 
complete collapse; masonry B seriously damaged. (General damage to foundations) 
Frame structures, if not bolted, shifted off foundations. Frame racked. Serious damage 
to reservoirs. Underground pipes broken. conspicuous cracks in ground. In alluvial 
areas sand and mud ejected, fountains, sand craters. 

X 

Most masonry and frame structures destroyed with their foundations. Some well-built 
wooden structures and bridges destroyed. Serious damage to dams, dikes, 
embankments. Large landslides. Water thrown on banks of canals, rivers, lakes, etc. 
Sand and mud shifted horizontally on beaches and flat land. Rails bent slightly. 

XI Rails bent greatly. Underground pipelines completely out of service. 

XII Damage nearly total. Large rock masses displaced. Lines of sight and level distorted. 
Objects thrown into the air. 

Masonry A. Good workmanship, mortar, and design; reinforced especially laterally, and 
bound together by using steel, concrete, etc.; designed to resist lateral forces. 

Masonry B. Good workmanship and mortar; reinforced, but not designed in detail to resist 
lateral forces. 

Masonry C. Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in 
at corners, but neither reinforced nor designed against horizontal forces. 

Masonry D. Weak materials, such as adobe; poor mortar; low standards of workmanship; 
weak horizontally. 
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 Although the seismic intensity is not uniquely defined by physical parameters of ground 
motion, there is some correlation with several ground motion parameters (e.g. Trifunac and 
Brady, 1975; Midorikawa and Fukuoka, 1988).  Figure 3.8 shows correlation between the 
M.M. and J.M.A. intensities and peak ground acceleration.  The logarithm of peak 
acceleration increases linearly with intensity, but the spread of the accelerations is not small. 
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Fig. 3.8. Correlation of seismic intensity with peak ground acceleration. 
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 Instrumentally measured intensities such as peak acceleration and velocity can be more 
reliable measures for the severity of strong shaking than the seismic intensity scales.  
Although the peak acceleration is still the most commonly used measure, increasing attention 
is being paid to peak velocity and spectral amplitudes.  As examples, attenuation relations 
recently proposed for peak ground acceleration and velocity are summarized in Table 3.3.  
The comparison of the curves from these equations is shown in Fig. 3.9.  These relations are 
derived from North American, Italian and Japanese data, respectively.  Other relations have 
also been developed using data from other regions (e.g. Crouse et al., 1988; Ambraseys and 
Bommer, 1991).  The scatter of the data from the predictions with the empirical relations is 
not small.  As shown in Table 3.3, the standard deviation of the logarithm of the amplitude in 
the proposed relations ranges from 0.17 to 0.26, which amounts to a factor of 1.5 to 1.8 on a 
normal scale. 
 Note that different earthquake magnitude scales are used in the proposed attenuation 
relations.  Although the surface-wave magnitude, Ms, is commonly used in the proposed 
relations, other magnitude scales such as the moment magnitude, Mw, and the Japan 
Meteorological Agency magnitude, MJ, are also used.  Systematic differences between these 
magnitude scales are shown in Fig. 3.10 with respect to Mw (Utsu, 1982).  These relations 
may be used when it is necessary to convert an earthquake magnitude from one scale to 
another. 
 When seismic zoning requires information on the spectral content of ground motions, 
attenuation relations for response spectra may be necessary.  Table 3.4 shows two such 
relations derived from the North American and Japanese data.  The predicted spectra from 
these relations are shown in Figs. 3.11 and 3.12, respectively.  These figures show the strong 
dependency of spectral shape on earthquake magnitude and site conditions. 
 Theoretical or semi-empirical approaches for predicting ground motions have been 
proposed (e.g. Joyner and Boore, 1988).  While these approaches are based on an 
understanding of the physics of earthquake source mechanisms, the detailed source process 
for earthquakes, which strongly affects the generation of short-period motions is still 
unknown.  Further development of the theoretical approaches is necessary before these 
approaches can be applied to seismic zoning. 

3.2.3 Local site effects 

 As noted above, local site effects on ground motion are considered to be the most 
significant factor in the zoning of ground motions.  Local site effects can be defined as the 
modification of predicted rock outcrop " reference" motions to give actual motions at the local 
site in question.  Under Grade-1 level, the local site effects are evaluated using existing 
information readily available from published reports and other sources. 

(1) Damage and intensity surveys 

 The most direct and simple approach for evaluating local site effects is to compile data 
on the distribution of damage induced during past destructive earthquakes.  Imamura (1913) 
used this approach for the microzonation of Tokyo.  The city area was divided into three 
zones with different hazard levels using the damage data of the 1854 Tokyo earthquake, as 
shown in Fig. 3.13.  Following this work, damage surveys have been conducted extensively 
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in various seismic regions of the world and the results used for zonation purposes (e.g. 
Lasterico and Monge, 1972; Kuroiwa, 1982; Siro, 1982; Iglesias, 1988). 
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 17

 
 

 

Table 3.3 Comparison of proposed empirical attenuation relations for peak acceleration and 
velocity 

Peak acceleration 
Researchers: 
Data: 
Equation: 

Joyner and Boore (1981) 
182 North American records 
log . log . . .A M r rw= − − − ±0 249 0 00255 102 0 26  

r D Mw= + ≤ ≤2 27 3 50 7 7. . .  
Researchers 
Data: 
Equation: 

Sabetta and Pugliese (1987) 
190 Italian records 
log . log . . . .A M D Ss= − + + − ±0 306 58 0169 156 0172 2

1    4 6 68. .≤ ≤Ms  
Researchers: 
Data: 
Equation: 

Fukushima and Tanaka (1990) 
486 Japanese records 
log . log . . .A M R c M Rs s= − + − − ±0 41 0 0034 169 0 21b gc h  

c M Ms
M

s
sb g = × ≤ ≤0 032 10 6 0 7 90 41. . ..  

Peak Velocity 
Researchers: 
Data: 
Equation: 

Joyner and Boore (1981) 
62 North American records 
log . log . . . .V M r r Sw= − − + − ±0 49 0 00256 017 0 67 0 222  

r D Mw= + ≤ ≤2 24 0 53 7 4. . .  
Researchers: 
Data: 
Equation: 

Sabetta and Pugliese (1987) 
190 Italian records 
log . log . . . .V M D Ss= − + + − ±0 455 36 0133 0 71 0 222 2

3   4 6 68. .≤ ≤Ms  
Researchers: 
Data: 
Equation: 

Kawashima et al. (1984) 
197 Japanese records 
log . . log .V M d SJ= − + + ±0 37 117 30 0 244b g    50 7 9. .≤ ≤M J  

A: Peak acceleration in g 
V: Peak ground velocity in cm/s 
Mw: Moment Magnitude 
Ms: Surface wave Magnitude 
MJ: Japan Meteorological Agency Magnitude 
D: Closest distance to surface projection of fault rupture in km 
R: Shortest distance to fault rupture in km 
d: Epicentral distance in km 
S1: 0 at stiff and deep soil sites and 1 at shallow soil sites 
S2: 0 at rock soil sites and 1 at soil sites 
S3: 0 at stiff soil sites and 1 at shallow and deep soil sites 
S4: 0.56 at hard soil sites, 0.71 at intermediate soil sites and 0.81 at soft soil sites 
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Fig. 3.10. Comparison of different Magnitude scales (Utsu, 1982). 
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Table 3.4  Parameters in the prediction of horizontal response spectra at 5 percent damping 

Pseudo - velocity response Sv
* (cm/s) by Joyner and Boore (1982) 

Period (sec.) a b c h e f 
0.1 
0.15 
0.2 
0.3 
0.5 
0.75 
1.0 
1.5 
2.0 
3.0 

2.24 
2.46 
2.54 
2.56 
2.53 
2.46 
2.41 
2.32 
2.26 
2.17 

0.30 
0.34 
0.37 
0.43 
0.53 
0.61 
0.66 
0.71 
0.75 
0.78 

-0.09 
-0.10 
-0.11 
-0.12 
-0.14 
-0.15 
-0.16 
-0.17 
-0.18 
-0.19 

10.6 
10.3 
9.3 
7.0 
5.2 
4.7 
4.6 
4.6 
4.6 
4.6 

-0.0067 
-0.0063 
-0.0061 
-0.0057 
-0.0053 
-0.0049 
-0.0044 
-0.0034 
-0.0025 
0.0 

-0.06 
-0.05 
-0.03 
0.04 
0.12 
0.19 
0.24 
0.30 
0.32 
0.29 

 
Acceleration response SA

** (cm/ s2 ) by Kawashima et al.(1984) 
Hard Soil Intermediate Soil Soft Soil Period (sec.) c a b a b a b 

0.1 
0.15 
0.2 
0.3 
0.5 
0.7 
1.0 
1.5 
2.0 
3.0 

-1.18 
-1.18 
-1.18 
-1.18 
-1.18 
-1.18 
-1.18 
-1.18 
-1.18 
-1.18 

2420 
2407 
1269 
575 
212 
103 
40.1 
7.1 
5.8 
1.7 

0.21 
0.22 
0.25 
0.27 
0.30 
0.32 
0.34 
0.43 
0.42 
0.46 

848 
629 
466 
267 
102 
34.3 
5.0 
0.72
0.35
0.36

0.26 
0.29 
0.32 
0.35 
0.39 
0.44 
0.55 
0.63 
0.64 
0.59 

1307 
948 

1128 
1263 
581 
65.7 
7.4 
0.80 
0.35 
0.26 

0.21 
0.24 
0.23 
0.22 
0.28 
0.42 
0.54 
0.65 
0.67 
0.64 

* log logS a b M c M r er f Sv = + − + − − + +6 6 2b g b g  

 r D h= +2 2 S = 0  (for rock), 1(for soil) 
 D: Closest distance to surface projection of fault rupture in km 
** S a dA

bM c= +10 30b g  
 d: Epicentral distance in km 
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Fig. 3.12. Predicted response spectra (Kawashima et al., 1984). 
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Fig. 3.13. Microzoning map of Tokyo derived from damage distribution in the 1854 Tokyo 

earthquake (Imamura, 1913). 

 
 As the area of damage does not by itself give a quantitative evaluation of ground motion 
intensity, the damage is often expressed in terms of seismic intensity to achieve better 
quantitative evaluation.  Isoseismal maps of past destructive earthquakes have been prepared 
using this approach.  For example, Fig. 3.14 shows the isoseismal map of the 1906 San 
Francisco earthquake derived from observations of the damage (Evernden et al., 1973).  This 
map indicates a large variation of the seismic intensity even in a very limited area, suggesting 
that the intensity at each site should be assessed for detailed seismic zoning.  In order to 
apply this approach for prediction, the past earthquake should have been large enough to 
cover any anticipated event in the foreseeable future. 
 Detailed damage data of destructive earthquakes is often not available in the area of 
interest.  Alternative approaches have been developed using surveys to establish the seismic 
intensity distribution of small or moderate earthquakes as a basis for larger events.  
Questionnaires are used for the survey as shown in Table 3.5, and these are analyzed 
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statistically to estimate the seismic intensity in each locality (Ohta, 1977).  Based on the 
seismic intensity distribution thus obtained, the intensity increment map is established as 
shown in Fig. 3.15 (Ohta, 1974).  In this particular example, about 5000 sheets were 
distributed in the city and about 50% of the sheets were collected and processed. 
 
 
 
 
 

 
Fig. 3.14. Isoseismal map of San Francisco during the 1906 earthquake (Evernden et al., 

1973). 
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Table 3.5  Questionnaire sheet for seismic intensity survey (Murakami and Kagami, 1991) 
1. When the earthquake occurred, you 

were 
1 in your town 
2 somewhere else 

2. The address where you were located 
at the time of the earthquake, if 
known 

 street 
  city 
 state, zip 
 If not, approximate location is 

3. The place was 
1 flat land 
2 on a top of hill 
3 on a slope 
4 in a valley 

4 You were 
1 indoors 
2 outdoors 
3 in a vehicle 

5. Check your activity when the 
earthquake occurred 

1 moving 
2 standing 
3 sitting 
4 lying 
5 other (please specify) 

6. If you were inside a building, the 
type of the building was 

1 house 
2 mobile home 
3 apartment 
4 office 
5 other (please specify) 

7. What was the building mainly made 
of? 

1 brick or block 
2 wood 
3 concrete 
4 steel 
5 other (please specify) 

8. How old is the building? 
1 built before 1935 
2 built between 1935 and 1965 
3 built after 1965 
4 don't know 

9. How many floors did the building 
have ? 

10. What floor were you on? 
11. Did you feel the earthquake 

1 yes 
2 no 

12. How many to those around you felt 
the shaking? 

1 nobody 
2 few 
3 many 
4 all 
5 don't know 

13. If anyone was sleeping, did the 
sleeping people awake? 

1 a few people woke up 
2 many woke up 
3 all woke up 
4 no one was sleeping  

14. Would you say the vibration you felt 
was 

1 light 
2 moderate 
3 strong 
4 violent 

15. How long do you think the shaking 
lasted? 

1 sudden (less than 10 seconds) 
2 short (10-30 secs.) 
3 long (30-60 secs.) 
4 very long (more than 1 min) 

16. Were you frightened during the 
shaking? 

1 not al all 
2 a little bit 
3 quite 
4 almost panic 

17. What did you do during the shaking?
1 stayed where I was 
2 tried to protect myself, someone, or 

some valuables 
3 moved to another room 
4 tried to exit building 
5 other (please specify) 

18. If you tried to, was it difficult to 
move? 

1 easy to move 
2 difficult but possible to move 
3 couldn't move 
4 fell down 
5 didn't try to move 

19. Was the vibration noticed in your 
car? 

1 not in a car 
2 noticed in parked car 
3 noticed in moving cars 
4  difficult to control car 

20. Did you see any trees, poles or 
parked  cars move? 

1 none moved 
2 some moved slightly 
3 some moved violently 
4 branches broke off 
5 don't know 

21. Did hanging objects like pictures and 
lamps swing ? 

1 no 
2 some moved slightly 
3 some moved a lot 
4 some fell or were damaged 
5 don't know 

22. What happened to windows, doors or 
 dishes? 

1 they rattled 
2 they swung open or close 
3 some dishes broke 
4 some windows broke 
5 don't know 

23. Did you see the liquids in open 
vessels move? 

1 some moved a little 
2 some moved a lot 
3 some spilled 
4 don't know 

24. Did shelf goods move? 
1 none moved 
2 a few shifted or overturned 
3 many fell off shelves 
4 all fell off shelves 
5 don't know 

25. What happened to furniture ? 
1 furniture did not shake 
2 It shock slightly 
3 It moved a little 
4 It moved and overturned 
5 considerable damage to furniture 
6 don't know 

26. Damage to walls of the building 
1 none 
2 fine cracks in plaster 
3 pieces of plaster fell off 
4 there were large and deep cracks 
5 one or more walls collapsed 

27. Damage to foundation of the building
1 none 
2 foundation cracked 
3 building moved on foundation 
4 building moved off foundation 
5 foundation destroyed 
6 don't know 

28. Was there damage to chimneys, 
parapets and ornaments? 

1 none 
2 some cracked 
3 some fell 
4 most fell down 
5 don't know 

29. Was there damage to stone or brick 
walls, tombstones or monuments in 
neighborhood? 

1 no damage 
2 small cracks 
3 big cracks 
4 collapses 
5 don't know 

30. Were there ground cracks, rockfalls 
and landslide in your neighborhood?

1 none 
2 few 
3 many 
4 numerous 
5 don't know 

31. Was your telephone, water, gas or 
 electricity interrupted after the 
 earthquake? 

1 no interruption 
2 for a few hours 
3 for a few days 
4 for a week 
5 longer 
6 don't know 

32. Was you or your family injured due 
to the earthquake? 

1 no 
2 yes, slightly 
3 treated by doctor 
4 hospitalized (what injury) 

 
Questions 26, 27 and 28 refer to your 

building, OR to neighboring building 
if you were outdoors. 
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survey (Ohta, 1974). 

 

(2) Surface geology 

 Site surface geology has often been used to interpret the observed intensity increment at 
each site.  Empirical correlations between surface geology and seismic intensity increment 
have been established by many investigators and these are summarized in Table 3.6.  The 
proposals by Medvedev (1962), Evernden and Thomson (1985), Kagami et al. (1988), and 
Astroza and Monge (1991) are based on observations during earthquakes in Middle Asia, 
California, Japan, and Chile respectively.  The use of surface geology for zoning is practical 
and applicable to many areas because of the wide availability of geological maps.  Figure 
3.16 shows an intensity map for central California predicted using intensity increments 
together with an empirical attenuation law (Evernden et al., 1973). 
 Concepts of relative amplification were proposed by Borcherdt and Gibbs (1976) to 
evaluate the effects of site geology more quantitatively.  (Relative amplification has been 
defined differently in different studies.  Here it is defined as the site amplification with 
respect to a reference outcrop motion or reference ground.) Borcherdt and Gibbs measured 
ground motions generated by nuclear explosions at sites with various geological condition to 
obtain the spectral amplifications of the motions with respect to those on granite rock.  They 
found a strong correlation between surface geology and the average horizontal spectral 
amplification (AHSA), which is the average of the spectral amplification in the frequency 
range of 0.5 to 2.5 Hz.  The relative amplification is closely related to the intensity 
increment; for example the following relation has been proposed for converting the average 
horizontal spectral amplification, AHSA, to the increment, dI (Borcherdt and Gibbs, 1976): 
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Table 3.6   Intensity increments for each geological unit 

Geological Unit Intensity Increments 
Medvedev (1962) (M.S.K. scale) 
  Granites 0 
  Limestone, Sandstone, Shale 0.2~1.3 
  Gypsum, Marl 0.6~1.4 
  Coarse-material ground 1~1.6 
  Sandy ground 1.2~1.8 
  Clayey ground 1.2~2.1 
  Fill 2.3~3 
  Moist ground (gravel, sand, clay) 1.7~2.8 
  Moist fill and soil ground (marsh) 3.3~3.9 
Evernden and Thomson (1985) (M.M. scale) 
  Granitic & metamorphic rocks 0 
  Paleozoic rocks 0.4 
  Early Mesozoic rocks 0.8 
  Cretaceous to Eocene rocks 1.2 
  Undivided Tertiary rocks 1.3 
  Oligocene to middle Pliocene rocks 1.5 
  Pliocene-Pleistocene rocks 2.0 
  Tertiary volcanic rocks 0.3 
  Quaternary volcanic rocks 0.3 
  Alluvium (water table < 30ft) 3.0 
          (30ft < water table<100ft) 2.0 
          (100ft < water table) 1.5 
Kagami et al. (1988) (J.M.A. scale) 
  Talus 0 
  Andesite 0 
  Gravel 0.2 
  River deposits 0.4 
  Volcanic ash 0.5 
  Sandy silt 0.7 
  Clayey silt 0.8 
  Silt 1.0 
  Peat 0.9 
Astroza and Monge(1991) (M.S.K. scale) 
  Granitic rock 0 
  Volcanic Pumicite ashes 1.5~2.5 
  Gravel 0.5~1 
  Colluvium 1~2 
  Lacustrine deposits 2~2.5 
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Fig. 3.16. Predicted intensity map in central California for hypothetical earthquake on 

Hayward fault (Evernden, 1973). 

 
 

 dI AHSA= +0 27 2 7. . logb g  (3.1) 

 Relative amplification factors for different soils were also proposed by Shima (1978), 
based on analytical computations of the seismic response of ground.  Shima defined the 
relative amplification as the ratio of the maximum value of ground response in the frequency 
range of 0.1 to 10 Hz with respect to that on Loam.  Amplification factors, defined as the 
mean of ground amplification in the frequency range of about 0.4 to 5 Hz, were also proposed 
for more grossly defined geological units by Midorikawa (1987) using a similar procedure.  
These relative amplifications are summarized in Table 3.7.  Figure 3.17 shows the 
distribution of predicted peak ground velocities in Kanto plain, Japan, using relative 
amplification factors in combination with an empirical attenuation relation for peak velocity 
(Midorikawa, 1987). 
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Table 3.7  Relative site amplification for each geology 

Geological unit Relative amplification factor 
Borcherdt and Gibbs (1976)  
  Bay mud 11.2 
  Alluvium 3.9 
  Santa Clara Formation 2.7 
  Great Valley sequence 2.3 
  Franciscan Formation 1.6 
  Granite 1.0 
Shima(1978)  
  Peat 1.6 
  Humus soil 1.4 
  Clay 1.3 
  Loam 1.0 
  Sand 0.9 
Midorikawa(1987)  
  Holocene 3.0 
  Pleistocene 2.1 
  Quaternary volcanic rocks 1.6 
  Miocene 1.5 
  Pre-Tertiary 1.0 

 
 
 

 
Fig. 3.17. Distribution of predicted peak ground velocities in Kanto plain for the 1931 

Nishi-Saitama earthquake (Midorikawa, 1987). Numbers indicate observed 
intensity in J.M.A. scale. 
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3.3 Grade-2 methods 

 The reliability of the zoning developed using Grade-1 approaches may be considerably 
improved by incorporating additional data and information.  Because of the lack of 
uniqueness in the relationship of surface geology to geotechnical properties, zoning maps 
based on surface geology may not provide definitive information for site specific evaluations.  
The same is true for criteria based on damage or intensity surveys.  Additional investigations 
are likely to be required for improved assessments.  These investigations include 
geotechnical investigations such as penetration tests, geophysical testing and soil sampling 
from boreholes for laboratory tests. 
 Grade-2 methods, therefore, require considerably more soil information than Grade-1, 
and this requires new subsurface investigations for evaluating the geotechnical properties at 
specific sites.  The effort and expense required to adopt a Grade-2 approach is generally 
many times greater than for Grade-1 methods.  To minimize the effort and expense, existing 
geotechnical engineering reports from governmental agencies and private companies should 
be collected and compiled. 
 As mentioned earlier, the methodologies described in 3.2.1 and 3.2.2 for evaluating 
seismicity and attenuation can also be used in the zoning work under the Grade-2 and 3 
methods.  In this and the following sections, discussion is concentrated on the methods for 
evaluating local site effects. 
 The first part of this section will be devoted to the definition of the bedrock and the 
nature of the geotechnical investigations necessary for Grade-2 and 3 assessments.  This is 
followed by a description of Grade-2 methods, including the use of ground classification, 
microtremors, and shear-wave velocity. 

(1) Geotechnical investigation 

 For seismic zoning under Grade-2 or 3, detailed information on the site in question is 
required.  The geotechnical investigations, which will be explained later, should preferably 
be done to the depth of bedrock or similar strata with much higher shear-wave velocities than 
that of the subsurface deposits.  Bedrock is defined here as equivalent to the rock outcrop 
"reference" site under Grade-1 zonation.  Therefore, in zoning studies under Grade-2 and 3, 
the definition of the bedrock becomes important. 
 It is common to define strata with shear-wave velocities on the order of 600 m/s as 
"bedrock" in many cases.  However, it is recommended that the upper crust, with a 
shear-wave velocity of about 3000 m/s, is adopted as bedrock when large-scale structures with 
longer vibration period are being considered (Shima, 1977). 
 One of the convenient ways to identify subsurface soil profiles is the use of penetration 
tests.  The Standard Penetration Test (SPT) has been widely used to investigate deposits 
consisting of cohesionless soils or relatively stiff soils.  The Cone Penetration Test (CPT) has 
been used to identify soil properties in soft soil deposits.  In the SPT, in addition to soil 
identification based on soil sampling, the blow count, N-value, is obtained.  This is used to 
estimate the soil density and the shear-wave velocity, Vs, which are key parameters in the 
Grade-2 approach.  There are several empirical relations correlating the SPT N-value and Vs 
as shown in Table 3.8.  In the CPT, the soil density and the soil identification can be made 
using the tip resistance and the friction ratio.  Empirical relations have been proposed to 
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correlate the cone resistance to the SPT N-value (Robertson et al., 1983) and further to the 
shear-wave velocity. 
 

Table 3.8  Empirical relations correlating SPT N-value and shear-wave velocity 

Researchers Equation 
Imai and Yoshimura (1970) V Ns = 76 0 33.  
Ohba and Trauma (1970) V Ns = 84 0 31.  
Ohta and Goto (1978) V N D EFs = 69 0 17 0 2. .  

E =1.0(H)   F =1.00(clay) 
 =1.3(P) =1.09(fine sand) 
  =1.07(medium sand) 
  =1.14(course sand) 
  =1.15(gravelly sand) 
  =1.45(gravel) 

Imai (1977) V aNs
b=  

a =102   b =0.29(Holocene clay) 
 =81 =0.33(Holocene and) 
 =114 =0.29(Pleistocene clay) 
 =97 =0.32(Pleistocene sand) 

Okamoto et al. (1989) V Ns = 125 0 3. (Pleistocene sand) 
Vs: Shear-wave velocity (m/s), N: SPT blow count (N-value), D: Depth (m) 

 
 
 The shear-wave velocity may be measured more directly by seismic exploratory or 
geophysical methods.  Two methods, down-hole logging and cross-hole logging, are widely 
used.  In down-hole logging, the travel time taken by vertically propagating shear waves 
from a source on the ground surface to a subsurface receiver is measured along a single 
bore-hole.  In cross-hole logging, the travel time taken by horizontally propagating shear 
waves from subsurface sources in a bore-hole to subsurface receivers in neighboring 
bore-holes is measured.  Recently, techniques have been developed for estimating 
shear-wave velocity from excitation of surface waves (e.g. Nazarian and Stokoe, 1984; 
Tokimatsu et al., 1991).  This method consists of observation of excited surface waves, 
determination of the dispersion curve and inverse analysis to obtain a shear-wave velocity 
profile.  This method does not require any bore-holes, and is less costly and time saving. 
 For detailed studies using nonlinear analyses (Grade-3), strain dependent soil properties 
have to be obtained.  This requires laboratory tests on soil specimens which are preferably as 
intact as possible.  There are three basic kinds of dynamic laboratory tests; the resonant 
column test, the impulse wave test and the low frequency cyclic loading test.  The resonant 
column and impulse wave tests are applicable only for low to medium strain ranges (up to 
10-4 strain level), whereas the cyclic loading test can measure properties over a wider strain 
range (typically, 10-5 to 10-3) for use in nonlinear analyses.  Care should be taken with 
cyclic loading tests to ensure that measured soil moduli and damping ratios are completely 
free from the effects of mechanical friction originating from the apparatus itself for a small 
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strain levels (Kokusho, 1987).  If laboratory tests on field samples cannot be undertaken, 
reference may be made to published data, such as reported by Ishihara (1982) and Kokusho 
(1987). 

(2) Ground classification 

 Ground classification based on data of soil borings or geological data may be a more 
direct indicator of local site effects than the surface geology used under Grade-1.  In the 
Japanese Building Code enacted in 1950, soil conditions were classified into four types as 
shown in Table 3.9.  Types I, II, III, and IV correspond to stiff soil, intermediate soil, 
intermediate to soft soil, and soft soil respectively.  As the data of bore-hole tests associated 
with the construction of buildings are readily available in most city areas, this kind of 
classification is a practical way for evaluating site effects and has been adopted in seismic 
codes in several earthquake prone countries.  An example of a ground classification map is 
shown in Fig. 3.18 (Tokyo Metropolitan Government, 1955). 
 Based on statistical analysis of strong-motion records, design spectra have been 
proposed for each soil type as shown in Fig. 3.19 (Building Research Institute, 1969).  Once 
the peak ground acceleration at a site has been estimated, the acceleration response spectrum 
for the site can be obtained by multiplying the design spectrum by a constant ratio so that the 
response acceleration at zero period is equal to the peak acceleration. 

(3) Microtremor 

 Even if site investigation data is not available at a site, indirect information on the 
geotechnical properties of the local soils may be obtained by means of microtremor 
measurements.  The ground is always vibrating at minute amplitudes.  Microtremors are 
ambient vibrations of the ground caused by natural or artificial disturbances such as wind, sea 
waves, traffic and industrial machinery.  The amplitude level of the microtremor is typically 
less than several microns.  Seismometers of high sensitivity are used for microtremor 
measurements. 
 Methods have been proposed for ground classification using microtremor measurements 
(Kanai and Tanaka, 1961).  Kanai made two proposals; 

A) based on a relationship between the largest period and mean period of microtremors, 
and 

B) based on the largest amplitude and predominant period of microtremors, as shown in 
Fig. 3.20. 

 These two proposals result from the observations that softer soils exhibit longer period 
and larger amplitude ground vibration.  An example of a ground classification map using 
microtremor measurements is shown in Fig. 3.21 (Kanai et al., 1966).  Other techniques for 
microzoning by microtremors have also been proposed and are well summarized by Finn 
(1991). 
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Table 3.9  Definition of soil classification adopted in Japanese building code (1950) 

Soil Type 

I. Ground consisting of rocks, dense sandy gravel, etc. classified as tertiary or older 
strata over a considerable area around the structure. 

II. 
Ground consisting of sandy gravel, sandy stiff clay, loam, etc. classified as 
Pleistocene, or gravelly alluvium, about 5 meters or more in thickness, over a 
considerable area around the structure. 

III Standard ground except Kind II, consisting of sand, sandy clay, clay, classified as 
alluvium. 

IV. 

Bad and soft ground which falls in one of the following categories: 
1) Alluvium consisting of soft deltaic deposits, topsoil, mud or the like (including 

heaping up, if any), whose depth is about 30 meters or more. 
2) Filled ground which falls into one of the following classifications. 

A. Land obtained by reclamation of a marsh, muddy sea bottom etc. 
B. Poor quality soft earth fill, such as topsoil or mud. 
C. Fill which exceeds about 3 meters in depth. 
D. Fill which is less than 30 years old.  

 
 
 
 

 
Fig. 3.18. Ground classification map of Tokyo (Tokyo Metropolitan Government, 1955). 
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Fig. 3.19. Design spectra for reinforced concrete structures (Building Research Institute, 
1969). 
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Fig. 3.21. Ground classification map of northern Nagano using microtremor measurements 

(Kanai et al., 1966). 
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(4) Shear-wave velocity of ground 

 Shear-wave velocity of surface layers is a useful index property for evaluating site 
amplification.  Shima (1978) found that the analytically calculated amplification factor is 
linearly related with the ratio of shear-wave velocity of the surface layer to that of bedrock as 
shown in Fig. 3.22.  When the bedrock shear-wave velocity is found to be relatively constant 
over a wide area, the relative amplification in each locality can be obtained solely from the 
shear-wave velocity of the surface layer. 
 Investigations based on the observation and analyses of ground motion have revealed 
that the average shear-wave velocity of surface soils to a certain depth shows strong 
correlation with the relative amplification (Midorikawa, 1987; Joyner and Fumal, 1988; 
Borcherdt et al., 1991).  The proposed relations are summarized in Table 3.10 and compared 
in Fig. 3.23. 
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Table 3.10  Correlations of relative amplification factors with average shear-wave velocity 

Researchers Equation 
Midorikawa(1987) 
 
Joyner and Fumal(1984) 
Borcherdt et al.(1991) 

A V V m s= <−68 11001
0 6

1
. /b g  

= >10 11001. /V m sb g  
A V= −23 2

0 45.  
AHSA V= 700 1/   (for weak motion) 

  = 600 1/V  (for strong motion) 
A : Relative amplification factor for peak ground velocity 
AHSA : Average horizontal spectral amplification in period range of 0.4 to 2.0 sec. 
V1 : Average shear-wave velocity over a depth of 30 m (in m/s) 
V2 : Average shear-wave velocity over a depth of a one-quarter wavelength for a one-second 

period wave (in m/s) 
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3.4 Grade-3 methods 

 The accuracy of zoning based on local site investigation data described in the Section 
3.3 can be further enhanced using computer modeling of ground response.  Computer codes 
which are now available include one-dimensional linear and nonlinear analyses and two- and 
three-dimensional analyses; these are necessary to achieve zoning to Grade-3.  If nonlinear 
analysis is conducted, additional laboratory testing might be necessary as described above.  
Ground response analyses are usually performed on a site specific basis and, provided 
sufficient data are acquired, can form the basis of very reliable zoning maps. 
 The major difference between Grade-2 and Grade-3 methods is that to adopt a Grade-3 
approach requires an in-depth understanding of the necessary analytical models and numerical 
procedures.  Inappropriate use of such calculations can result in erroneous zoning.  A 
Grade-3 approach should include expert evaluation and, if possible, validation from past 
earthquake experience. 

(1) One-dimensional analysis of soil deposits 

 The most widely used analytical method for site response is to make use of the multiple 
reflection model for the propagation of S-waves in a one-dimensional column (e.g. Haskell, 
1953).  The soil column is modeled as a series of horizontal layers.  These layers are 
subjected to base motions that are considered representative of those likely to occur in the 
region of interest.  In the mapping of an area, amplification factors are determined for each 
element in the mesh, typically around 0.5ｴ0.5 km or 1ｴ1 km in size.  The data from borings 
or measurements of shear-wave velocity are used to build up the subsurface ground model for 
each mesh.  Specific parameters required for such an analysis are shear-wave velocity, 
density, damping factor and thickness of layers.  As an example of a zoning map based on 
this approach, Fig. 3.24 shows the distribution of amplification factors in Nagoya City, Japan 
(Iida et al., 1978). 
 When boring data are not available in all the elements of the meshes, the elements are 
grouped according to generic ground conditions.  For example, in the zoning study of 
Saitama Prefecture, Japan (Shima and Imai, 1982), 3819 subdivided meshes in the prefecture 
were classified into 60 generic ground conditions based on geological and geomorphological 
conditions.  Figure 3.25 shows representative soil profiles for these generic conditions. 
 Using dynamic properties for each soil layer as shown in Fig. 3.26, the site 
amplifications of the 60 generic ground conditions were computed.  In Fig. 3.27, the ground 
conditions which gave similar amplification were regrouped into basic ground patterns; the 60 
generic ground conditions were then reduced to 15 basic ground amplification patterns.  All 
the elements of the mesh covering the prefecture were assigned one of these patterns.  Using 
the amplification factors for each element together with an attenuation relation for peak 
acceleration, the seismic intensity zoning map could be generated, as shown in Fig. 3.28. 
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Fig. 3.24. Distribution of maximum amplification factors in Nagoya (Iida et al., 1978). 
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Fig. 3.25. Soil profiles for various ground patterns in Saitama Prefecture (Shima and Imai, 

1982). 
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Fig. 3.26. Dynamic soil properties for each soil layer (Shima and Imai, 1982). 
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Fig. 3.27. Computed site response for various ground patterns (Shima and Imai, 1982). 
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(2) Nonlinear analysis 

 Nonlinearity of site response is one of the major issues in evaluating site effects as soils 
exhibit strong strain-dependency of modulus and damping characteristics.  Evidence of 
nonlinear behavior has been detected in observed earthquake ground motion records (e.g. 
Tokimatsu and Midorikawa, 1982; Chang et al., 1991). 
 SHAKE (Schnabel et al., 1972), a computer code based on equivalent linear analysis, is 
widely utilized for computing nonlinear site response.  For example, Fig. 3.29 shows a 
picture of the response of soft soil sites based on the Mexico City and Loma Prieta data and 
on analyses using the SHAKE program (Idriss, 1990).  It can be seen that the amplification 
factor of soft soil becomes smaller at stronger levels of earthquake motions. 
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Fig. 3.29. Variation of accelerations on soft soil vs rock sites (Idriss, 1990). 

 
 The equivalent linear method is subject to certain limitations; it does not give a 
satisfactory approximation for short period high amplitude motion on thick soil deposits, for 
example (Joyner and Chen, 1975).  Furthermore, SHAKE is a total stress code which makes 
no allowance for the generation of excess pore pressures.  However, for Grade-3 approaches, 
nonlinear analysis is an important consideration. 
 

(3) Two- or three-dimensional analysis 

 To take into account the non-homogeneous nature of natural ground, analytical methods 
for two- or three-dimensional analysis, such as the finite element method, the finite difference 
method, the boundary element method, the ray tracing method and the Aki-Larner method 
have been developed ( Horike et al., 1990).  A comparison of the results from one-, two- and 
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three-dimensional models for an elliptic basin is shown in Fig. 3.30 (Ohori et al., 1990).  
This figure indicates that both the amplification factor and the predominant frequency become 
higher as more dimensions are included.  However, this is a particularly extreme example; 
the effect is unlikely to be as marked for most actual sites.  The requirements for 
comprehensive two- and three- dimensional analyses were discussed by Rosenbluth and 
Ovando (1991).  At present, few applications of these methods to seismic zoning have been 
implemented in practice, but in future it is expected that given the rapid development of 
computing power, three dimensional computations for seismic zoning will be widely 
available. 
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4 Zoning for slope instability 

4.1 General 

 Slope failures during earthquakes have claimed a number of casualties and been a major 
cause of damage to structures and facilities constructed on or in the vicinity of the slopes.  
The scale of landslides on natural slope could be large enough to devastate entire villages or 
towns.  Albeit the scale is usually smaller, failure of man-made slopes have also brought 
about serious injures to the integrity of soil structures.  Thus, the assessment of potential for 
slope instability is one of the most important considerations in the task of seismic zonation.  
In general terms, earthquake induced slope failures include a variety of phenomena and may 
be classified into three categories as follows (Keefer and Wilson, 1989): 
 

(1) Category I : falls, disrupted slides, and avalanches; 
(2) Category II : slumps, block slides, and earth flows; 
(3) Category III : lateral spreads and flows. 

 
 Among three classes of slope instability as above, those events classified under 
Category I is associated with shallow-seated landslides and will be the major subject of 
consideration in the following. 
 Slope instability basically depends on two factors: an external driving force and the 
resistance of the material to movement.  The external driving force includes gravitational 
and seismic forces while the material resistance is governed by geological and geotechnical 
conditions.  At present, few methods have been developed for properly evaluating these 
factors which are suitable for zoning studies.  This is because standard approaches to slope 
stability require detailed information, but over a wide area existing geological and 
topographical data are generally insufficient in quality and in-situ investigations are too 
difficult to conduct to enable these approaches to be used.  In conducting the zoning for 
slope instability, therefore, these limitations have to be borne in mind. 
 In this section, methods for evaluating slope instability are classified under Grade-1, 2 
and 3.  The level of approach to zonation for slope instability which is chosen in practice 
should depend on the availability of field data, both in terms of quality and quantity. 

4.2 Grade-1 methods 

 The lowest cost but most cursory level of zonation is based on earthquake magnitude or 
seismic intensity.  This level of zonation screens potential areas of slope instability using 
magnitude or intensity criteria based on past earthquakes.  Since the rate of slope failures 
reduces with distance from the seismic source, the exact outer boundary of slope instabilities 
is generally not well defined.  In zoning studies, the slope failure rate is defined by the areal 
ratio and used as a parameter in defining the outer boundary. 
 However magnitude or intensity criteria do not directly incorporate the effects of local 
geology and soils.  In addition, groundwater conditions have an important influence on slope 
stability, and therefore rainfall patterns in the region are also taken as a key parameter.  
Information from published topographic, geologic and hydrologic maps may also be applied 
at little cost to delineate areas that are relatively safe from slope instability. 
 Several of the approaches discussed below include some data from earthquakes which 
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occurred offshore.  For onshore events only, these methods might prove unduly conservative 
and might not function as an appropriate screening process.  In this case, historical 
earthquakes which have occurred locally should be used to check the criterion.  The same 
applies if zoning studies are to be upgraded for a particular locality. 

(1) Published magnitude-distance criteria and relevant data 

 Tamura (1978) conducted case studies on slope failures which occurred during 37 
earthquakes in Japan over the past 100 years.  Four kinds of distances were adopted in his 
study as follows. 

a) Df, the distance from a fault to an outer boundary of the zone where many slope 
failures occurred; 

b) df, the distance from a fault to an outer boundary of the zone where few slope failures 
occurred; 

c) Dp, the distance from an epicenter to an outer boundary of the zone where many slope 
failures occur, and 

d) dp, the distance from an epicenter to an outer boundary of the zone where few slope 
failures occurred. 

 The results of case studies by Tamura (1978) are shown in Fig. 4.1. 
 Yasuda and Sugitani (1988) also studied slope failures which have occurred in Japan 
over the past 100 years.  They identified 105 cases and classified them into two groups: 
surface slides, and deep slides. 
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Fig. 4.1. Relationships between magnitude and distance to slope failure in Japan (Tamura, 

1978). 
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Fig. 4.2. Relationship between the maximum epicentral distance of slope failure sites and 

earthquake magnitude in Japan (Yasuda and Sugitani, 1988). 

 
 
 The relationships between the maximum epicentral distances of slope failures and 
earthquake magnitudes were summarized as shown in Fig. 4.2.  It may be seen that the 
maximum epicentral distance is greater for shallow slides than for deep slides. 
 Case studies were also conducted by Keefer and Wilson (1989) for 47 typical events 
which have occurred since 1811 world-wide.  These slope failures were classified into the 
three categories listed in section 4.1.  Figure 4.3 shows the relationships between the 
magnitude of the earthquake and the maximum distance from the fault-rupture zone to the 
sites of slope failures.  Slope failures under Category I occur historically at the greatest 
distance for any given earthquake. 
 Ishihara and Nakamura (1987) studied the distribution of slopes which failed during the 
1987 Equador earthquake and estimated the relationships between magnitude and the 
epicentral distances for different percentages of slope failures.  Mora and Mora (1992) 
studied slope failures in Costa Rica during 11 earthquakes from 1888 to 1991 and estimated 
the maximum distances from epicenters in two areas : where more than 60% of slopes failed, 
and where less than 15% of slopes, but at least one slope per square kilometer failed.  The 
outline of the study is shown together in Fig. 4.4. 
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Fig.. 4.3 Maximum distance from fault-rupture zone to slope failure in each main category 

(Keefer et al., 1989). 
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Table 4.1  The maximum range of slope failures due to earthquakes 

Maximum distance 
Earthquake Magnitude 

(M) from an epicenter 
(km) 

from a fault
(km) 

Reference 

Loma Prieta 7.1 97 - ADEP(1990) 
Manjil 7.3 40 - Ishihara (1991a) 
Luzon 7.8 210 130 Arboleda (1991) 
Armenia 7.0 15 - Ishihara (1991b) 

 
 
 
 The maximum distances of the sites of slope failures in other countries during past 
earthquakes have not been fully studied.  However, some data can be obtained from 
reconnaissance reports on past earthquakes; data obtained following the 1989 Loma Prieta 
earthquake in the U.S.A., the 1990 Manjil earthquake in Iran, the 1990 Luzon earthquake in 
the Philippines and the 1988 Armenia earthquake in the CIS are shown in Table 4.1. 

(2) Recommended magnitude-distance criteria 

 The magnitude-distance criteria and historic information discussed above is summarized 
in Fig. 4.5 as a function of the maximum distance from a fault or an epicenter and in Fig. 4.6 
as a function of the slope failure rate.  First of all, it is clear that the maximum distance of 
slope failure sites from an epicenter or a fault in dry-weather countries (Iran and Armenia) is 
smaller than that in wet-weather countries (Japan and the Philippines).  Secondly, it is known 
that the maximum distance of slope failure sites from a fault is smaller than that from an 
epicenter. 
 Based on these observation, curves shown in Fig. 4.7 is recommended for use in the 
Grade-1 zoning giving maximum epicentral distance for slope failure as a function of 
magnitude.  The maximum fault distance could be estimated by reducing the epicentral 
distance appropriately. 

(3) Minimum intensity criteria 

 As mentioned above, Keefer and Wilson (1989) conducted case studies of 47 typical 
events.  Based on their data, minimum Modified Mercali (M.M.) intensities at which 
landslides occurred were summarized as shown in Fig. 4.8.  Figure 4.9 also shows the 
relationships between number of events and the minimum Japanese Meteorological Agency 
(J.M.A.) intensities in the area where slope failure occurred during 11 recent earthquakes in 
Japan. Though the data are scattered, the minimum intensity causing slope failure is V to VI 
on the M.M. scale and IV to V on the J.M.A. scale. 
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4.3 Grade-2 methods 

  Because of the lack of information on material parameters, zoning maps based on a 
Grade-1 approach do not provide definitive information for site specific evaluations.  Such 
assessments require zoning based on at least Grade-2 and incorporate additional topographical 
and geological information in the area concerned.  This may require additional field 
investigations.  To minimize the effort and expense of further investigations however, 
existing topographical and geological reports should be used wherever possible.  Three 
approaches are discussed here under Grade-2, illustrating the range of factors which are 
considered significant in predicting general susceptibility to slope failure. 

(1) Method proposed by Kanagawa Prefectural Government 

 The first method proposed under Grade-2 was developed and used for zoning on slope 
failure susceptibility in Kanagawa Prefecture, Japan (Kanagawa Prefectural Government, 
1986) based on slope failures during three large recent earthquakes in Japan: the 1974 
Izuhanto-oki earthquake; the 1978 Izuohshima-kinkai earthquake; and the 1984 
Naganoken-seibu earthquake. 
 In this approach, slope failure susceptibility zones were plotted on a 500 m by 500 m 
mesh area on maps at 1/50,000 or 1/25,000 scale.  Seven factors were identified as the main 
factors governing slopes instability in each area. 

a) the maximum surface acceleration; 
b) the length of a contour line at the average elevation; 
c) the maximum difference in elevation; 
d) the hardness of rock in a typical slope; 
e) the total length of faults; 
f) the total length of artificial cut or filled slopes; 
g) the topography of typical slopes in a mesh as classified into four categories (shown in 

Fig. 4.10). 
 
 Four areas where slope failure occurred during these earthquakes were used as a basis 
for the zoning method.  Values for the seven parameters and the number of failed slopes 
during the earthquake were counted for each mesh area ( 4680 in total).  A weighting of each 
factor was evaluated by conducting a discriminate analysis as shown in Table 4.2.  Summing 
up the weighted factors, then the susceptibility to slope failure in each mesh is given as below. 

 W W W W W W W W= + + + + + +1 2 3 4 5 6 7  (4.1) 

where W: susceptibility to slope failure 
 W1, W2, ････W7: weighted factor (Table 4.2). 
 
 Based on the overall susceptibility W, the number of likely slope failures in each mesh 
area can then be estimated by referring to Table 4.3.  Figure 4.11 shows an example in which 
this method was applied for Kanagawa Prefecture. 
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Table 4.2 Weighting for factors related to slope failure (Kanagawa Prefectural Government, 

1986) 

Factor Category Weight 
a)Maximum surface acceleration (cm/s2), W1  0~200 

 200~300 
 300~400 
 400~ 

0.0 
1.004 
2.306 
2.754 

b)Length of a  contour line (m), W2  0~1000 
 1000~1500 
 1500~2000 
 2000~ 

0.0 
0.071 
0.320 
0.696 

c)Difference between the  highest site and the lowest site (m), W3  0~  50 
 50~100 
 100~200 
 200~300 
 300~ 

0.0 
0.550 
0.591 
0.814 
1.431 

d)Hardness of a rock, W4 Soil 
Soft rock 
Hard rock 

0.0 
0.169 
0.191 

e)Length of faults (m), W5 No fault 
 0~200 
 200~ 

0.0 
0.238 
0.710 

f)Length of artificial slopes (m), W6  0~100 
 100~200 
 200~ 

0.0 
0.539 
0.845 

g)Topography of slope, W7 (Fig. 4.10)  ① 
② 
③ 
④ 

0.0 
0.151 
0.184 
0.207 

 
 
 
 
 

1 2

       

3 4

 
Fig. 4.10. Classification of the topography of slopes (Kanagawa Prefecture Government, 

1986). 
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Table 4.3 Estimate of the number of failure susceptible slopes (Kanagawa Prefectural 

Government, 1986) 

W  2.93 3.53 3.68 
Rank A B C D 

Number of slides within one mesh 0 1~3 4~8 9~ 
 
 
 
 
 

 
Fig. 4.11. Microzonation map for slope failure in Kanagawa Prefecture (Kanagawa Prefecture 

Government, 1986). 
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(2) Method proposed by Mora and Vahrson 

 Mora and Vahrson (1993) conducted case studies of slope failures in historic 
earthquakes and also those induced by heavy rainfall in Central America, and proposed a 
method for the prediction of zones susceptible to slope failure.  In this method, three factors; 
relative relief, lithologic conditions, and soil moisture, were considered as the factors 
influencing the susceptibility.  In addition, two factors, seismicity and rainfall intensity, are 
incorporated as triggering factors.  By combining these factors, a degree of slope failure 
hazard was defined as follows: 

 H S S S T Tr h s p= ⋅ ⋅ ⋅ +b g d i  (4.2) 

where,  H :  landslide hazard index (Table 4.10) 
 Sr:  value of relative relief index (Table 4.4) 
 S :  value of lithologic susceptibility (Table 4.5) 
 Sh:  value of index of influence of natural humidity of the soil (Table 4.6 and Table 

4.7) 
 Ts:  value of influence of seismic intensity (Table 4.8) 
 Tp:  value of influence of rainfall precipitation intensity (Table 4.9) 
 
 An example of a landslide hazard map established using the above methodology for 
Costa Rica is shown in Fig. 4.12. 
 Since this study was based on slope failures for Costa Rica, which is in the region of 
heavy rainfall, the landslide susceptibility index Hl is highly sensitive to the influence of 
rainfall intensity Tp.  The maximum value of the landslide index predicted for areas of no 
rainfall would be around 200 under this method, suggesting that the likelihood of slope 
failures would only reach Class III or IV in dry countries.  Thus, this would need to be used 
for the area concerned using local data. 
 
 
 
Table 4.4 Relative relief (Rr) values and their classes of influence in landslide susceptibility 

(Mora and Vahrson, 1991) 

Relative relief Susceptibility Parameter Sr 
 0~75 m/km2 Very low 0 
 76~175 Low 1 
 176~ 300 Moderate 2 
 301~ 500 Medium 3 
 501~ 800 High 4 
 >800 Very high 5 
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Table 4.5 Classification of lithologic influence, according to general conditions, 

representative for Central America (Mora and Vahrson, 1991) 

Lithology Susceptibility Value S
Permeable limestone, slightly fissured intrusions, basalt, 
andesites, granites, ignimbrite, gneiss, hornfels; low degree of 
weathering, low water table, clean-rugose fractures, high shear 
strength rocks 

Low 1 

High degree of weathering of above memtioned lithologies and 
of hard massive clastic sedimentary rocks; low shear strength; 
shearable fractures 

Moderate 2 

Considerably weathered sedimentary, intrusive, metamorphic, 
volcanic rocks, compacted sandy regolithic soils, considerable 
fracturing, fluctuating water tables, compacted colluvium and 
alluvium 

Medium 3 

Considerably weathered, hydrothermally altered rocks of any 
kind, strongly fractured and fissured, clay filled; poorly 
compacted pyroclastic and fluvio-lacustrine soils, shallow water 
tables 

High 4 

Extremely altered rocks, low shear resistance alluvial, colluvial 
and residual soils, shallow water tables Very high 5 

 
 
 

Table 4.6  Classes of average monthly precipitation (Mora and Vahrson, 1991) 

Average monthly precipitation
(mm/month) Assigned Value

 <125 0 
 125~250 1 
 250< 2 

 
 
 

Table 4.7  Weighting for annual precipitation (Mora and Vahrson, 1991) 

Summation of precipitation averages* Susceptibility Value Sh  
0~4 Very low 1 
5~9 Low 2 

10~14 Medium 3 
15~19 High 4 
20~24 Very high 5 

* summation of the assigned values in Table 4.6 for 12 months 
 
 
 



 60

 
 
Table 4.8 Influence of seismic intensity (Modified Mercalli Scale) as a triggering factor for 

landslide generation (Mora and Vahrson, 1991) 

Intensities (MM) 
Tr = 100 years Susceptibility Value Ts 

III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 

Slight 
Very low 
Low 
Moderate 
Medium 
Considerable 
Important  
Strong 
Very strong 
Extremely strong 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
 
 
 
 
Table 4.9 Influence of rainfall precipitation intensity as a triggering factor for landslides 

(Mora and Vahrson, 1991) 

Maximum rainfall 
n>10 years; Tr=100 years 

Rainfall 
n<10 years; Average Susceptibility Value Tp 

  <100 mm   <50 mm Very low 1 
 101~ 200  51~ 90 Low 2 
 201~ 300  91~ 130 Medium 3 
 301~ 400  131~ 175 High 4 
 >400  >175 Very High 5 

 
 
 
 
Table 4.10 Classes of the potential landslide hazards, as derived from Equation (4.2) (Mora 

and Vahrson, 1991) 

Value from Equation (4.2) Class Susceptibility of hazard 
 0~ 6 I Negligible 
 7~ 32 II Low 
 33~ 162 III Moderate 
 163~ 512 IV Medium 
 513~1250 V High 
 > 1250 VI Very high 
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Fig. 4.12. Hazard map for landslide at Tapanti in Costa Rica (Mora and Vahrson, 1993). 

 
 

(3) Method proposed by the Japan Road Association 

 Based on case studies conducted after the 1978 Izuohshima-kinkai earthquake, a simple 
judgement method to predict the instability of cut slopes along roads was proposed by the 
Japan Road Association (1988). 
 Tables 4.11 and 4.12 summarize this approach, by which the vulnerability of a slope to 
failure is judged on the basis of 12 simple factors.  Figure 4.13 shows one example where 
the method was adopted for the microzoning of Fukuoka City, Japan (Yasuda and Matsumura, 
1991) of the total of 37 slopes which were evaluated, 11 slopes were identified as highly 
vulnerable to failure with 10 other slopes being also susceptible. 
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Table 4.11 JRA method for assessing highway slope stability (Japan Road Association, 1988) 

Item Category Rank
(1) Height of slope, H (m)  50 m ≤ H 

 30 m ≤ H < 50 m 
 10 m ≤ H < 30 m 
 H < 10 m 

 10 
 8 
 7 
 3 

(2) Angle of slope, α  1:0.6 ≤ α 
 1:1.0 ≤ α < 1:0.6 
 α < 1:1.0 

 7 
 4 
 1 

(3) Overhang formed in no-walled slope 
formed in walled slope 
not formed 

 7 
 4 
 0 

(4) Geology many unstable stones 
many stones on the surface of slope 
very weathered rock 
gravelly soil 
weathered rock 
cracked rock 
sand 
clay 
intact rock 

 10 
 7 
 6 
 5 
 4 
 4 
 4 
 1 
 0 

(5) Thickness of weathered soil layer more than 0.5 m 
less than 0.5 m 

 3 
 0 

(6) Water flow flow 
no flow 

 2 
 0 

(7) Frequency of rock falls more than once per year 
less than once per year 
none 

 5 
 3 
 0 

 
Item Category Rank
(8) Deformation of slope deformed 

not deformed  
I 

III 
(9) Deformation of retaining wall deformed 

not deformed  
I 

III 
(10) Rockfalls which induce traffic problems occurred 

not occurred 
I 

III 
(11) Cut or fill on slope many cut or fill 

few cut or fill 
nothing 

I 
II 
III 

(12) Stability of retaining walls unstable 
walls stable 
very stable 

I 
II 
III 
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Table 4.12 Assessment of stability (Japan Road Association, 1988) 

(a) Without retaining wall (Stage 1) 

Summation of Weights
Weighting from(1)to(7) 
based on (8)~(11) 

Less than 13 14 to 23 More than 24

Class I ≥ 1 (A) (A) (A) 
One class II, other class III (B) (A) (A) 
All class III (C) (B) (A) 

(A): slope failure likely 
(B): slope failure probable 
(C) slope failure not likely 
 
(b) With retaining wall (Stage 2) 

Stage 1
Rank in (12) (A) (B) (C) 

I A A A 
II A B C 
III B C C 

A: slope failure likely 
B: slope failure probable 
C slope failure not likely 
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Fig. 4.13. Microzonation map of Fukuoka City (Yasuda and Matsumura, 1991). 
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4.4 Grade-3 methods 

 By combining geotechnical surveys with the methods described under Grade-1 and 
Grade-2, a detailed level of zonation with large accuracy can be achieved for each hazard 
zone.  Grade-3 zonation requires additional information suitable for performing detailed 
slope stability analysis.  These analyses are usually performed on a site specific basis, and 
given a sufficiently detailed site investigation, very reliable zonation maps can be compiled.  
Site investigation data from public and private sources should be used where possible. 

(1) Method proposed by Wilson et al. 

 Wilson et al. (1979) assumed that in a thin layer, shown in Fig. 4.14, sliding occurs due 
to inertial loading.  Equating sliding and resisting forces gives: 

 a g c
hc = ⋅ + −

L
NM

O
QPγ

θ φ θcos tan sinb g  (4.3) 

where ac:  critical acceleration including the slide 
 g:  acceleration of gravity 
 c:  cohesion of soil 
 φ:  internal friction angle of the layer 
 γ:  unit weight of soil 
 θ:  angle of slope 
 h: thickness of the sliding layer 
 
 

mg sinθ
mg cosθ

L

R

mg

θ
 

Fig. 4.14. Model of potential landslide mass (Tanaka, 1982). 

 
 Given the distribution of slope angle, the strength parameter c and f and the lateral 
acceleration, the prediction of the distribution of slope vulnerability can be made. 
 Tanaka (1982) applied this method to the Nashimoto area in Japan, where many slopes 
failed during the 1978 Izuohshima-kinkai earthquake, and compared the predicted results with 
the observed slope failures caused by the earthquake.  Figures 4.15 and 4.16 show a slope 
map and a geological map of this area, respectively which show three kinds of rock and 
superficial deposits.  The properties g, c and f of the tuffaceous sandstone were estimated as 
1.7tf/m3, 3tf/m2 and 30°, respectively.  By assuming the thickness of the sliding layer to be 3 
m, a relationship between the critical acceleration and the angle of slope was deduced for the 
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sandstone as shown in Fig. 4.17.  Similar relationships for the other deposits were estimated 
and the failure susceptible slopes were mapped, together with the failed slopes as shown in 
Fig. 4.18, indicating generally good agreement between actual slides and the zoned-out areas. 
 
 

<30 ゜

＞ 50 ゜

40 ゜　50 ゜－
30 ゜　40 ゜－  

Fig. 4.15. Slope map of Nashimoto area (Tanaka, 1982). 

 
 

Tuffaceous Sandstone
Andesite
Basaltic Lava
Sand and Gravel  

Fig. 4.16. Geological map of Nashimoto area (Tanaka, 1982). 
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Fig. 4.17. Plot of ac versus slope angle for tuffaceous sandstone in Nashimoto area (Tanaka, 

1982). 

 
 
 
 

Root area of landslide
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Nashimoto

 
Fig. 4.18. Map of Nashimoto area showing actual and predicted slope failures caused by 1978 

Izu-Oshima Kinkai earthquake (Tanaka, 1982). 
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(2) Method proposed by Siyahi and Ansal 

 Siyahi and Ansal (1993) developed a zoning method for slope instability by modifying a 
method proposed by Koppula (1984).  The method originally proposed was a pseudo-static 
evaluation of slope stability utilizing a seismic coefficient A to account for the earthquake 
induced horizontal forces.  The variation in shear strength with depth is assumed linear and 
potential failure surface is taken as a circular arc as shown in Fig. 4.19. 
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Fig. 4.19. A typical section of slope (Koppula, 1984) 

 
Parameters a, b, d and n are related to the geometry of the slope and configuration of sliding 
surface.  As given below, the safety factor, Fs, can be defined as : 

 Fs a N c
H

N= +0
1

0
2γ γ
 (4.4) 

where, N
D D1 2 2

1 2

3
=

+ −
⋅ +

α δ α α δ
α δ
cot cot cot

sin sin
b g

b g  

 N
D D2 2 2

1 2

6=
⋅ +

α
α δsin sin b g  

 
D

n n n n
1

2

2

1 2 3 3
3 6 6 6 6

= − − +

+ − − − +

cot cot cot cot cot
cot cot cot cot cot

β α β β δ
δ α β α δ

 D A n2
3 23 3 6= + + − −cot cot cot cot cot cot cot cot cotβ δ α δ α β δ α δc h  

 In this manual a linear variation with depth is assumed regarding the shear strength of 
normally consolidated soils as follows : 

 c a z c= ⋅ =0 0 0,  (4.5) 

 c z= =σ φ γ φtan tan  (4.6) 

Then, 
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 a0 = γ φtan  (4.7) 

 Fs a N N N= = =0
1 1 1γ

γ φ
γ

φtan tan  (4.8) 

 Thus the safety factor depends on the angle of shear strength and stability number, N1 
representing the configuration of the slope and failure surface.  The minimum values of the 
stability number are determined by carrying out a parametric study in terms of a, d and n to 
find out the most critical failure surface as given in Fig. 4.20. The variation of minimum N1 
can be expressed as a function of b (slope angle) and A (earthquake acceleration).  It 
becomes possible at this stage to calculate minimum safety factor Fs using Fig. 4.20, if f 
(shear strength angle) can be determined or estimated. 
 
 

Slope angle, β

N
1 

 (m
in

)

1

2

3

4

5

6

7

8

655545352515

0.0
0.3

0.1
0.4

0.2
A =

 
Fig. 4.20. Variation of N1 (min) (Siyahi and Ansal, 1993). 

 
 
 The suggested procedure can be utilized for microzonation purposes by using a 
topographical map with a scale of 1:10,000.  The area need to be divided into 500ｴ500 m 
meshes.  In the implementation of the approach, it is necessary to know the distribution of 
shear strength angle f and the slope angle b for each mesh.  The angle of shear strength is 
estimated based on the geological and geotechnical investigations conducted in the region 
with a scale of 1: 5,000 or 1: 10,000.  Every mesh is considered separately and the steepest 
slope, determined from the topographical map, is selected as the slope angle relevant to that 
mesh.  The peak acceleration at the site is estimated based on seismic risk studies based on a 
suitable attenuation relationship. 
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a Fs<1

b 1≤Fs≤1.5

c Fs>1.5
 

Fig. 4.21. Application of modified Koppula method in microzonation studies of Akyokus 
Village (Siyahi and Ansal, 1993). 

 
 This procedure was applied for microzonation of the area around Akyokus Village in 
Adapazari region in Turkey as shown in Fig. 4.21.  In this example based on the seismic risk 
studies for the region, an earthquake magnitude of M=6.9 corresponding to 200 year return 
period was selected for estimating the peak ground acceleration.  Since the North Anatolian 
Fault is within 20 km distance, the peak ground acceleration was taken as 0.30g based on an 
attenuation relationship proposed for Turkey.  The calculated factors of safety were 
considered in three groups with respect to risk levels as: 
 a. High for Fs < 1 
 b. Moderate for 1 15≤ ≤Fs .  
 c. Low for Fs > 15.  
 As can be seen from Fig. 4.21, the region around Akyokus village was calculated to 
have the moderate risk level for slope instability.  During the 1967 Adapazari-Mudurnu 
earthquake of magnitude M=6.7, slope failures were observed around Akyokus village located 
approximately 28 km from the epicenter and about 3 km from the surface ruptures which 
substantiates the applicability of the suggested approach. 
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5 Zoning for soil liquefaction 

5.1 General 

 Soil liquefaction has been a major cause of damage to soil structures, lifeline facilities 
and building foundations in past earthquakes and clearly poses a significant threat to the 
integrity of structures and facilities during future earthquakes.  Zonation for liquefaction, 
therefore, has been an important goal for recent work. 
 Liquefaction potential depends on two factors; the nature of shaking (intensity and 
duration) and material susceptibility to liquefaction.  Various methods have been proposed 
for predicting liquefaction potential and in this chapter, these methods are classified within the 
Grade-1, 2 and 3 approaches adopted throughout this manual. 

5.2 Grade-1 methods 

 As with approaches for zonation of ground motion or slope stability, Grade-1 methods 
for liquefaction assessment are based on preexisting data from standard published sources. 

(1) Assessment of the maximum extent of a liquefaction susceptible area 

a) Magnitude-Maximum distance criteria 
 If earthquake activity in an area is known from historic seismic data, the maximum 
extent of the liquefaction susceptible area can be estimated directly from the magnitude of the 
predicted earthquake.  Several investigators have analyzed the distribution of liquefaction 
during past earthquakes and have compared the distance from the epicenter to the farthest 
liquefied site, R, with the earthquake magnitude, M. 
 For example, Kuribayashi and Tatsuoka (1975) have shown, for 32 historic Japanese 
earthquakes, that the farthest epicentral distance to a liquefied site, R in km, is bounded by a 
straight line on a magnitude versus logarithm of distance plot, which can be expressed as 
follows: 

 log . .R M J= −0 77 36  (5.1) 

where MJ is the earthquake magnitude as defined using the Japan Meteorological Agency 
(J.M.A.) scale. 
 Youd (1977), Davis and Berrill (1983;1984) and Seed et al. (1984) added several data 
points for earthquakes from other parts of the world; Liu and Xie (1984) developed an 
average bound based on Chinese liquefaction data as follows: 

 R M L= ⋅ −082 100 862 5. . b g  (5.2) 

where ML is earthquake magnitude defined by Richter (1935) and R is the farthest epicentral 
distance to a liquefied site in km. 
 Ambraseys (1988) analyzed data from a series of earthquake investigations, adding 
about 70 additional cases.  Ambraseys standardized the published data using the seismic 
moment magnitude, Mw, separately identifying shallow and intermediate depth earthquakes.  
The data for shallow focus earthquakes were then bounded by the equation 

 M R Rw e e= + × +−4 64 2 65 10 0 993. . . log  (5.3) 
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where Re is the farthest epicentral distance in km.  The data points for intermediate depth 
earthquakes were shown generally to lie well beyond the limit for shallow-focus events, 
indicating that intermediate depth earthquakes may generate liquefaction over a much wider 
area than shallow-focus events. 
 The work of Kuribayashi and Tatsuoka (1975) was recently supplemented by 
Wakamatsu (1991) with new data from 67 Japanese earthquakes over the past 106 years, 
including the original 32 earthquakes studied by Kuribayashi and Tatsuoka.  As a result of 
this study, Wakamatsu proposed an upper bound relationship between MJ and R (for MJ > 5.0) 
as follows: 

 log . log . .R M J= −2 22 4 22 19 0b g  (5.4) 

 All the upper bound relationships described above are plotted in Fig. 5.1, using surface 
wave magnitudes, Ms, defined by Gutenberg (1945) and based on the relationships published 
by Utsu (1982) (See Fig. 3.10 in Chapter 3).  The bound given by Eq. 5.4, based on 
Wakamatsu's work, is the most conservative among the bounds given by Eqs. 5.1 through 5.4.  
This is because the definition of liquefaction used by Wakamatsu includes even minor signs of 
liquefaction effects. 
 In practice, this definition of liquefaction may be too conservative.  Considering only 
those data (from 46 Japanese events) indicating significant liquefaction gives a less 
pessimistic bound (the solid line in Fig. 5.1, Wakamatsu, 1993): 

 log . log . .R M J= −35 14 6 0b g  (5.5) 

 This relationship can be used to predict the maximum range of liquefaction for a 
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particular magnitude of earthquake, given the presence of potentially liquefiable Holocene 
sediments.  Equation 5.4 will, in addition, provide an assessment of the likely range of minor 
ground damage. 
 Although the epicentral distance, R, can generally be estimated more easily than the 
distance from the seismic energy source, Rf, the latter distance is more suitable for larger 
magnitude earthquakes and those with well defined faults.  Youd and Perkins (1978) plotted 
horizontal distance from the seismic energy source to the farthest location of significant 
liquefaction defined as a site where displacements exceed 100 mm (Fig. 5.2).  The seismic 
energy source was defined as the projection to the ground surface of the fault rupture plane 
for strike-slip and normal faults and the zone of tectonic crustal uplift for thrust faults.  For 
smaller magnitude events (M<5.5), the epicenter normally approximates the surface 
projection of the energy source. 
 However, if all liquefaction effects are considered, including minor fissures and sand 
boils, then the range of liquefaction sites is substantially greater.  For example, Ambraseys 
(1988) plotted horizontal distance, Rf (km), from the causative fault to the farthest indication 
of liquefaction.  His data, defined by Mw and Rf for shallow earthquakes, are bounded by the 
curve plotted on Fig. 5.2: 

 M R Rw f f= + × +−4 68 9 2 10 0 903. . . log  (5.6) 

and show a three-fold increase in range over the data considered by Youd and Perkins.  
(Ambraseys also included data from areas of lesser attenuation, Youd, 1991.) 
 
b) Intensity Criteria 
 The maximum extent of liquefaction susceptible area may also be estimated based on 
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seismic intensity, described in Chapter 3.  Kuribayashi and Tatsuoka (1975) and Wakamatsu 
(1991) analyzed seismic intensities at past liquefaction sites and showed that liquefaction was 
generally induced in areas underlain by liquefiable Holocene sediments by seismic shaking 
with an intensity in excess of V on the Japan Meteorological Agency (J.M.A.) scale, or VIII 
on the Modified Mercalli (M.M.) scale.  Minor cases of liquefaction may occur at less than 
V on the J.M.A. scale as this scale is based on intensities over a relatively large area which 
may not fully take account of local site conditions.  Thus, intensity V may be adequate for 
predicting significant liquefaction, but intensity IV (J.M.A.) should be used for minor effects.  
The different seismic intensity scales (including J.M.A. and M.M.) were correlated for 
convenience in Fig. 3.7. 

(2) Estimation of liquefaction susceptibility based on existing data 

a) Geological and Geomorphological Criteria 
 Liquefaction is known to occur repeatedly at the same site (Kuribayashi and Tatsuoka, 
1975; Youd, 1984; Yasuda and Tohno, 1988; Wakamatsu, 1991).  Thus, maps showing the 
localities of past liquefaction may be considered as potential areas of liquefaction in future 
earthquakes.  In particular, if a correlation is established between past liquefaction 
occurrences and geological and geomorphological criteria, then this may be used to infer the 
likely area of liquefaction susceptibility.  An example of this was reported by Iwasaki et al. 
(1982) who analyzed several dozens Japanese earthquakes and developed the criteria listed in 
Table 5.1.  Figure 5.3 shows an example of mapping based on this correlation for an area 
including Shizuoka Prefecture, about 150 km southwest of Tokyo, where a large magnitude 8 
earthquake is anticipated in the near future.  In compiling the map, the intensity criteria was 
also applied; intensity of seismic shaking in the area was assumed to be on the order of V 
(J.M.A.) or VII-VIII (M.M.), which is equivalent to the level of shaking in the liquefied areas 
during the 1964 Niigata earthquake. 
 
b) Liquefaction Severity Index (LSI) 
 To quantify the severity of liquefaction effects, Youd and Perkins (1987a) introduced the 
concept of "liquefaction severity index" (LSI), where LSI is defined as the general maximum 
ground displacement of lateral spreads on liquefiable, gently-sloping, late-Holocene fluvial 
and deltaic deposits.  LSI is defined as being the maximum horizontal displacement of lateral 
spreading measured in millimeters divided by 25 (or inches).  Anomalously large 
displacements, LSI>100, are neglected for the definition of LSI. 
 Youd and Perkins (1987a) plotted LSI versus horizontal distance from the earthquake 
energy source (fault or zone of crustal uplift) for several western US earthquakes, statistically 
analyzed the data to define bounds and developed a regression equation for the data, as shown 
on Fig. 5.4.  These bounds may be used as LSI attenuation functions, for example, in 
analytical risk models to generate probabilistic maps of the expected LSI.  For example, Fig. 
5.5 shows LSI values for southern California with a 90 percent probability of non-exceedence 
in 50 years, the contours of which indicate maximum expected displacements in areas 
underlain by highly liquefiable sediments. 
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Fig. 5.3. Microzonation map of liquefaction potential estimated from geomorphological 

information (Iwasaki et al., 1982). 

 
 
 
 

Table 5.1 Susceptibility of geomorphological units to liquefaction (Iwasaki et al., 1982) 

Rank Geomorphological units Liquefaction Potential 

A Present River Bed, Old River Bed, Swamp, Reclaimed 
Land, and Interdune Lowland Liquefaction Likely 

B Fan, Natural Levee, Sand Dune, Flood Plain, Beach, and 
Other Plains Liquefaction Possible 

C Terrace, Hill, and Mountain Liquefaction Not Likely
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distance from the seismic energy source (Youd and Perkins, 1987a) 
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5.3 Grade-2 methods 

 Grade-2 approaches to zonation for liquefaction differ from Grade-1 in the 
incorporation of available but generally unpublished data from public and private sources.  
Because of the lack of a unique relationship between geological and/or geomorphological 
criteria and geotechnical properties, susceptibility maps based on these Grade-1 criteria 
generally do not provide definitive information for site specific evaluations.  Other data 
which may be available include: 

i) interpretation of aerial photographs defining detailed geomorphological and 
geological units; 

ii) field studies classifying units susceptible to liquefaction; 
iii) analysis of aerial photographs taken shortly after major flood events delineating zones 

of flooding and sediment accumulation; 
iv) interviews with local residents providing historical information on liquefaction 

occurrences during past earthquakes. 
  Although this distinction between Grade-1 and 2 may appear minor, the amount of 
effort required for the collection of data to the detail required for Grade-2 may be sometimes 
many times greater than for Grade-1. 

(1) Geological and geomorphological criteria for evaluating liquefaction potential 

 Geological and geomorphological criteria for identifying areas of high liquefaction 
potential were summarized in Tables 5.2 and 5.3.  These criteria indicate, for example, that 
fluvial and aeolian processes help to sort and sediment granular soils into a relatively loose 
state, a condition of high liquefaction susceptibility, but that sediments generally gain 
resistance to liquefaction overtime.  These factors therefore directly or indirectly influence 
the liquefaction susceptibility of natural sediments and, although they are generally reliable, 
they may not by themselves uniquely define liquefaction potential at a site.  Site-specific 
data, for example correlating past liquefaction occurrences with geological and/or 
geomorphological settings, will enhance the value of this approach. 
 Geology and geomorphology-based mapping can be performed using aerial 
photography (see Appendix 1) to delineate units on the basis of the criteria listed in Tables 5.2 
and/or 5.3.  However, detailed maps of the distribution of past liquefaction sites compiled 
following interviews with local residents and the collection of local documents on earthquake 
damage form an important aspect of Grade-2 zoning.  With the aid of these maps, the 
liquefaction sites can be correlated with geological and geomorphological units to develop a 
susceptibility map for the area.  These locally developed geological and geomorphological 
relationships are very effective in assessing liquefaction susceptibility.  For Grade-2 zoning 
of liquefaction hazard, existing geotechnical and geological site investigation report from 
public or private sources should be used as a basis for the hazard assessment.  By identifying 
specific criteria from the investigation data, the accuracy of hazard mapping can be 
significantly improved over Grade-1 zonation. 
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Table 5.2 Susceptibility of sedimentary deposits to liquefaction during strong shaking (Youd 

and Perkins, 1978) 

Likelihood that cohesionless sediments, when 
saturated, would be susceptible to liquefy (by 
age of deposit) Type of deposit 

General 
distribution of 
cohesionless 
sediments in 

deposits <500years Holocene Pleis-toce
ne 

Prepleis-to
cene 

Continental deposits 
River channel 
Flood plain 
Alluvial fan and plain 
Marine terraces and plains 
Delta and fan- delta 
Lacustrine and playa 
Colluvium 
Talus 
Dunes 
Loess 
Glacial till 
Tuff  
Tephra 
Residual soils 
Sebkha 

Locally variable
Locally variable
Widespread 
Widespread 
Widespread 
Variable 
Variable 
Widespread 
Widespread 
Variable 
Variable 
Rare 
Widespread 
Rare 
Locally variable

Very high
High 

---- 
Moderate 
High 
High 
High 
Low 
High 
High 
Low 
Low 
High 
Low 
High 

High 
Moderate 
Low 
Low 
Moderate 
Moderate 
Moderate 
Low 
Moderate 
High 
Low 
Low 
High 
Low 
Moderate 

Low 
Low 
Very low 
Low 
Low 
Low 
Low 
Very low 
Low 
High 
Very low 
Very low 

? 
Very low 
Low 

Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 
Very low 

? 
Very low 
Very low 

Coastal zone 
Delta 
Esturine 
Beach 
  High wave energy 
  Low wave energy 
Lagoonal 
Fore shore 

Widespread 
Locally variable
 
Widespread 
Widespread 
Locally variable
Locally variable

Very high
High 
 
Moderate 
High 
High 
High 

High 
Moderate 
 
Low 
Moderate 
Moderate 
Moderate 

Low 
Low 
 
Very low 
Low 
Low 
Low 

Very low 
Very low 
 
Very low 
Very low 
Very low 
Very low 

Artificial 
Uncompacted fill 
Compacted fill 

Variable 
Variable 

Very high
Low 

--- 
--- 

--- 
--- 

--- 
--- 
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Table 5.3 Susceptibility of detailed geomorphological units to liquefaction subjected to 

ground motion of the J.M.A. intensity V or M.M.S. VIII (Wakamatsu, 1992) 

Geomorphological conditions 
Classification Specific conditions 

Liquefaction
potential 

Valley plain consisting of gravel or cobble Not likely Valley plain Valley plain consisting of sandy soil Possible 
Vertical gradient of more than 0.5% Not likely Alluvial fan Vertical gradient of less than 0.5% Possible 
Top of natural levee Possible Natural levee Edge of natural levee Likely 

Back marsh  Possible 
Abandoned river channel  Likely 
Former pond  Likely 
Marsh and swamp  Possible 

Dry river bed consisting of gravel Not likely Dry river bed Dry river bed consisting of sandy soil Likely 
Delta  Possible 

Sand bar Possible Bar Gravel bar Not likely 
Top of dune Not likely Sand dune Lower slope of dune Likely 
Beach Not likely Beach Artificial beach Likely 

Interlevee lowland  Likely 
Reclaimed land by drainage  Possible 
Reclaimed land  Likely 
Spring  Likely 

Fill on boundary zone between sand and lowland Likely 
Fill adjoining cliff Likely 
Fill on marsh or swamp Likely 
Fill on reclaimed land by drainage Likely 

Fill 

Other type fill Possible 
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(2) Examples of the estimation of liquefaction potential based on site-specific geological 
or geomorphological investigations 

a) Maps for the U.S.A. 

 A hypothetical map showing potential for liquefaction-induced ground failure was 
compiled by Youd and Perkins (1987) based on the compilation of two companion maps, a 
liquefaction susceptibility map as shown in Fig. 5.6 and a liquefaction opportunity map as 
shown in Fig. 5.7.  The susceptibility map was compiled from a surface geological map with 
reference to Table 5.2 and delineates the area where liquefiable materials are most likely to 
exist.  The opportunity map is compiled based on recurrence intervals for earthquake 
shaking strong enough to generate liquefaction in that area.  These maps are then 
superimposed to create a map showing liquefaction potential as shown in Fig.  5.8.  Using 
this approach, liquefaction susceptibility maps were prepared and published for Santa Cruz 
County (Dupré, 1975), for Northern Monterey and Southern Santa Cruz County (Dupré and 
Tinsley, 1980) and for Monterey County (Dupré, 1990) at a scale of 1:24,000 or 1:62,500.  
These liquefaction hazard maps were validated following the 1989 Loma Prieta earthquake 
when nearly all of the sites where liquefaction occurred lay within zones previously mapped 
as having a high or very-high liquefaction hazard. 
 
 
 

 
Fig. 5.6. Map of liquefaction-induced ground failure susceptibility for hypothetical area 

(Youd and Perkins, 1978). 
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Fig. 5.7 Map of ground failure opportunity return period for hypothetical area (Youd and 

Perkins, 1978). 

 
 

 
Fig. 5.8. Map of liquefaction-induced ground failure potential for hypothetical area (Youd 

and Perkins, 1978). 
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b) Maps for Japan 

 Geomorphological and history-based techniques were used by Kotoda et al. (1988) to 
identify liquefaction susceptible units for three areas in Japan located in regions of high 
seismic hazard.  The descriptions of liquefaction in past earthquakes were collected from 
damage reports and used to compile detailed maps showing historic occurrences.  At the 
same time, geomorphological land classification maps were drawn up at scales of 1:25,000 or 
1:50,000, based on the analysis of aerial photographs, bore-hole data and field surveys.  The 
geomorphological classification, focussed on key factors pertinent to estimating liquefaction 
potential: 

i) the correlation between the geomorphological units and geotechnical properties; 
ii) the identification of former stream channels; 
iii) the approximate dates, materials and methods of reclamation; 
iv) the ground water conditions such as depth of ground water table, distribution of 

springs, and artesian conditions. 
Correlations between liquefaction occurrence, geomorphological aspects, and earthquake 
intensity were then used to define the liquefaction susceptibility of each geomorphological 
unit for each area being considered. 
 Based on this Grade-2 type approach, liquefaction susceptibility maps were compiled 
and published for the Shonai Plain, Yamagata Prefecture, Japan (Oya et al.,1982) and Kise 
River Basin, Shizuoka Prefecture, Japan (Oya et al., 1985) at scales of 1:50,000 and 1:25,000, 
respectively (Fig. 5.9).  The hazard map for the Shonai Plain was validated the 1983 
Nihonkai-chubu earthquake when incidents of liquefaction occurred solely within zones 
predicted as having a high hazard probability. 

5.4 Grade-3 methods 

 By combining site-specific geotechnical surveys with the approaches described under 
Grade-1 or Grade-2, high accuracy and detailed zonation can be achieved for liquefaction 
potential for each geological and geomorphological unit.  Grade-3 zoning requires additional 
detailed site specific information, commonly requiring new site investigations and testing.  
As with Grade-2, valuable data will often be found from governmental agencies and private 
companies. 
 For liquefaction assessment, however, Grade-3 methods generally require new 
specialized subsurface investigations and field and laboratory testing, at a significantly greater 
cost than required for Grade-2.  Grade-3 approaches to the assessment of liquefaction 
potential consist of the following steps: 

i) estimation of the liquefaction resistance of soils in a deposit; 
ii) estimation of the maximum or equivalent cyclic shear stress likely to be induced in the 

soil deposit during an earthquake; 
iii) estimation of the liquefaction potential of the deposit, based on (1) and (2). 

 Liquefaction resistance can be estimated using either in-situ testing or laboratory tests 
on undisturbed samples.  In practice, in-situ testing procedures are more widely used, since 
these are not subject to the difficulties experienced in obtaining truly undisturbed samples that 
retain their in-situ liquefaction resistance.  Of the in-situ tests available, the standard 
penetration test (SPT) and cone penetration test (CPT) are the most commonly used for 
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liquefaction assessment. 
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 Techniques using data from the SPT include those developed by Seed and Idriss (1971), 
Seed et al. (1985), Iwasaki et al. (1978), Tokimatsu and Yoshimi (1983), Iai et al. (1989), and 
the Japan Road Association (1980, 1991).  Methods using the CPT include those developed 
by Seed and De Alba (1986), Ishihara (1985), Shibata and Teparaksa (1988), and Robertson 
and Campanella (1985).  Some of these are described bellow. 

(1) Evaluation of in-situ liquefaction susceptibility based on Standard Penetration Test 

a) Correction of SPT N-value for energy efficiency 

 The blowcount, or N-value, derived from the SPT is measured in different parts of the 
world using different delivery systems.  This had led to a variety of different test procedures, 
each different in their energy delivery (Seed et al., 1985 and Skempton, 1986).  A 
recommended procedure is given in Table 5.4.  It is clearly important to understand and 
correct for this in using the SPT and this is achieved by standardizing the measured blowcount 
against available empirical correlations. 
 

Table 5.5 Summary of energy ratios for SPT procedures. (Seed et al., 1985, and Skempton, 
1986) 

Country Hammer type Hammer release 
Estimated 
rod energy 
ERm (%) 

Correction 
factor for 60%

rod energy 
Japana 
 
 
U.S.A. 
 
Argentina 
China 
 
U.K. 
 

Donut 
Donutb 
 
Safetyb 
Donut 
Donutb 
Donutb 
Donut 
Pilcon 
Old standard 

Tombi 
Rope and pulley with 
special throw release 
Rope and pulley 
Rope and pulley 
Rope and pulley 
Free-fallc 
Rope and pulley 
Trip 
Rope and pulley 

78 
67 
 

60 
45 
45 
60 
50 
60 
60 

1.30 
1.12 

Average1.2 
1.00 
0.75 
0.75 
1.00 
0.85 
1.00 
1.00 

a Japanese SPT results have additional corrections for borehole diameter and frequency 
effects 

b Prevalent method in each country today 
c Plicon type hammers develop an energy ratio of about 60%

 
Table 5.4 Recommended SPT procedure for use in liquefaction correlation (Seed et al., 1985) 

1. Borehole: 4 to 5 in. diam rotary borehole with bentonite drilling mud for borehole 
stability 

2. Drill bit: Upward deflection of drilling mud (tricone of baffled bit). 
3. Sampler: O.D. = 2.00 in.; I.D. = 1.38in. -constant (i.e., no room for liners in barrel) 
4. Drill rods: A or AW for depth less than 50ft; N or NW for greater depths. 
5. Energy delivered to Sampler: 2,520 in.-lbs.(60% of theoretical maximum) 
6. Blowcount rate: 30-40 blows per minute 
7. Penetration resistance Count: Measures over range of 6~18 in. of penetration into the 

ground. 
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 If the energy efficiency of a particular procedure is different from that adopted in the 
proposed empirical correlation, the measured blowcount Nm should be scaled as follows: 

 N ER
ER

NER
m

m=  (5.7) 

where ERm denotes the energy efficiency used for obtaining the Nm value, and ER and NER 
denote the energy efficiency and blowcount respectively used for establishing the correlation 
between the cyclic strength and the SPT value.  The energy efficiencies for typical SPT test 
procedures are given in Table 5.5.  This suggests broadly that energy efficiencies are about 
72% for Japanese correlations and about 60% or even less for most other countries. 

b) Simplified procedure by Seed and Idriss 

 The cyclic stress ratio, developed at a particular depth beneath a level ground surface 
may be estimated using the relation developed by Seed and Idriss (1971): 

 τ
σ

σ
σ

νa
d

a
g

r
′

=
′0

0

0

0 65. max  (5.8) 

where τav is the "average" cyclic shear stress during a particular time history, σ 0  is the 
effective overburden stress at the depth in question, ′σ 0  is the total overburden stress at that 
depth, αmax is the peak horizontal ground acceleration generated by the earthquake at the 
ground surface, g is the acceleration of gravity, and rd is a stress reduction factor which is a 
function of depth and the rigidity of the soil column. 
 The second part of the Seed and Idriss procedure requires the determination of the 
cyclic strength of the soil deposit.  This is estimated based on either empirical correlations 
with the SPT Nm value (Seed et al., 1985), or cone penetration resistance, qc, allowing for the 
effects of the soil fines content.  Empirical charts (Figs.5.10 and 5.11) have been prepared to 
determine the cyclic strength based on corrected SPT blowcount, (N1)60, calculated as follows: 

 N C ER Nn
m

m1 60 60
b g =  (5.9) 

where Cn is a correction coefficient for overburden pressure as shown in Fig. 5.12, and ERm is 
the actual energy efficiency delivered to the drill rod from Table 5.5.  Based on (N1)60, then, 
the cyclic stress ratio required to induce liquefaction for a magnitude 7.5 earthquake, 
( / ) , .τ σav M′ =0 7 5 , is given by several relationships drawn in Figs. 5.10 and 5.11.  For 
earthquakes of other magnitudes, the appropriate cyclic strength is obtained by multiplying by 
a magnitude scaling factor as given in Table 5.6.  The factor of safety against liquefaction, 
FL, is then estimated as: 

 FL
a l M M

a

=
′

′
=

τ σ
τ σ

ν

ν

0

0

b g
b g

,  (5.10) 
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Table 5.6 Correction factors for the influence of earthquake magnitude on liquefaction 
resistance (Seed et al., 1985) 

Earthquake 
magnitude, M 

Number of representative 
cycles at 0.65τmax 

τ
σ
τ
σ

av

av

M M

M

′
F
HG

I
KJ =

′
F
HG

I
KJ =

0

0

7 5

for

for .
 

8.5 26 0.89 
7.5 15 1.0 
6.75 10 1.13 
6 5~6 1.32 
5.25 2~3 1.5 

 
 

c) Simplified procedure adopted in the Specifications for Highway Bridges 

 The method outlined in the Specifications for Highway Bridges (Japan Road 
Association, 1991) is based on a procedure developed by Iwasaki et al. (1978) termed "simple 
geotechnical analysis".  The method is similar to the Seed and Idriss approach in that a soil 
liquefaction capacity factor, R, is calculated along with a dynamic load, L, induced in a soil 
element by the seismic motion.  The ratio R/L is defined as the liquefaction resistance factor, 
FL.  The soil liquefaction capacity is calculated from the sum of three factors which take into 
account the overburden pressure, the grain size and fines content: 

 F R LL =  (5.11) 

where: 

 R R R R= + +1 2 3  (5.12) 
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where ′σ v  is the effective overburden pressure in kgf/cm2, D50 is the mean grain size and FC 
is the fines content.  Equations 5.13 through 5.15 are applicable for loose and medium sands 
with relative densities of less than about 60%.  The dynamic load induced in a soil element is 
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calculated as follows: 
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Fig. 5.10. Relationship between stress ratios causing liquefaction and (N1)60 value for clean 

sands for M=7.5 earthquakes (Seed et al., 1985). 
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Fig. 5.11. Relationship between stress ratios causing liquefaction and (N1)60 value for silty 
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sands for M=7.5 earthquakes (Seed et al., 1985). 
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Fig. 5.12. Chart for values of CN (Seed et al., 1985). 

 L a
g

rd=
′

max σ
σ

ν

ν

 (5.16) 

where σ v  is the total overburden pressure, ′σ v0  is the effective overburden pressure, αmax is 
the estimated peak surface acceleration in cm/sec2, g is the acceleration of gravity (980 cm/s2), 
and rd is a stiffness reduction factor.  The factor rd depends on depth: 

 r zd = −1 0 015.  (5.17) 

where z is the depth in meters below the ground surface. 
 If undrained cyclic triaxial tests can be performed on high-quality undisturbed samples, 
these data can be used to refine the liquefaction capacity, R, in Eqs. 5.13 to 5.15. 

d) Chinese criteria for liquefaction evaluation 

 Correlations between the liquefaction resistance of sand deposits and SPT N-values 
have also been developed in China (Taiping et al., 1984; Ishihara, 1986).  These are 
presented in the form of code requirements for determining liquefiable sites, expressed in 
terms of critical penetration resistance, Ncrit: 

 N N d dcrit s w= + − − −1 0125 3 0 05 2. .b g b g  (5.18) 

where ds is the depth in meter to the sand layer under consideration; dw is the depth to the 
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water table in meters; and N  is a function of the earthquake shaking intensity as 
summarized in Table 5.7. 
 In recent years it has been proposed that this original equation be supplemented by an 
additional term reflecting the influence of the fines content of the soil, defined in terms of the 
percent clay content pc (Taiping et al., 1984): 

 N N d d pcrit s w c= + − − − −1 0125 3 0 05 2 0 07. . .b g b g  (5.19) 

 The SPT N-values (devolved by N ) associated with this equation are those determined 
using a "free-fall" type of hammer which is presumed to deliver an energy ratio of about 60%., 
The field performance data from which Eq. 5.19 has been developed appear to relate to 
earthquakes with a magnitude of about 7.5. 
 
 

Table 5.7 N  value as a function of earthquake shaking intensity (Seed et al., 1985) 

Earthquake Intensity N  in blow/ft Peak ground acceleration 
VII 6 0.10 g 
VIII 10 0.20 g 
IX 16 0.40 g 

 
 

(2) Approaches using cone penetration resistance 

 In recent years, there has been considerable interest in using the CPT to evaluate 
liquefaction susceptibility.  Procedures which use CPT resistance are very similar to those 
using SPT resistance.  A boundary can be defined separating liquefiable from non-liquefiable 
conditions, for example as shown in Fig. 5.13 (Seed and De Alba 1986), in which the 
normalized cone penetration resistance qc1 is defined as 

 q C qc q c1 =  (5.20) 

where qc1 denotes the cone tip resistance corresponding to an overburden pressure of 1 
kgf/cm2, qc is the cone tip resistance( in the same units), and Cq is a factor obtained from the 
chart shown in Fig. 5.14.  Thus, once the cone penetration resistance qc for a deposit is 
known, its liquefaction resistance can be estimated using the charts shown in Figs. 5.13 and 
5.14.  Several limiting criteria are compared with those proposed by Seed and De Alba in 
Figs. 5.15 (for clean sands ) and 5.16 (for silty sands). 
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Fig. 5.13. Relationship between stress ratio causing liquefaction and cone tip resistance for 

sands and silty sand (Seed and de Alba, 1986). 
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in terms of CPT (modified from Tokimatsu, 1988). 
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(3) Evaluation of the effects of liquefaction 

 For engineering purposes, it is not usually the occurrence of liquefaction itself that is 
important to estimate but its consequences for damage to the ground or adjacent structures.  
Two approaches are introduced here for identifying the effects of liquefaction, based on data 
from site specific geotechnical investigations. 

a) Damage in the presence of an unliquefiable surface layer or crust 

 To decide whether liquefaction will or will not exert damage on the ground surface, the 
thickness of the liquefiable layer can be compared with the thickness of the surface crust 
using criteria such as that shown in Fig. 5.17.  If the thickness of the surface layer, H1, is 
larger than that of the underlying liquefied layer, resulting damage on the ground surface may 
be insignificant.  If the water table is below the ground surface the definition of Hl depends 
on the nature of the superficial deposits, as shown in Fig. 5.18. For a deposit of sandy soils, 
the thickness Hl can be taken to be equal to the depth of the water table. 

b) Liquefaction potential index 

 Iwasaki et al. (1982) quantified the severity of possible liquefaction at any site by 
introducing a factor called the liquefaction potential index, PL, defined as follows: 

 P F z w z dzL = z b g b g
0

20
 (5.21) 

where z is the depth below the ground surface, measured in meters; F(z) is a function of the 
liquefaction resistance factor, FL, where F(z)=1-FL but, if FL>1.0, F(z)=0; and w(z)=10-0.5z. 
Equation 5.21 gives values of PL ranging from 0 to 100.  By calculating this index for 63 
liquefied and 22 nonliquefied sites in Japan, Iwasaki et al. concluded that sites with PL values 
greater than about 15 suffer severe liquefaction effects whereas effects are minor at sites with 
a value of PL less than about 5. 

(4) Examples of the evaluation of liquefaction potential using Grade-3 methods 

 The following examples illustrate the use of Grade-3 methods based on geological and 
geotechnical information. 

a) Liquefaction susceptibility 

 The liquefaction potential map, compiled by Youd et al. (1975), for the San Francisco 
Bay area of California at a scale of 1:40,000 used the Grade-3 procedures (Fig. 5.19).  
Zonation was based on detailed geological studies of unconsolidated sediments.  
Liquefaction potential was estimated from analysis of the maximum horizontal surface 
accelerations, the duration of ground motion, the depth of water table, and the depth and 
standard penetration resistance of clay-free granular sediments, based on the simplified 
procedure developed by Seed and Idriss (1971).  The results were statistically averaged to 
provide an estimate of liquefaction potential for each zone. 
 This approach has also been applied to the Los Angeles Basin (Youd et al., 1978; 
Tinsley et al., 1985; Matti and Carson, 1986), to the San Diego urban area (Power et al., 1982), 
to San Mateo County (Youd and Perkins, 1987b), to Utah (Anderson et al., 1987), and to 
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Seattle, Washington (Grant et al., 1991). 
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Fig. 5.17 Proposed boundary curves for surface manifestation of liquefaction-induced damage 

(Ishihara, 1985) 
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Fig. 5.18. Definitions of the surface unliquefiable layer and the underlying liquefiable sand 
layer (Ishihara, 1985). 
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Fig. 5.19. Preliminary map showing liquefaction potential for the southern San Francisco Bay 

region (Youd et al., 1975). 
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b) Liquefaction severity 

 Ishihara and Ogawa (1978) compiled a liquefaction potential map of the Tokyo 
Lowlands based on a three stage approach: potentially liquefiable sand layers in the soil 
profile were identified for a given site, and then examined to see whether the sandy soils were 
loose enough to induce liquefaction under a 0.25 g peak horizontal acceleration, based on 
critical SPT N-value.  Finally, the thickness of any unliquefiable surface layer was compared 
with that of the depth of underlying liquefiable sand to decide whether the effects of 
liquefaction would or would not be manifested on the ground surface.  As a result, each site 
in the area was classified into one of three categories as shown in Fig. 5.20. 
 Iwasaki et al. (1982) compiled a liquefaction susceptibility map as shown in Fig. 5.21 
for Shizuoka Prefecture, southwest of Tokyo, at a scale of 1:50,000 by calculating the index 
PL for each of 4,000 bore holes using an input peak horizontal acceleration of 0.3g.  The 
calculated PL was then averaged over each 1 km square cell into which the prefecture is 
partitioned.  For the cells with no bore hole data, PL was estimated from values calculated in 
adjacent cells.  Figure 5.21 shows cells with an average PL greater than 15, identified as 
particularly susceptible to liquefaction damage under this level of input acceleration. 
 As a final example, the Institute of Civil Engineering of the Tokyo Metropolitan 
Government developed a liquefaction potential map (shown in Fig. 5.22) for the Tokyo 
Lowlands at a scale of 1:25,000 (Kusano et al. 1988).  The map incorporated the results of 
liquefaction analyses, historical occurrences of liquefaction, and geographic and geological 
studies into liquefaction zones.  To refine the zonation further, undrained cyclic triaxial tests 
were performed on about 200 undisturbed specimens taken from deposits within the studied 
area.  These tests showed that the liquefaction strength of the sandy deposits was larger than 
that estimated using the simplified analysis by Iwasaki et al. (1978) and this was taken into 
account in the final zonation. 
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Fig. 5.21. Liquefaction zonation map for Shizuoka Prefecture, Japan, based on liquefaction 

potential index, PL (Iwasaki et al., 1982). 
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APPENDIX-1 

Procedures for geomorphological mapping using aerial photographs 

 Aerial photo interpretation can be used to analyze and classify an area of land into 
systems, units and/or sub-units on the basis of several distinctive criteria (land characteristics, 
attributes or qualities). 
 In geomorphological mapping for evaluating liquefaction potential, specialized 
techniques should be applied to define units of sediment deposited during Holocene and 
particularly late Holocene time. These techniques include: 

a) evaluation of the correlation between geomorphological units and geotechnical 
properties; 

b) careful identification of former stream channels; 
c) evaluation of water conditions, distribution of springs, and artesian conditions; 
d) estimation of the approximate ages of Quaternary deposits and artificially reclaimed 

fill. 
 From these specialized geomorphological and geological data in addition to the 
generally developed geomorphological settings, liquefaction susceptibility categories can be 
defined and a susceptibility map drafted for the area. 
 Analysis and mapping is a specialist activity; in general the following stages are 
recommended: 

(1) Planning 

 In planning a survey, it is vital to establish the purpose of the mapping, which will affect 
the approach. Financial and technical limitations and time scales have to be considered in 
detail. The mapping scale is the most important factor affecting the cost and duration of the 
survey as well as the accuracy of the mapping. Scales of 1:10,000 to 1:100,000 are 
recommended for evaluating liquefaction susceptibility based on a Grade-2 approach. The 
mapping scale is usually chosen from the range of scales of available topographical maps 
which can then be used as a "base map". Several sets of aerial photographs are desirable, if 
possible, for the definition of geomorphological units: older sets may predate urban 
development and several geomorphological and geological conditions more clearly; recent 
sets will be needed to define the present condition of the land including any filled zones. 
Aerial photographs taken shortly after major flood events are also useful to delineate zones of 
newly accumulated sediments. Suitable scales of photographs are from 1:8,000 to 1:80,000; 
for example, photographs at a scale of 1:40,000 are ideal for 1:50,000-scale mapping. 

(2) Collection of topographic, geographic, and geological information for mapping 

 Prior to the investigation, readily-available existing information and data should be 
collected and reviewed for geomorphological mapping. These might include the most recent 
topographic maps, older topographic maps, geological maps, soils maps, land use maps, 
surface hydrologic maps, and their related reports and papers. Of these, older topographic 
maps are very useful to see pre-development land features such as natural vegetation or other 
land use, former river courses, former coast lines, etc.,. 
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(3) Aerial photo-interpretation 

 Photo interpretation can be seen as a process, divided into a number of phases. Each 
phase brings the interpreter progressively closer to the extraction of the maximum information 
from the photo, in this case with regard to the evaluation of liquefaction susceptibility. 
Commonly four phases are defined as follows: 
 
Photo reading (i.e., detection, recognition and identification) 
 Detection, recognition and identification belong to the initial phases in aerial 
photographic interpretation and involve the direct observation of objects and features visible 
on the photographs. Together these are labelled "photo reading". Detection is the initial 
discovery of a feature. Recognition is the understanding of the nature of the feature,. 
Identification is the classification of the feature. 
 
Analysis 
 At the outset of the analysis a selection of key objects and features is made objectives of 
the interpretation. Analysis proceeds by dividing the aerial photograph into constituent parts, 
which is done on the basis of a qualitative and quantitative evaluation of the selected of 
objects or features. 
 
Validation 
 Confirmation of the analysis findings should be made by comparison with field 
observations. The cycle of analysis and field observation should continue until good 
agreement is reached. 
 
Deduction 
 Deduction is generally considered to be the fourth phase of aerial photo-interpretation; 
this is defined as the combination of photographic observations and knowledge drawn from 
other sources in order to deduce a pattern that cannot be obtained from the photo-image alone. 

(4) Procedures for systematic interpretation 

 Stereoscopic photo-interpretation is a highly skilled operation, which needs to be 
approached or a detailed practical and scientific basis, as otherwise the interpretation will be 
unnecessarily empirical. Procedures for systematic interpretation were first proposed by Stone 
(1956): 
 

a) Interpretation should be performed methodically, i.e., in five steps as follows: 
 Step 1. Delineation of the drainage pattern; 
 Step 2. Delineation of the relief or morphology; 
 Step 3. Analysis of the vegetation and land use; 
 Step 4. Analysis of the lithology and its structure; 
 Step 5. Analysis and delineation of geomorphological units and details based on 

landforms, lithology and processes. 
b) Interpretation should move from the general to the specific; for example, from 

small-scale to large-scale mapping or from reconnaissance to detailed survey level. 
The main units should be interpreted before the details. 
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c) Interpretation should move from known to unknown features. 
d) Photographs should be analyzed for their photographic qualities. 

(5) Characteristics on photographic images 

 The most important characteristics which can be studied on photographic images are as 
follows (International Institute for Aerospace Survey and Earth Sciences, 1985): 
 
tone (the black-to-white range of a panchromatic photograph); 
pattern (the spatial arrangement of the various features in a repeated sequence and/or in a 

characteristic order within the interpreted area); 
texture (the product of an aggregate of uniform features which are too small to be clearly 

discerned individually; texture is depicted as repetitions of tonal changes); 
mottling (a covering of spots which may be of darker or lighter tone than the main surface; 

they appear in an irregular pattern and are of irregular shape and size); 
shape (form or topographic expression as observed in a two-dimensional photo-image); 
size (the volume dimension of an object as observed in a three-dimensional photo-image); 
shadow (obscurity within the area or space from which direct rays from a light source 

(normally the sun) are excluded by an interposed opaque body, e.g., terrain obstruction); 
topographic site (the position of a place with reference to the surrounding district or locality; 

In practice, it is the smallest unit in a system of morphologic regions influenced by a 
number of "site factors"); 

geographic situation (the place, position or location of an area or region in relation to its 
surroundings). 

(6) Preliminary mapping 

 The results of a photo interpretation study are usually presented in one or more maps. In 
most terrain studies, lithologic units, land forms, soil, water and vegetation differences and 
their distributions can not be described verbally with sufficient accuracy to ensure recognition 
in the field. Accurate mapping of the shapes and positions of these features is therefore critical 
in the presentation of photo-analyzed land data. 
 The following steps are recommended for mapping: 

a) Establish the major geomorphological units. At this stage, all maps and literature 
should be consulted. 

b) Divide the major units into smaller units and local pattern elements according to 
Stone's procedures. 

c) Interpret and compile all units/components into a preliminary map. Notes should be 
made of uncertain features which require checking in the field. 

(7) Field survey and final mapping 

 The preliminary map should be checked by field survey. If necessary, sediment and soil 
samples should be obtained for analysis to corroborate field observations and final 
conclusions. The field survey should be followed by a final study of the literature, 
photographs and laboratory results of the sediment and soil samples. The earlier deskstudy 
interpretation can then be corrected, completed and compiled into the final map. 



 106

REFERENCES 

International Institute for Aerospace Survey and Earth Sciences (1985). Aerial 
photo-interpretation in terrain analysis and geomorphological mapping, Smith 
Publishers, The Hague, The Netherlands. 442 pp. 

Stone, K.H. (1956). Air photo interpretation procedures, Photogram Engineering, Vol.20, 
pp.561-565 

 
 



 107

APPENDIX-2 

Design specification revised after the 1995 Hyogoken-nambu earthquake 

 The 1995 Hyogoken-nambu earthquake struck Japan resulting in significant damage in 
many structures. Several design specifications were revised after this earthquake. In the 
earthquake geotechnical engineering field, change of criteria of liquefaction and consideration 
of liquefaction-induced flow are the most significant change. Some typical revised design 
specifications are introduced here. 

1. Evaluation of in-situ liquefaction susceptibility and influence of liquefaction-induced 
flow in the Japanese Highway Bridge code revised in 1996 

 The Hyogoken-nambu earthquake in 1995 caused the extensive soil liquefaction in the 
coastal area and reclaimed lands in Kobe City and vicinity.  Many bridges were severely 
damaged due partly to the foundation soil liquefaction and liquefaction induced lateral 
spreading.  Specifications for Highway Bridges (Japan Road Association, 1990) was revised 
in 1996 based on the results of recent research woks including site investigations at the 
damaged area after the earthquake.  The main revisions are described below. 

(1) Liquefaction susceptibility 

 The evaluation procedures specified both in the earlier and revised version of the code 
are compared in Table 1.  
 Soil with a mean grain size D50 ranging between 0.02 and 2.0mm was stipulated to 
assess the liquefaction susceptibility in the earlier version of the code.  It was revised based 
on the following facts which have appeared in recent research works; 

a) Gravely soil with D50 higher than 2mm could liquefy, and  
b) Fines contents Fc of soil which was presumed to have liquefied was mostly less than 

35%, and soil with Fc more than 35% was occasionally liquefied in cases of plasticity 
index lower than a certain value.  

 It is stipulated in the revised code that the assessment of liquefaction susceptibility is 
conducted with considerably stronger earthquake ground motions, as described later.  This 
increased importance of the cyclic triaxial strength ratio RL of soil layers with higher SPT-N 
value.  The procedure of the evaluation of cyclic triaxial strength ratio was revised based 
mainly on the results of cyclic shear tests on high quality samples taken by ground freezing 
method.  In the earlier code, cyclic triaxial strength ratio was evaluated from the SPT-N 
value with supplement terms of the mean grain size and fines contents, while in the revised 
specification, effect of mean grain size and fines contents is evaluated by correcting the 
SPT-N value.  For sandy soil SPT-N value is corrected according to the fines contents.  A 
reason for this change is that a method accounting for effects of fines contents as an increment 
of the SPT-N value may provides more appropriate evaluation of cyclic strength ratio of soil 
with a higher SPT-N value and higher fines contents.  While for gravelly soil the measured 
SPT-N value is reduced in accordance with the mean grain size for the evaluation of cyclic 
strength ratio, since SPT-N value of gravelly soil tends to be higher due to the existence of 
gravel. 
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 Seismic ground motions with high intensity but less likely to occur during the service 
period of a bridge was newly taken into account in the revised code.  Two types of ground 
motion, that is the plate boundary type large scale earthquake ground motion with a number 
of large amplitude acts cyclically for longer time (seismic motion Type I) and the inland direct 
strike type earthquake ground motion of relatively short duration with a less number of cycles 
(seismic motion Type II), was considered and a coefficient C2 allowing for the irregularity of 
these seismic load was provided.  
 The design horizontal seismic coefficient kh0 for the calculation of the shear stress ratio 
L is determined ranging from 0.3 to 0.4 and from 0.6 to 0.8 for seismic motion Type I and 
Type II, respectively, while kh0 was 0.15 in the earlier code.  Type of ground was classified 
into following three classes based on the ground characteristic value TG(s), and different value 
of kh0 was stipulated for each type of ground in the revised code. 

 T H
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=
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 (1) 

where Hi  is the thickness of the i-th layer (m) and Vsi  is the averaged shear wave velocity 
of the i-th layer.  TG is a sum of the ratio H/V of layers above the base ground which is 
defined as a layer with a SPT-N value higher than 25 for cohesive soil and 50 for sandy soil, 
or a layer with shear wave velocity higher than 300 m/s.   
・ Ground type I: TG <0.2(s) (stiff diluvial deposits and rock mass) 
・ Ground type II: 0.2≤TG <0.6 (diluvial and alluvial deposit not belonging to either ground 

type I or III.) 
・ Ground type III: 0.6≤TG (soft alluvial deposits) 

(2) Influence of liquefaction-induced flow 

 The influence of liquefaction induced flow on bridge foundations is newly specified in 
the revised code.  Based on the site investigation of bridge foundation damaged by 
liquefaction-induced flow during the Hyogoken-nambu earthquake, it was stipulated that 
foundation located in ground with one of the following conditions should assess the influence 
of lateral spreading. 

a) Ground in harbor area within 100m from a shoreline formed with a revetment higher 
than 5m, as indicated in Fig. 1. 

b) Ground with a liquefiable layer of which thickness more than 5 m. 
A schematic illustration of foundation subjected to liquefaction-induced flow is shown in Fig. 
2.  Horizontal load intensity acting on a foundation in the liquefaction layer and overlying 
non-liquefaction layer due to liquefaction-induced flow is calculated as follows: 

 ( )q c c K x x HNL s NL p NL NL= ≤ ≤γ 0  (2) 

 ( )( ) ( )q c H x H H x H HL s NL NL L NL NL NL L= + − ≤ ≤ +0 3. γ γ  (3) 

where cs  and cNL  are coefficients as shown in Table 2 and 3, PL  is liquefaction potential 
index, KP  is the coefficient of passive earth pressure without considering any earthquake 
effect, γ L  and γ NL  are total unit weight of liquefied and non-liquefied layer respectively, 
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and x  is depth from the ground surface. 
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Table 1 Comparison of liquefaction assessment in specifications in 1990 and 1996 
Items 1990 version 1996 version 
Liquefiable 
soil layer 

Alluvial sand layer which satisfy 
1. Water table is less than 10 m from 

ground surface. 
2. Depth is less than 20 m from the ground 

surface 
3. 0.02mm ≤ D50 ≤ 2.0mm 

Alluvial sand layer which satisfy 
1. Water table is less than 10 m from ground surface. 
2. Depth is less than 20 m from the ground surface 
3. Either Fc ≤ 35% or Ip ≤ 15 
4. D50 ≤ 10mm and D10 ≤ 1 mm 

liquefaction 
occurrence Liquefy when FL≤1, where FL = R / L 

Cyclic shear 
resistance 
ratio, R 

LRCCCCCR ⋅⋅⋅⋅⋅= 54321  

LR : liquefaction strength obtained by 
triaxial test 

C1, C2, C3, C4, C5: correction factors 
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N1: Equivalent N-value at 1kgf/cm2 of effective overburden 
stress 

Na: Corrected N-value considering the effect of grain size 
 a, b: Correction factor depending on fines contents 

Correction 
from strength 
under triaxial 
condition to 
that in-situ 

C1⋅C2⋅C3⋅C4⋅C5=1.0 
C1: Difference of confining stress between 

triaxial condition and in-situ 
C2: Irregularity of earthquake wave 
C3: Disturbance from sampling to test 
C4: Densification from sampling to test 
C5:Multi-directional characteristics of 

ground shaking 
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rd : Reduction factor of the shear stress ratio 
in the vertical direction 

ks: Horizontal seismic coefficient at the 
ground surface 

cZ: Seismic zone factor 
cG: Ground condition factor 
cI: Factor showing the importance of the 

structure 
ks0: Standard horizontal seismic coefficient 

(0.15) 
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khc: Horizontal seismic coefficient at the ground surface 
cz: Seismic zone factor 
khc0: Standard horizontal seismic coefficient shown in the 

following table 
 

 Ground type Type 1 Type 2 Type 3 
 Type 1 ground motion 0.30 0.35 0.40 
 Type 2 ground motion 0.80 0.70 0.60 
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Table 1 Comparison of liquefaction assessment in specifications in 1990 and 1996 (continued) 
Items 1990 version 1996 version 

Range of FL

Depth from 
existing ground 

surface (m) 
DE Range of FL 

Depth from 
existing ground 

surface (m) 
R≤0.3 0.3<R 

0≤x≤10 0 0≤x≤10 0 1/6 FL≤0.6 
10<x≤20 1/3 

FL≤1/3 
10<x≤20 1/3 1/3 

0≤x≤10 1/3 0≤x≤10 1/3 2/3 0.6<FL≤0.8 
10<x≤20 2/3 

1/3<FL≤2/3 
10<x≤20 2/3 2/3 

0≤x≤10 2/3 0≤x≤10 2/3 1 

DE by which 
soil parameters 
are multiplied 

0.8<FL≤1.0 
10<x≤20 1 

2/3<FL≤1 
10<x≤20 1 1 

N: SPT N-value, σ’v: Effective overburden stress in kgf/cm2, σv: Total overburden stress in kgf/cm2, D50: Mean diameter in 
mm, D10: 10% diameter in mm, Fc: Fines content in % 
Type 1 ground motion: Ground motion caused by plate boundary type rare big earthquake such as shaking in Tokyo during 
the 1923 Kanto earthquake 
Type 2 ground motion: Ground motion caused by very rare near field big earthquake such as 1995 Kobe earthquake 
 

Distance from shoreline  100 m

Height from the
bottom of revetment

 
Fig. 1. Distance from the shoreline and height from the bottom of revetment. 

HNL

HL qL

qNLNonliquefied layer

Liquefied layer
Range where effect of
liquefaction-induced flow
should be considered

Range where effect of
liquefaction-induced flow
need not to be considered

Nonliquefied layer

 
Fig. 2. Example of horizontal load intensity acting on a foundation in the liquefaction layer 

and overlying non-liquefaction layer due to liquefaction-induced flow. 
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Table 2  Coefficient allowing for distance from water line 

Distance from water line  s (m) coefficient cs  
 s ≤   50 1.0 
 50<s ≤ 100 0.5 
 100<s  0 

 
Table 3 Coefficient for horizontal load intensity in non-liquefied layer 

liquefaction potential index PL  coefficient cNL

 LP  ≤     5 0 
 5< LP  ≤ 100 (0.2 PL -1)/3 
 100< LP  1 

 
2. Seismic design code for water supply facilities 

(1) Liquefaction susceptibility 

 Evaluation of liquefaction susceptibility is based on the Recommendations for design of 
building foundations (Architectural Institute of Japan, 1988), except that the liquefaction 
resistance is separated in accordance with the earthquake intensities; liquefaction resistance at 
the double amplitude shear strain 5% is used for level 1 earthquake and that at 10% is used for 
level 2 earthquake. 

(2) Ground deformation and strain caused by liquefaction-induced flow 

 Four patterns of the ground deformation caused by the liquefaction-induced flow that 
are taken into consideration in the seismic design for buried pipe are shown in Figs 1 to 4 and 
the ground strain or displacement for each pattern are prescribed as follows: 

a. Ground strain is 1.2~2.0% in the elongated displacement field in the backward of the 
quay wall (Fig. 3). 

b. Ground strain is 1.0~1.5% in the elongated displacement field in the inland area (Fig. 4). 
c. Ground strain is 1.0~1.5% in the contracted displacement field in the inland area (Fig. 5). 
d. Ground displacement derived from Eq. (4) in the liquefied inclined ground (Fig. 6). 

Here, the inland area indicates the area 100 m or more far away from the waterfront of the 
reclaimed land or river basin. 
 These specifications are described for the axial direction of the pipes and there are no 
prescriptions for normal direction of pipe. 
 Maximum horizontal displacement δG induced by the liquefaction in the inclined 
ground is evaluated as follow: 

 δ θG k H= ⋅ ⋅ ( )m  (4) 

where k: 0.57 (averaged value based on actual measurement ; Fig. 7) 
 H: summation of thickness of liquefaction layers 
 θ: inclination of ground surface 
 In addition, because the several pipe lines buried in the non-liquefied layers of the 
artificially changed inclined ground were damaged by the downward movements of the 
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ground at the Hyogoken nambu earthquake, 1.0~1.5% ground strain is considered against  
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Fig. 3.. Elongated displacement field Fig. 4. Elongated displacement field 
 in the backward of the quay wall  in the inland area  
 (ground strain 1.2-2.0%).  (ground strain 1.0-1.5%). 
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Fig. 7. Relationship between measured displacement and calculated displacement 

 
level 2 earthquake for such ground which has 10% and more inclination at the ground surface. 

(3) Horizontal load intensity by liquefaction-induced flow 

 Evaluation of the horizontal load intensity by the liquefaction-induced flow for 
foundation structures is fundamentally based on the Specifications for Highway Bridges. The 
decrease coefficient β (=1-0.01X; X: distance from waterfront (m)) for earth pressure induced 
by the liquefied layer is considered in accordance with the distance from waterfront.   

3. Seismic design code for sewerage facilities 

 Main revised points of the seismic design code for sewerage facilities are approximately 
similar to those for water supply facilities. 

(1) Liquefaction susceptibility 

 Evaluation of liquefaction susceptibility is based on the Specifications for Highway 
Bridges. 

(2) Ground deformation and strain caused by liquefaction-induced flow 

 Because the seismic design of the sewer is determined from only the elongated strain, 
following two patterns of ground strain caused by the liquefaction-induced flow are 
considered against level 2 earthquake. 

a. Ground strain (elongation) is 1.5% in the backward of the quay wall. 
b. Ground strain (elongation) is 1.2% in the area 100 m or more far away from the 

waterfront. 
 In this code, occurrence of the liquefaction-induced flow in the inclined ground is 
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pointed out but there are no prescriptions about ground displacement and strain for such 
condition. On the other hand, 1.3% ground strain (elongation) is considered in the 
non-liquefied layers of the artificially changed inclined ground which has 5% and more 
averaged inclination of the road.  

(3) Horizontal load intensity by liquefaction-induced flow 

 The horizontal load intensity by the liquefaction-induced flow for pile foundation is 
evaluated from following equation. 

 q D z= ⋅ ⋅ ⋅α γ  (5)  

where q: load intensity acting on the pile foundation at the depth z (tf/m) 
 α: coefficient of earth pressure against total overburden pressure in liquefied layer 

(0.05) 
 D: pile diameter (m) 
 γ : unit weight of soil (tf/m3) 

(4) Ground subsidence induced by liquefaction 

 In this code, standard evaluation of the ground subsidence induced by the liquefaction is 
prescribed by the following relationship from the actual measurement (Fig. 8): 

 δ η= ⋅100HFL  (6) 

where δ: ground subsidence (cm) 
 HFL: thickness of liquefied layer (m) 
 η: coefficient (0.05) 
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Fig. 8. Relationship between thickness of liquefied layer and ground subsidence 
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Case Study 1: 

LANDSLIDE HAZARD ZONATION STUDY IN AFFECTED AREA BY MANJIL 
EARTHQUAKE, 1990 

A. Komak Paned, Ast. Prof., Head of Geotechnical Dept. of International Institute of 
Earthquake Engineering and Seismology, Tehran, Iran and Ast. Prof. of Tarbiat Modaress 
University 

N. Hafezi Moghaddas, Research Associate of Geotechnical Dept. of International Institute of 
Earthquake Engineering and Seismology, Tehran, Iran 

Introduction 

 On Thursday, June 21, 1990 at 00:30 a.m. local time, the regions of Gilan and Zanjan in 
the northwest of Iran was struck by a major earthquake.  Manjil earthquake with Ms 7.7, Mb 
6.4 and Mw 7.3 at a depth of about 20 to 30 km was the most catastrophic to have occurred in 
the Iran since the Tabas-Golshan earthquake of 16 September 1978.  The region of severe 
intensities was the densely populated and about 35,000 people lost their lives. 
 Many aftershocks occurred after the mainshock, which added to the destruction 
particularly those that occurred 2, 5 and 12 hours after mainshock. 
 The main surface rupture of the 1990 earthquake occurred on an inaccessible fault that 
had not previously been recognized.  Many large and small landslides were triggered by the 
mainshock and aftershocks and more than 200 people were killed by these landslides. 
 The aim of this study is to evaluate the various landslide hazard zonation methods 
proposed by TC-4 Committee for Grades-1, 2 and 3.  The landslides triggered by Manjil 
earthquake were recognized, mapped and classified and relationship between landslides and 
various parameters such as distance from earthquake fault and epicenter, angle of failed slopes 
and type of failed materials were investigated. 

Seismotectonic and geology characteristics of area 

 The Manjil earthquake epicentral area lies in the western part of Alborz mountain belt in 
NW Iran.  Alborz mountain belt is one of the main seismic activity zones of Iran.  Within 
the last millennium the largest earthquake that occurred near the Manjil epicentral region 
appears to have been that of 15 August 1485 with Ms 7.2 (Ambraseys and Melville, 1982).  
Thus in the regional context, the 1990 event ruptured the existing large seismic gap, namely 
Agdagh gap. 
 From the geological point of view, the study area lies in the NW of Qazvin-Rasht and 
NE of Zanjan quadrangle maps on the northwest of Alborz mountains.  The oldest exposed 
formations are low grade metamorphic rocks and nonmetamorphic shale of Precambrian.  
No Silurian, Devonian and Carbonifer rocks are known in this area.  Early Permian 
sandstone, shale and conglomerates of Shemshak formation, Cretaceous shale and limestone 
are exposed in the region. 
 The youngest unfolded deposits are Plio-Pleistocene red bed, conglomerate, freshwater 
sediments, quaternary river terraces, loesses and extensive gravel sheets that are exposed 
mainly around the Sefied-Roud and Siah-Roud and Shah-Roud rivers banks. 
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Slope failures during the Manjil earthquake 

 The Manjil earthquake has induced many large and small landslides in the 250 square 
kilometers around the epicentral area and earthquake fault.  A few months after the 
earthquake, an intensive investigation was carried out on the affected area by use of aerial 
photographs that were prepared over the damaged area with a scale of 1:20,000. 
 According to this investigation about 120 landslides and many rockfalls which were 
triggered by Manjil earthquake and about 70 old landslides have been recognized.  Also 
many small (landslides with dimensions smaller than 40m) and incomplete landslides that 
could not been recognized in the aerial photographs were found during field studies. 

Distribution of landslides over the affected area 

 The frequency and failure mechanisms of landslides in affected area are functions of 
lithology, morphology, and evolution of slopes. 

Distribution of Landslides and Geology 

 The geological conditions of area had important effects on the failure mechanisms.  
Rockfalls mostly occurred in limestone and sandstone, but slumps generally took place in 
weathered tuff and loesses with high thickness.  The flow type failure mechanisms were 
usually involved in colluvial deposits, residual soils and surfacial deposits. 

Distribution of Landslides and Active Fault Locations 

 The investigation has shown that more than 60 percent of landslides occurred near the 
active fault by a distance smaller than 2 km.  In the Lakeh area more than 20 large and 
moderate landslides occurred in a small area in the margin of Kapateh and Rudbar fault.  
Two large landslides (about 2 km long and 1.1 km wide) occurred in the faulting contact of 
limestone and tuff in the west and east of Lakeh (Fig. 1).  The failed materials in the both 
landslides are colluvial deposits, residual soils and highly weathered tuff which are thick and 
deeper near the faults. 

Geomorphology and Landslide Distributions 

 The angle of failed slopes in the Manjil earthquake varied between 11 to 70 degree.  
This great variation indicates that materials forming the failed slopes are different from place 
to place.  The mechanism of failure in the large angle slopes which mostly have been formed 
from stronger materials such as limestone and conglomerate, are rockfall and rockslide, 
whereas in the slopes with less strong materials such as loess, weathered tuff and 
unconsolidated materials the most of ground failures are slump and earthflow. 
 The most of landslides moved in the direction normal to the main drainage system of 
area and also normal to the trends of existing faults. 
 The investigation showed that a few old landslides were reactivated by Manjil 
earthquake. The investigation also showed that in some old landslides a part of deposits with 
higher slope angles were failed. 
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Earthquake parameters and landslide distribution 

 While small landslides took place at a site of about 125 km in the southwest and 80 km 
in north, most of destructive landslides occurred near the earthquake fault by a distance about 
40 km. 

Landslide hazard zonation study 

 In order to examine the validity of landslide hazard zonation methods proposed by TC-4 
Committee, Kanagawa Method, Wilson et al.'s method and methods proposed for Grade-1 
have been used.  Then based on information collected from landslides triggered by Manjil 
earthquake, the landslide hazard zonation maps were prepared. 

Grade-1 Methods 

 The maximum distance of landslides from epicenter is about 125 km, which involved 
with reactivated old landslides in the Taleghan area in the southeast of epicenter of Manjil 
earthquake.  Geological formation in this area is sandstone with inter bedded gypsiferous 
mudstone, that in the nonseismic condition also has very high potential for landslides.  
However, the maximum distance from epicenter and earthquake fault is related to geological 
and geomorphological conditions which are not the same in different directions.  For 
example the maximum distance in the north of epicenter was about 80 km which involved 
with rockfalls in the Roudbar-Rasht main road, but in the southeast, it was 125 km and in the 
south and west of epicenter smaller than these values.  Comparison between results obtained 
from Manjil earthquake and magnitude-maximum landslide distance from epicenter ( or 
earthquake fault) relation proposed by Tamura (1978), Yasuda and Sugitani (1988), and 
Keefer et al.(1989) shows that the maximum distance of triggered landslides from epicenter 
(or earthquake fault) is less than values predicted by Keefer et al. and Yasuda, but it is greater 
than value proposed by Tamura. 
 Figure 2 shows the comparison between results obtained from Manjil earthquake and 
relationships proposed for Grade-1 zonation works. 

Grade-2 Methods 

 Kanagawa Method was used for preparation of landslide hazard zonation maps of 
Totk-Bon and Lakeh areas.  Lakeh area is located in the northwest of Manjil earthquake's 
epicenter.  The geological formation of this area are: tuff, limestone and metamorphic rocks.  
Some main faults were passed along the area in northwest-southeast direction. 
 Totk-Bon area is located in the northeast of epicenter in which tuff and conglomerate 
are covered by loess materials up to 50 meters.  Use of different zonation methods in Lakeh 
area shows that the Kanagawa method is more reliable than other methods in Lakeh faulting 
case. 
 Figure 3 shows the landslide hazard zonation map of Totk-Bon area prepared by 
Kanagawa Method.  For zonation works, the area under study was divided to equal grids by 
500m×500 m and parameters for the Kanagawa Method were calculated for each mesh.  The 
value of probable acceleration of 520 cm/s2 was estimated from seismotectonic study of the 
area.  It can be concluded from Fig. 3 that: 
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1- Because of the steep slope concentration around the main roads and river banks the 

degree of hazard is high. 
2- The flood plain located on the northwest corner of map indicated by low degree of 

hazard, whereas it is more susceptible for liquefaction. 
3- The region located on the east and south of area which are covered mostly by tuff have 

high degree of hazard.  The investigation on this area showed that these regions are 
generally stable.  Therefore it seems that the weights indicating the hardness of rocks 
in Kanagawa Method should be revised. 

Grade-3 Methods 

 Wilson et al.'s method was used for preparation of landslide hazard zonation map to 
Totk-Bon area.  There have been some large landslides occurred in loess materials due to 
Manjil earthquake.  The landslides triggered in Totk-Bon area generally had following 
characteristics: 
 

1- The failure mechanisms of slopes were generally sliding type and failure surfaces were 
usually between loess and conglomerate or tuff.  Therefore the slide surfaces were 
usually plane form and nearly parallel to general slopes. 

2- The ground water did not have significant effects on the failure occurrences. 
3- The loess deposits are generally homogeneous and their strength parameters are not 

varied considerably. 
 
 Therefore Wilson et al's method or, generally speaking, analytical methods of infinite 
slopes, can be applied to loess materials in this area.  The strength parameters of loess have 
been investigated for analysis of a large landslide (Komak Panah and Montazerolghaem, 
1993) and summarized in Table 1. 
 

Table 1  Strength parameters of loesses material in the Totk-Bon area 

 Specific gravity
(g/cm3) 

Cohesion 
(g/cm2) 

Internal friction 
(deg.) 

Peak Strength 1.8 20 30 
Residual Strength 1.8 0.0 20 

 
 Assuming Fs=1 and neglecting pore pressure in the equation of safety factor of infinite 
slope, the following equation is obtained: 

 a
g

c
zc =

+ −

+
γ β

φ β

φ β
cos

tan tan

tan tan

2

1
 (1) 

where ac, g, c, γ, z, β, φ are the critical acceleration, ground acceleration, cohesion, specific 
gravity, height, slope angle and internal friction angle, respectively. 
 Figure 4 shows the results obtained from Eq. 1 by substituting the strength parameters 
of loess.  It should be noted that the equation proposed by Wilson et al. gives linear relation 
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between critical acceleration and slope angle. 
 The landslide hazard zonation map of Totk-Bon which was prepared by using Fig. 4 
with the correlations z=20m and ac=520 cm/s2 is shown in Fig. 5.  For preparation of this 
map residual strength parameters were used for ancient landslide analysis.  The hazard zones 
are selected in following way: 
 
1- Slopes with angles greater than internal friction angle of materials are classified as 

unstable. 
2- Slopes with angles smaller than 15 deg. and old slides with angles less than 5 deg. are 

stable (based on the critical acceleration of 520 cm/s2.). 
3- Slopes with angles between 15-30 deg. and old slides with angles between 5-20 deg. are 

assumed as moderately unstable. 
 
Comparison of Kanagawa Method and infinite slope methods 
 
1- In both Figs.5 and 3 margin of rivers and very steep slopes are distinguished by high level 

of hazard but in the infinite slope method the hazardous regions are selected more carefully 
than Kanagawa Method.  On the other hand the Kanagawa Method seems to be very 
conservative. 

2- The hazard degree of ancient landslides in Fig. 5 are reliable than Fig. 3. 
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Legend: 1-Recent alluvium, 2-Terraces gravel fans (Qt), 3-Ancient landslides, 4-Landslides 
triggered by Manjil earthquake, 5-Loesses (Ql), 6-Conglomerate (Pl), 7-Gypsiferious red bed, 
upper part (Ng2) 8-Gypsiferious red bed, lower part (Ngl), 9-Basalt conglomerate (Nglc), 
10-Eocene undivided (Ek), 11-Lower tuff (Es), 12-Upper cretaceous, mainly conglomerate 
and sandy limestone (K2), 13-Cretaceous undivided, mainly Lim (K), 14-Massive gray 
biohermal Lim. (Kl), 15-Gray sandy limestone, sandstone and shale (JK), 16-Sandstone and 
shale, Shemshak Fm., 17-Undivided permian rocks (Pdr), 18-Precambrian rocks: phylites, 
quartzite and micashists (Pcm), 19-Granite, grano-didorite, Teriary (g), 20-Prophyritic diorite, 
Tertiary and older (P), 21-Trust fault, 22-Other main fault, 23-Earthquake fault of Manjil, 
24-Epicenter of Manjil Eq. 

Fig. 1. Geological map of study area. 
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Fig. 2. Comparison between results obtained from Manjil earthquake and relationships 
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Fig. 5. Landslide hazard zonation map of Totk-Bon area (Infinite slope method). 
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Case Study 2: 

MICROZONATION FOR SLOPE INSTABILITY IN COSTA RICA 

Sergio Mora C., Prof., Central American School of Geology, University of Costa Rica 
Rolando Mora Ch., Escuela Centroamericana de Geología, Universidad de Costa Rica 
Wilhelm-Günther Vahrson, Teresita Chacón, Escuela de Ciencias Geográficas, Universidad 

Nacional, Heredia 

Introduction 

 In most developing countries, mainly those within areas of high intensity rainfall and 
seismicity, landslides severely affect the economy levels and quality life of the population 
(Mora, 1989, 1991; Mora and Mora, 1992; Mora et al., 1992).  It is necessary if not  urgent 
to establish rapid and inexpensive ways to assess the degree of landslide hazard, especially 
when geotechnical data is scarce (Mora and Vahrson,  1992, 1993). 
 The Mora and Vahrson (1993) methodology for landslide hazard macrozonation (A 
Grade-2 method) consists of a simple grid unit-based expert system which includes a 
combination of factors indicating the intrinsic characteristics of potentially unstable 
land-masses (SUSCEPTIBILITY; slope, lithology, humidity conditions) and the influence of 
natural external dynamic driving forces (TRIGGERS; seismic and rainfall intensities). 
 The combination of all these parameters result from a classification through qualifying 
tables defining their relative weight and the application of an equation from which the degree 
of hazard is estimated: 

 H SUSC TRIGGl = ×  (1) 

where SUSC= combination of factors related to the susceptibility; 
 TRIGG= mechanisms of trigger. 
 This equation could be developed in the following way as shown in Eq. 4.2 in the 
manual: 

 H S S S T Tl r l h p s= ⋅ ⋅ × +b g d i  (2) 

where; Sr :  slope factor determined from the "relative relief" index (maximum elevation 
difference per km2, Rr= dHmax/km2) 

 Sl :  natural lithologic susceptibility of soils and rocks to landslides 
 Sh :  semi-permanent humidity of soils and rocks obtained from a simplified hydric 

balance 
 Tp : intensity of rainfall (maximum in 24 hours) 
 Ts :  maximum seismic intensity  (Modified Mercalli scale). 
 This methodology was applied in the Central Valley, around San José, capital of Costa 
Rica (4,500 km2, 1.5 million inhabitants.) and the area affected by the Limón-Telire 
earthquake (12,500 km2); the results are briefly discussed here (Fig. 1).  In general, those 
results show a high degree of correlation, indicating an adequate performance of the 
methodology. 
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Landslide hazard related to the Limón-Telire earthquake 

 Landslides triggered by the Limón-Telire earthquake have been discussed by Mora and 
Mora (1993), Mora et al. (1993), Vahrson and Hernández (1992) and Chacón (1993).  This 
earthquake (Ml=7.5; Mw=7.7; Ms=7.6; Mb=6.3; z=16.4 km; Red Sismologica Nacional 
ICE/UCR) caused widespread liquefaction-related phenomena, a 3.6 m tsunami, 4.7 m of 
continental uplift, extensive structural damage and social economic effects (approximately 
8 % of Costa Rica's GNP; close to US$1 billion of loss). 
 Maximum intensities recorded were of M.M.=IX-X and VIII-IX within the areas 
affected by the most important landslides.  Fortunately, the topography around the epicentral 
area is relatively flat, with only gentle slope hills.  Other historic seismic events have 
produced significant landslide damage in the area (e.g. 1822 and 1916).  Unfortunately there 
is not a reliable record of those events and the dense rainforest coverage prevents from 
detecting evidence of ancient landslides on aerial photographs except for a few of the largest 
(e.g. Ayil, Llei, Dabagri, Gavilan Cánta). 
 Mora and Mora (1993) related most landslide occurrences to relative reliefs of as much 
as 850m/km2), such as in Chirripó and Banano river canyons.  Most slopes were covered by 
residual soils formed from weathered and hydrothermally altered Lower Tertiary sedimentary 
rocks and Upper Tertiary gabbroic intrusions. 
 Average monthly rainfall reaches 150-900 mm keeping an almost permanent degree of 
humidity close to saturation.  Intensities are also high, with maximum recorded 
precipitations of 800mm/24h.  Figures 2 and 3 show good correlations between the 
distribution of landslides triggered by the 1991 event and areas showing high degrees of 
hazard.  At the same time, areas where low degrees of hazard appear have not had more than 
a few landslides, if something at all (Chacón, 1993). 

Landslide hazard evaluation in the central valley, Costa Rica 

 Mora et al. (1993) studied and mapped both landslide processes and hazard in the 
Central Valley of Costa Rica.  Mora and Mora (1993) studied the most  important 
seismically-induced landslides since the second half of the 19th century. 
 This area shows rough reliefs (up to 900m/km2) and complex geologic settings related 
to the mountain ranges: Central Volcanic Range to the north with elevations up to 3400m and 
to the south the northern branches of volcano-plutonic Talamanca (Escazu) Range with 
elevations up to 2900m.  Yearly rainfall amounts to 5000-8000mm, with intensities of 200 to 
850 mm/24h. 
 Weathering, dense fracturing, wide oscillation of water table levels and hydrothermal 
alteration account for the most important geologic processes involving loss of shear strength 
of rocks associated to Quaternary volcanic activity and the emplacement of Tertiary intrusive 
bodies. 
  Several large landslides have been studied: In San Blás Cartago (Mora et al., 1985, 
1992; Mora and Acte, 1990) recent non-consolidated volcanic materials (pyroclasts, lavas) 
have become unstable; at Virilla, Tiribí and Torres river canyons crossing downtown San José, 
columnarly jointed ignimbrites have become unstable (Mora, 1985).  In Tapezco-Santa Ana 
(Mora, 1988), Puriscal (Mora, 1991; Mora et al., 1992), El Humo-Pejibaye (Mora et al., 1989) 
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and elsewhere, slopes composed of residual soils fail under intense rainfall and earthquakes. 
 In general, as it is shown in Figs. 4 and 5, correlations between landslide inventories 
and hazard maps are very good, indicating an acceptable reliability of this methodology and 
its products. 

Concluding remarks 

 It is possible to conclude that this methodology can faithfully reproduce the natural 
conditions of landslide hazard in areas subject to intense seismicity and rainfall.  Rough 
reliefs, complex geology and soil moisture generate the most common landslide-prone 
environments. 
 This landslide hazard Grade-2 methodology is useful when large areas are to be 
assessed and when direct geotechnical data is scarce.  It uses simple usually available 
parameters, derived from natural geomorphic indicators. 
 As a general rule, the methodology is capable of determining sites where estimates of 
low degrees of hazard indicate few possibilities of landslide occurrences.  Where a high 
degree of hazard is shown, landslides will very possibly occur once nature decides when all 
factors are to be present. 
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Fig. 1. General location of the areas under study, Costa Rica, Central America. 
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Fig. 2. Landslide hazard map of the Caribbean watershed of Costa Rica, obtained by 

applying the Mora and Vahrson (1993) methodology (after Chacón, 1993). 
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Fig. 3. Landslides produced by the 22 April, 1991 earthquake (after Vahrson and 
Hernández, 1992). 
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Fig. 4. Landslide hazard map of the central valley of Costa Rica, obtained with Mora and 

Vahrson (1993) methodology (after Mora and Vahrson, 1993). 
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Fig. 5. Landslide inventory map of the central valley of Costa Rica, showing areas affected 

and figured in number of landslides per km2. 
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Case study 3: 

ZONING FOR SLOPE INSTABILITY AROUND MT. ONTAKE IN JAPAN 

Susumu Yasuda, Kyushu Institute of Technology, Japan 

Introduction 

 In Japan, many slope failures have occurred during past earthquakes.  However, the 
locations of failed slopes have not been fully investigated except for large slope failures 
because of the difficulty to find failed slopes by site survey in a mountainous area.  Recently,  
aerophotography has been used to survey failed slopes after several earthquakes.  As a 
typical study, locations of slopes around Mt. Ontake that failed during the 1984 
Naganoken-seibu earthquake were surveyed precisely.  Then, the area around Mt. Ontake 
was selected for a case study, and four zoning methods shown in the manual from Grade-1 to 
Grade-3 were applied. 

Slope failures during the 1984 Naganoken-seibu earthquake 

 On September 14, 1984, the Naganoken-seibu earthquake, of Magnitude 6.7, occurred 
beneath the south slope of Mt. Ontake, which is located approximately in the center of Japan, 
as shown in Fig. 1.  Four very large landslides were induced, each comprising from several 
hundred thousand cubic meters to 33 million cubic meters, as shown in Fig. 2.  Moreover, 
many small slope failures were induced in this area.  Of the four large slides, three were 
induced in weathered pumice layers and one in a volcanic sand layer.  Small slope failures 
were induced in weathered rocks or fissured rocks.  The failed slopes were located by 
comparing two sets of aerophotographs taken before and after the earthquake and one after, 
and by site surveys (Land Bureau, National Land Agency of Japan, 1986) within the area 
shown in Fig. 1.  Closed circles in Fig. 3 show the locations of failed slopes. 

A zoning map based on grade-1 method 

 According to the recommended magnitude-distance criteria shown in Fig. 4.7 of the 
manual, a zoning map was made.  Magnitude and epicenter of the earthquake was assumed 
equal to those of the 1984 Naganoken-seibu earthquake.  As the magnitude of the earthquake 
is 6.7 and Japan is classified as a wet country, the maximum epicentral distance of destructive 
slope failures and the maximum epicentral distance of slope failures can be read from Fig. 4.7 
as 15 km and 102 km, respectively.  The circular arc with a radius of 15 km in Fig. 2 shows 
the maximum epicentral distance of destructive slope failures.  The circular arc slightly 
exceeds the boundary of the studied area.  Unfortunately, locations of failed slopes outside 
the studied area have not been surveyed.  However, according to a rough site survey carried 
out by the authors after the earthquake, destructive slope failures were not induced outside the 
studied area.  Therefore, it may be said that the maximum epicentral distance of destructive 
slope failures read from Fig. 4.7 is consistent with the boundary of the area where many slope 
failures occurred during the 1984 Naganoken-seibu earthquake. 
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Two zoning maps based on grade-2 methods 

 Among the Grade-2 methods, two methods, (1) the method proposed by the Kanagawa 
Prefectural Government (hereafter called Kanagawa Method), and (2) the method proposed 
by Mora and Vahrson (hereafter called Mora and Vahrson's Method),  were applied to the 
area shown in Fig. 2.  At first, the area was divided into 228 mesh areas of 500 m by 500 m 
as shown in Fig. 4.  The length of a contour line at the average elevation in each mesh area, 
the maximum difference in elevation in each mesh area, the length of artificially cut or filled 
slopes in each mesh area and the topography of typical slopes in each mesh area were 
measured on a topographical map at 1/25,000 scale.  The hardness of rock in a typical slope 
in each mesh area and the length of faults in each mesh area were judged from a geological 
map at 1/25,000 scale.  The maximum surface acceleration of each mesh area was estimated 
by the following attenuation equation proposed by the Japan Road Association (1990): 

 A M
max

. ..= × + −987 4 10 300 216 1 218∆b g  (1) 

where,  Amax: maximum surface acceleration (cm/s2) 
 D: epicentral distance (km) 
 Figures 4 and 5 show the number of slides in each mesh area estimated by the 
Kanagawa Method and the number that occurred during the 1984 Naganoken-seibu 
earthquake, respectively.  By comparing Figs. 4 and 5, the following observations are made : 
(1) Outside the circle "H", a fair coincidence between the two figures is observed. 
(2) Inside the circle "H", many meshes are estimated to have 6 or 10 slides, though not so 

many slides were induced during the 1984 Naganoken-seibu earthquake. 
 The difference in (2) may be attributed to the effect of the maximum surface 
acceleration on the estimated number of slides.  As shown in Table 4.2 in the manual, the 
weight W1 increases rapidly with the maximum surface acceleration.  As the acceleration in 
the area inside the circle "H" is estimated at more than 400 cm/s2, the weight W1 reaches 
2.754, which is a very high value.  Therefore, the numbers of slides estimated by the 
Kanagawa Method may have a tendency to overestimate failure susceptible slopes in the area 
close to an epicenter. 
 In the application of the Mora and Vahrson's Method, the area was divided into 114 
mesh areas of 1 km by 1km, as shown in Fig. 6.  The value of the relative relief index in 
each mesh area, Sr, was measured on a topographical map at 1/25,000 scale.  The value of 
lithologic susceptibility in each mesh area, Sl, was judged from a geological map at 1/25,000 
scale.  The index value of influence by natural humidity of the soil, Sh, and the value of 
influence of rainfall precipitation intensity, Tp, were evaluated based on the data recorded 
from 1981 to 1986 at an observatory near the studied area.  The value of Sh or Tp was 
assumed to be the same in all mesh areas because the studied area was not so wide.  The 
maximum surface acceleration in each mesh area was evaluated by the attenuation equations 
proposed by the Japan Road Association (1990) and by Fukushima and Tanaka (1990), then 
converted to M.M. intensity scale.  As the M.M. intensities in all mesh areas estimated by 
the two equations were the same as IX, the value of Ts was assumed to be 7 in all meshes. 
 Figures 6 and 7 show the estimated landslide hazard index, Hl, and the number of slides 
in each mesh area that occurred during the 1984 Naganoken-seibu earthquake, respectively.  
In Fig. 6, the class IV of potential landslide hazards was subdivided into IV1, in which Hl is 
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less than 337, and IV2, in which Hl is greater than 338.  By comparing the two figures, it can 
be seen that both evaluations coincide fairly well with each other in southeast part but do not 
coincide with each other in the northwest part of the studied area.  The following may 
explain why the estimated potential landslide hazard in the northwest part do not coincide 
with the slope failures during the earthquake: 
a) In the northwest part, the evaluated Sr is high because steep slopes surround the top of` Mt. 

Ontake. 
b) The intensity in the northwest part must have been less than the intensity in the southeast 

part during the earthquake, because the epicenter was located in the southeast part.  
However, in the estimation, the M.M. intensity fell into the same level in all mesh areas. 

A zoning map based on Wilson et al.'s method 

 Figure 8 shows a zoning map prepared by Tanaka (1985) by applying Wilson et al.'s 
method (Grade-3).  In the estimation, the angles of slopes in meshes of about 28 m by 28 m 
were counted, and rocks and soils were classified into 7 groups.  The internal friction angles 
of those rocks and soils were determined based on triaxial tests and experience.  The 
distributions of failed slopes in Fig. 3 coincide with failure susceptible slopes in Fig. 8 
coincided in the north area.  However, distributions in the south did not coincide with each 
other.  Tanaka (1985) stated that the difference might be due to the difference in the method 
of classifying rocks. 

Concluding remarks 

 Four methods of zoning slope instability, ranging from Grade-1 to Grade-3 in the 
manual, were applied to the area around Mt. Ontake in Japan, where many slope failures were 
induced during the 1984 Naganoken-seibu earthquake.  By comparing the zoning maps and 
locations of slopes that failed during the earthquake, it was found that all zoning methods are 
fairly applicable, but have also some limitations. 
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Fig. 1. Location of Mt. Ontake in Japan. 

 

 
Fig. 2. Locations of four large landslides caused by the 1984 Naganoken-seibu earthquake 

(Yasuda et al., 1988). 
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Fig. 3. Locations of failed slopes. 

 

 
Fig. 4. Number of slides in each mesh estimated by the method proposed by the Kanagawa 

Prefectural Government. 
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Fig. 5. Number of slides in each mesh which occurred during the 1984 Naganoken-seibu 

earthquake. 

 

 
Fig. 6. A zoning map estimated by the method proposed by Mora and Vahrson. 
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Fig. 7 Number of slides in 1 km by 1 km mesh during the 1984 Naganoken-seibu 

earthquake. 

 
Fig. 8. Sites of slopes susceptible to failure estimated by Wilson et al's method (Tanaka, 

1985). 
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Case Study 4: 

LIQUEFACTION ASSESSMENT BASED ON GRADE-1 METHODS FOR LARGE 
AND MODERATE EARTHQUAKES IN JAPAN 

Kazue Wakamatsu, Research Fellow, Institute of Industrial Science, University of Tokyo, 
Japan 

Introduction 

 Magnitude-Maximum distance to liquefied sites criteria in Grade-1 Methods were 
applied for two Japanese events: the 1983 Nihonkai-chubu earthquake with a large magnitude 
and the 1987 Chibaken Toho-oki earthquake with a moderate magnitude.  The distances 
from the epicenter, R, and from the fault plane, Rf to the farthest liquefied sites for each 
earthquake were compared with those estimated based on the upper bound relationships 
recommended in the Grade-1 Methods. 

Estimation of the maximum extent of liquefaction susceptible area for the 
Nihonkai-chubu earthquake 

 The Nihonkai-chubu earthquake occurred on May 26, 1983 at 11:59 a.m.  local time.  
It registered magnitude 7.7 both on the J.M.A. magnitude and on the surface wave magnitude 
by ISC.  The epicenter was located about 110 km northwest of Akita City at geographical 
coordinates 40°21.4'N, 139°04.6'E, as shown in Fig. 1.  The focal depth of the earthquake 
was 14 km. 
 The liquefaction was abundant to pervasive within 150 km of the epicenter but locally 
occurred beyond the distance.  The farthest sites of liquefaction and significant liquefaction 
from the epicenter, identified up to date, are Mori and Yuza Towns whose epicentral distances, 
R, are 225 and 162 km, respectively.  The Ms versus R for these sites are plotted in Fig. 2.  
The former distance is almost consistent with the bounds proposed by Ambraseys (1988) and 
Wakamatsu (1991) whereas it lies beyond the limiting bounds developed by Kuribayashi and 
Tatsuoka (1975) and by Liu and Xie (1984).  The latter distance almost agree with the 
bounds proposed by Kuribayashi and Tatsuoka and by Wakamatsu (1993) whereas 
Wakamatsu (1991) and Ambraseys' bounds are too conservative.  However, the both 
distances range from the most critical bound, namely that given by Liu and Xie (1984), to the 
most conservative one, the bound proposed by Wakamatsu (1991) 
 The farthest sites of liquefaction and significant liquefaction from the fault plane also 
correspond to the towns of Mori and Yuza as shown in Fig. 1.  The farthest distances from 
these sites, 144 and 139 km, are plotted in Fig. 2, indicating that they agree well with the both 
bounds recommended by Youd and Perkins (1978) and by Ambraseys (1988). 

Estimation of the maximum extent of liquefaction susceptible area for the 
Chibaken-Toho-oki earthquake 

 The Chibaken Toho-oki earthquake occurred on December 17, 1987 at 11:08 a.m. local 
time.  It registered magnitudes 6.7 on the J.M.A. and 6.4 on the surface wave magnitude by 
ISC. The epicenter was located about 70 km southeast of Tokyo at geographical coordinates 
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35°21'N, 140°29'E, as shown in Fig. 4.  The focal depth of the earthquake was 58 km. 
 Low-lying areas within about 60 km of the epicenter suffered from liquefaction effects.  
The farthest sites of liquefaction and significant liquefaction from the epicenter are Miura 
City an Itako Town whose epicentral distances, R, are 78 km and 65 km, respectively.  The 
Ms versus R for these sites are plotted in Fig. 2.  The former distance lies near the bound 
given by Wakamatsu (1991) but lies well beyond the limiting bounds given by the others.  
The latter distance also lies beyond the any bounds in the figure. 
 The farthest sites from the fault plane also correspond to Miura City and Itako Town, 
whose fault distances are 74 km and 56 km, respectively.  The former distance is more than 2 
times greater than the bound, for all effects of liquefaction, proposed by Ambraseys.  The 
latter is more than 3 times greater than the bound, for significant effect of liquefaction, by 
Youd and Perkins.  The discrepancy between the actual distances and estimated one may 
depend on the focal depth of the event; i.e. intermediate depth earthquakes may generate 
liquefaction at larger distance than shallow events (Ambraseys, 1988). 

Concluding remarks 

 The upper bound relationships between Ms and R were applied for two Japanese 
earthquakes with large and moderate magnitudes, respectively.  The results of the studies 
showed that there were some discrepancies between the estimated maximum distances to the 
farthest liquefied sites and the actual ground performances during the earthquakes.  However, 
they were mostly within acceptable range of the assessment as a general guide. 
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Fig. 1 Earthquake epicenter, fault plane and distribution of liquefaction due to the 1983 

Nihonkai-chubu earthquake 
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Fig. 2. Epicentral distance to farthest liquefied sites, R, in km for surface wave magnitude, 

Ms (Modified from TC4, ISSMFE, 1993, this manual). 
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Fig. 4. Earthquake epicenter, fault plane and distribution of liquefaction due to the 1987 

Chibaken Toho-oki earthquake. 
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Case Study 5: 

LIQUEFACTION ASSESSMENT BASED ON GRADE-2 METHOD FOR AKITA CITY, 
JAPAN 

Kazue Wakamatsu, Research Fellow, Institute of Industrial Science, University of Tokyo, 
Japan 

Introduction 

 A case study of liquefaction assessment was carried out for an area of 210 square km in 
Akita City, approximately 450 km north of Tokyo, Japan.  The area was selected for the 
following special interest: it involves typical geologic and geomorphologic settings of 
Japanese alluvial plain and lies in a seismically active area along the interface of the two 
major tectonic plates, the North-American plate and the Eurasian plate.  The 
geomorphology-based zoning procedure presented in Grade-2 Methods as defined in this 
manual was applied for the area.  The validity of the liquefaction potential map was 
investigated by the distribution of liquefaction triggered by the 1983 Nihonkai-chubu 
earthquake. 

Liquefaction occurrence during past earthquakes 

 Akita City is located in northern part of main island, Honshu, Japan and faces the Japan 
Sea, and lies in seismically active area as mentioned previously.  Five successive 
earthquakes during the last 100 years triggered liquefaction in this area; they are, the 1896 
Riku-u (MJ=7.2), the 1939 Oga (MJ=6.8), the 1964 Ogahanto-oki (MJ=6.9), the 1964 Niigata 
(MJ=7.5), and the 1983 Nihonkai-chubu (MJ=7.7) earthquakes (Wakamatsu, 1991).  In Fig. 1, 
liquefied sites in these shocks are plotted.  The most recent event, the Nihonkai-chubu 
earthquake caused severe damage to the city.  During the earthquake, the shaking in Akita 
City, located about 110 km from the epicenter, was felt at seismic intensity V in the J.M.A. 
scale (approximately VIII in M.M.I. scale).  A maximum horizontal acceleration of 0.235 g 
was recorded at the Akita Port in the city (Tsuchida et al, 1985). 

Estimation of liquefaction potential based on grade-2 method 

 Geomorphology-based technique was used to identify liquefaction susceptible units for 
the study area.  At first, site-specific geomorphological investigation was carried out by 
means of interpretation and analysis of aerial photographs, field studies, and readily-available 
existing information.  The geomorphological land classification map was drawn up at a scale 
of 1:50,000 as shown in Fig. 2. 
 The map was then transformed into a liquefaction potential map with reference to the 
criteria listed in Table 5.3 of this manual (Fig. 3).  Liquefaction potential for the units of the 
lowland under the ground motion at the J.M.A. intensity V (Approximately M.M.I. VIII) was 
classified into three levels; liquefaction likely, possible and not likely.  Among the 
geomorphological units in this area, natural levee, point bar, former river channel, lower slope 
of sand dune, sandy dry river channel and artificial fill were classified as the highest level of 
liquefaction potential, i.e. liquefaction likely. 
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Comparison between liquefaction potential and actual liquefaction occurrence 

 The liquefaction potential map shown in Fig. 3 was compared with the distribution of 
liquefaction occurrences generated by the 1983 Nihonkai-chubu earthquake shown in Fig. 1.  
Table 1 shows summary of the comparison.  In the table, the left two columns summarize the 
geomorphological units and the geomorphology-based liquefaction potential shown in Fig. 3.  
The next column shows actual liquefaction occurrences in each unit during the 1983 
earthquake.  This column was obtained by combining the information in Figs. 1 and 2; 
liquefaction occurrences were classified into three levels in accordance with the number of 
liquefaction occurrence within each unit as explained in the second foot note below the table. 
 The comparison was quantified by assigning a point for agreement between the 
liquefaction potential and the liquefaction occurrences.  As shown in the right column in 
Table 1, a point of zero was assigned if the levels of the liquefaction potential and the 
liquefaction occurrences agree with each other.  If the level of the liquefaction potential is 
one level higher than that of the liquefaction occurrences, a point of +1 was assigned.  If, on 
the other hand, the level of the liquefaction potential is one level lower than that of the 
liquefaction occurrences, a point of -1 was assigned.  The bottom row of Table 1 indicates 
standard deviation of the estimation points.  The table indicates that a few overestimation 
was made, but in general, the result of the estimation agrees with the actual liquefaction 
occurrences. 

Concluding remarks 

 The result of the assessment based on Grade-2 Methods was generally consistent with 
the actual performance of the ground with a few exception of overestimation.  The 
geomorphological criteria listed in Table 5.3 of the TC4 manual will be more powerful when 
the criteria is modified based on site-specific correlation between past liquefaction 
occurrences and geomorphological settings.  Nevertheless, the map is useful for preliminary 
planning purposes in identifying areas where liquefaction effects can pose a substantial hazard 
and where site-specific investigations will be needed for specific projects or land-use 
decisions. 
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Fig. 1. Historic liquefaction sites in Akita City (Wakamatsu, 1991). 
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Fig. 2. Geomorphological land classification map for Akita City. 
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Fig. 3. Liquefaction potential map at seismic intensity V (J.M.A.) for Akita City. 
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Table 1  Comparison between liquefaction potential and actual liquefaction occurrences 

× geomorphologic units Liquefaction  
potential*1 

Liquefaction  
occurrence*2 

+: Over estimate 
-: Under estimate 

Fanic valley plain ⋅ ⋅ 0 
Deltaic valley plain △ △ 0 
Alluvial fan △ ⋅ +1 
Natural levee, point bar ○ ○ 0 
Back marsh △ △ 0 
Delta △ ⋅ +1 
Former river channel ○ ○ 0 
Sand bar △ ⋅ +1 
Sand dune ⋅ ⋅ 0 
Lower slope of dune ○ ○ 0 
Beach ⋅ ⋅ 0 
Sandy dry river bed ○ ○ 0 
Artificial fill ○ ○ 0 
Standard deviation   0.48 
*1 Liquefaction potential *2 Number of liquefaction occurrence within  
○: Likely each unit during the 1983 Nihonkai-chubu 
△: Possible earthquake 
×: Not likely  ○: Many 
 △: A few 
 ⋅: None 
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Case Study 6: 

A LIQUEFACTION POTENTIAL MAP USING GRADE-3 METHODS FOR 
SHIZUOKA PREFECTURE, JAPAN 

Susumu Yasuda, Department of Civil Engineering, Kyushu Institute of Technology, Tobata, 
Kitakyushu, Japan 

Kazue Wakamatsu, Research Fellow, Institute of Industrial Science, University of Tokyo, 
Japan 

Introduction 

 Shizuoka Prefecture, about 150 km southwest of Tokyo, lies in a seismically active area 
along the interface of two major tectonic plates, the Philippine Sea plate and the Eurasian 
plate.  Because of the imminent potential for a magnitude 8 earthquake in this region, a 
project was funded by Shizuoka Prefecture Government to compile seismic zonation maps for 
the region including liquefaction hazard maps (Shizuoka Prefecture Government, 1984). The 
liquefaction hazard maps were prepared using techniques outlined by Iwasaki et al. 
(1978,1982) incorporating both Grade-1 and 3 methods of this manual and have been shown 
in Figs. 5.3 and 5.21 of the manual. 
 In this paper, an example of liquefaction hazard zonation on a basis of Grade-3 Methods 
for Hamana Lake area, the western end of Shizuoka Prefecture, is presented in detail.  The 
area of the assessment and the location of the fault plane of the expected earthquake are 
shown in Fig. 1. 

Liquefaction occurrences during past earthquakes 

 Sites of liquefaction effects generated by past earthquakes in the investigated area were 
mapped by Wakamatsu (1991) as shown Fig. 2.  Four successive earthquakes, namely the 
shocks of 1864 Ansei (MJ=8.1), 1855 Enshu-nada (M is unknown), 1891 Nohbi (MJ=8.0), and 
1944 Tohnankai (MJ=7.9) left liquefaction effects at many localities during past 150 years.  
The epicenter of the 1984 events was located at the mountainous region about 150 km 
northwest of the area.  The rest of three earthquakes occurred in the Pacific Ocean along the 
interface of the tectonic plates. 

Zonation map using grade-3 methods 

 The basic data for evaluating the liquefaction susceptibility such as type of soil, SPT 
N-values, the depth of water table, mean grain size and unit weight of soil were collected from 
subsoil investigation reports that were compiled by various government agencies, local public 
body, and private consultants.  These data were obtained from, at the first stage of evaluation, 
as many as 4,000 bore holes and, at the final stage, 11,000 pertaining to Shizuoka Prefecture.  
Brief survey of the different bore hole data indicates that various type of unconsolidated 
materials underlie the area; they include sandy gravel, sand, silt, clay, and organic soil. 
 The liquefaction resistance factor, FL, was computed for 13 levels of peak horizontal 
acceleration ranging from 175 to 600 cm/s2 using the procedure developed by Iwasaki et al. 
(1978).  Soil liquefaction resistance factor, R, for dense sand and gravel was calculated using 
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the following formula developed by Tatsuoka (1981) since the formula proposed by Iwasaki 
et al. (1978) is likely to underestimate R value for these soils. 
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where R is the soil liquefaction resistance factor, D Nr v
* / ( . )= ′ +21 0 7σ , N is the SPT 

N-value, ′σ ν  is an effective overburden pressure in kgf/cm2, and D50 is the mean grain size in 
millimeter. 
 FL values were then computed from R through the Grade-3 method by Iwasaki et al. 
(1978) at the 13 levels of accelerations.  FL values were then transformed into the 
liquefaction potential index PL.  Finally, the acceleration level at which PL becomes greater 
than 15 was obtained as susceptibility index of severe liquefaction effects.  Averaged over 
each 1 km square cell, the obtained acceleration level was mapped as liquefaction 
susceptibility map as shown in Fig. 3.  If no bore hole data was available to represent 
geotechnical properties of ground in a cell, PL was estimated from data in the neighboring 
cells with the same geological and geomorphological settings. 
 To estimate the peak horizontal acceleration at ground surface to be expected at the 
magnitude 8 earthquake, an attenuation curve was developed for Shizuoka district (Shizuoka 
Prefecture Government, 1984) for the fault plane shown in Fig. 1.  The acceleration 
estimated was mapped as shown in Fig. 4. 
 The two maps shown in Figs. 3 and 4 were then combined into a liquefaction potential 
map shown in Fig. 5 (Ishihara and Yasuda, 1991). When the expected peak horizontal 
acceleration shown in Fig. 4 exceeds the acceleration level causing severe liquefaction effects 
shown in Fig. 3, severe liquefaction effects is likely. The liquefaction potential map shown in 
Fig. 5 is generally consistent with the occurrence of liquefaction during the past earthquake 
shown in Fig. 2. 

Concluding remarks 

 In this paper, an example of liquefaction assessment based on Grade-3 type approach 
was presented.  The result of the assessment agrees with the historical liquefaction 
occurrences during the past earthquakes.  The liquefaction potential maps thus developed 
have been used for the earthquake preparedness planning of Shizuoka Prefecture. 
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Fig. 1. Map showing the locations of assessment and fault plane of the expected magnitude 

8 earthquake. 
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Fig. 2. Map showing historic liquefaction sites in the western part of Shizuoka Prefecture 

(Wakamatsu, 1991). 

 

 
Fig. 3. Peak horizontal acceleration at ground surface causing severe liquefaction effects 

(Shizuoka Prefecture Government, 1984). 
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Fig. 4. Peak horizontal acceleration at ground surface generated by the magnitude 8 

expected earthquake (Shizuoka Prefecture Government, 1984). 

 

 
Fig. 5. Liquefaction potential zonation map for the Hamana Lake area, Shizuoka Prefecture 

(Ishihara and Yasuda, 1991). 
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Case Study 7: 

APPLICATION OF THE TC4 MANUAL FOR SOIL LIQUEFACTION ASSESSMENT 
TO THE 1995 HYOGOKEN-NAMBU (KOBE) EARTHQUAKE 

Kazue Wakamatsu, Research Fellow, Institute of Industrial Science, University of Tokyo, 
Japan 

Introduction 

 The Hyogoken-nambu earthquake directly struck the densely populated Kobe and its 
neighboring cities at 5:46 a.m. local time, on January 17, 1995 and caused approximately a 
hundred billion dollars of direct damage to public infrastructures and private properties.  It is 
reported that 6308 deaths, 2 missing, and as many as 43,177 injures were sustained, with 
more than 100,000 buildings and houses are completely destroyed (National Land Agency, 
1996). 
 The earthquake caused soil liquefaction in the zones along Osaka Bay, which resulted in 
serious damage to buried lifeline facilities and foundations of bridges and buildings. 
 In this paper, Grade-1 and -2 methods for soil liquefaction assessment presented in the 
manual entitled “Manual for Zonation on Seismic Geotechnical Hazards“ prepared by the 
TC4 of the International Society for Soil Mechanics and Foundation Engineering (1993) 
(simply called the TC4 Manual below) were applied for the 1995 Hyogoken-nambu 
earthquake.  The applicability of the TC4 Manual is discussed. 

The earthquake and intensity distribution 

 The 1995 earthquake was assigned a JMA magnitude of 7.2  by the Japan 
Meteorological Agency (JMA) and the surface wave magnitude of 6.9 by the USGS.  The 
epicenter of the earthquake was located  about 20 km southwest of downtown Kobe between 
the northern tip of Awaji Island and main land, which was placed at 34.61°N and 135.04°E by 
the JMA (Fig.1).  The focal depth was given as 14.3 km by the JMA. 
 Based on teleseismic body wave modeling, the main shock consists of three sub-events 
where total rupture time was 11 seconds with seismic moment of 2.5×1019 N·m, yielding a 
moment magnitude of 6.9 (Kikuchi, 1995).  The three earthquake sub-faults are shown in 
Fig. 1 
 Seismic intensity of VII, the maximum on the JMA scale was assigned to several wards 
of Kobe and the neighbouring cities of Ashiya, Nishinomiya, Takarazuka and the towns of 
Hokudancho and Ichinomiya on Awaji Island as shown in Fig. 2.  VII on JMA corresponds a 
level of X-XII on the MM and MSK scales.  This was the first time for the intensity scale 
classification of VII to be issued in Japan. 
 Strong motion data were recorded at more than 350 sites through the southwestern half 
of Japan.  The highest recorded horizontal acceleration was 818 cm/s2 at JMA Kaiyo station 
in Kobe, 15.5 km northeast of the epicenter (Architectural Institute of Japan, 1996).  Several 
examples of the peak values of the recorded accelerations are shown in Fig. 2. 
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Estimation of the maximum extent of a liquefaction susceptible area based on grade-1 
method 

 The earthquake induced extensive liquefaction in low-lying areas along Osaka Bay.  
Figure 1 shows the location of liquefied sites found by many reconnaissance teams (e.g. 
Shibata et al., 1996) as well as by the author.  Sand boils occurred in substantial areas along 
Osaka Bay that stretched from Takasago, west of Kobe, to Kishiwada, south of Osaka.  Most 
of the liquefied sites in the figure lie on recently reclaimed land areas from the sea, but some 
of them located at natural ground and fill on the former pond.  Soil liquefaction was also 
observed coastal areas of Awaji Island and northeastern part of Tokushima Prefecture, 
Shikoku Island as shown in the figure. 
 In order to examine the validity of Grade-1 method for liquefaction, 
magnitude-maximum distance criteria were applied to the 1995 event.  The maximum 
distance of liquefaction from the epicenter, identified up to date, is 90 km in Yabashi, Kusatsu 
city located at the shore of Biwa Lake, where minor effects of liquefaction such as sand boils 
were observed (Shibata et al., 1996).  Similarly, the maximum distance of significant effects 
of liquefaction is 70 km at Rakusai New Town in Oharano, about 8 km southwest of 
downtown Kyoto, where school buildings and a gymnasium were collapsed due to 
liquefaction-induced ground settlement and lateral spreading (Uemurta, 1996).  
 The Ms versus R for these sites are plotted in Fig. 3.  The latter distance agree with the 
Wakamatsu (1993)’s bound for significant effects of liquefaction. The former one lies within 
the bound developed by Wakamatsu (1991) whereas it lies beyond the limiting bounds 
proposed by Liu and Xie (1984), Kuribayashi and Tatsuoka (1975), and Ambraseys (1988), 
which were developed for all effects of liquefaction.  These bounds were originally 
developed for different magnitude scales which are represented as follows:  

 log . .R M J= −0 77 36  (1) 

 R M L= ⋅ −082 10080 62 5. . . ( )
 (2) 

 M R RW = + × +−4 64 2 65 10 0 993. . . log  (3) 

 log . log( . . )R M J= −2 22 4 22 19 0  (4) 

where MJ = JMA magnitude; ML = Rihiter’s magnitude; and MW = moment magnitude. 
 Substituting MJ = 7.2 and Mw = 6.9 in each equation, the following values are obtained; 
R = 88 km from Eq. (1) proposed by Kuribayashi and Tatsuoka (1975); R = 102 km from Eq. 
(3) proposed by Ambraseys (1988); and R = 221 km from Eq. (4) proposed by Wakamatsu 
(1991).  The values estimated from eqs. (1) and (3) also lie within the actual distance, 
however, the order of the underestimate is within acceptable range of the assessment.  
Whereas the value predicted from Eq. (4) is too conservative. This is because that the 
equation was developed for predicting the maximum range of liquefaction effects including 
even minor sign of liquefaction for a particular magnitude of earthquake, given the presence 
of potentially liquefiable Holocene sediments, as have been described in the TC4 Manual. 
 In calculating the R by the Liu and Xie’s Eq. (2), the value of ML should be known.  
However, it is not known because a special kind of seismograph is required to estimate it.  
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At any rate, some discrepancy is inevitable between the predicted distance and the actual one 
because the equation (2) was originally developed for not a maximum bound but an average 
one based on Chinese liquefaction data. 
 Although the epicentral distance, R, can generally be estimated easily but the distance 
from the seismic energy source is more suitable for the present earthquake with defined 
source faults shown in Fig. 1.  The furthest sites of minor and significant liquefaction from 
the faults also correspond to Yabashi and Oharano, respectively.  The farthest distances from 
these sites, 68 km and 45 km, respectively, are plotted in Fig. 4, indicating that the predicted 
values underestimate the actual ones; the former distance is about 20 km beyond the bound, 
for all effects of liquefaction, proposed by Ambraseys (1988) and the latter one is 10 km 
beyond bound, for significant effect of liquefaction, by Youd and Perkins (1978). 
 The Ambraseys’ bound was originally developed for moment magnitude MW which is 
represented as follows: 

 M R RW f f= + × +−4 68 9 2 10 0 903. . . log  (5) 

 Substituting MW = 6.9 in the equation (5), Rf = 64 km is obtained, which almost agree 
with the actual distance. 
 In any case, the maximum distance from the epicenter and earthquake fault is related to 
geological and geomorphological conditions which are not the same in different directions.  
In the case of the 1995 event, the maximum distance in the north of the epicenter was only 
several km but it was about 90 km in the northeast direction depending on the extents of 
low-lying areas. 

Estimation of liquefaction potential based on grade-2 method 

Significant soil liquefaction occurred in low-lying areas in Kobe, Ashiya, Nishinomiya and 
Amagasaki, being within 40 km of the epicenter, as shown in Fig. 5.  Geomorphology-based 
technique presented in Grade-2 methods as defined in the TC4 Manual was applied for the 
above mentioned areas.  A geomorphologic land classification map compiled by Midorikawa 
and Fujimoto (1996), shown in Fig. 6, was used to identify liquefaction susceptible units, 
which was drawn up based on the Land Condition Maps, Kobe and Osaka-nanseibu at scales 
of 1:25,000 (Geographical Survey Institute, 1976, 1983) referring to maps compiled in 1880’s 
as well as most recent ones. 
   The map was then transformed into liquefaction potential map with reference to the 
criteria listed in Table 1 (Table 5.3 of the TC4 manual).  According to the criteria, 
liquefaction potential for the units of the lowland was classified into three levels; liquefaction 
likely, possible and not likely under the ground motion at the JMA intensity V 
(Approximately M.M.I. VIII).  In the case of the 1995 earthquake, a seismic intensity of 
VI-VII was assigned to the studied areas as mentioned before, so two levels of liquefaction 
susceptibility were applied for the each geomorphologic units; one is a susceptibility just as it 
is in Table 1 for intensity of V and another is one level higher susceptibility for intensity 
VI-VII.  The results of the mapping are summarized in Figs. 7 and 8. 
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Fig. 1. Map of Awaji-Kobe region showing distribution of liquefied sites (Wakamatsu, 

1998) and the earthquake faults (Kikuchi, 1995). 

 
Fig. 2. Map of Awaji-Kobe region showing areas most heavily affected (gray) and 

classified as JMA Intensity VII (black) and PGA values for stations in the areas 
(Reproduced from JMA, 1995; AIJ, 1996). 
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Table 1 Susceptibility of detailed geomorphological units to liquefaction subjected to 

ground motion of the J.M.A. intensity V or M.M.S. VIII (Wakamatsu, 1992) 

Geomorphological conditions 
Classification Specific conditions 

Liquefaction
potential 

Valley plain consisting of gravel or cobble Not likely Valley plain Valley plain consisting of sandy soil Possible 
Vertical gradient of more than 0.5% Not likely Alluvial fan Vertical gradient of less than 0.5% Possible 
Top of natural levee Possible Natural levee Edge of natural levee Likely 

Back marsh  Possible 
Abandoned river channel  Likely 
Former pond  Likely 
Marsh and swamp  Possible 

Dry river bed consisting of gravel Not likely Dry river bed Dry river bed consisting of sandy soil Likely 
Delta  Possible 

Sand bar Possible Bar Gravel bar Not likely 
Top of dune Not likely Sand dune Lower slope of dune Likely 
Beach Not likely Beach Artificial beach Likely 

Interlevee lowland  Likely 
Reclaimed land by drainage  Possible 
Reclaimed land  Likely 
Spring  Likely 

Fill on boundary zone between sand and lowland Likely 
Fill adjoining cliff Likely 
Fill on marsh or swamp Likely 
Fill on reclaimed land by drainage Likely 

Fill 

Other type fill Possible 
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Fig. 3. Comparison between results obtained from the 1995 earthquake and relationships 

proposed for Grade-1 zonation work (added to TC4, ISSMFE, 1993). 
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Fig. 4. Comparison between results obtained from the 1995 earthquake and relationships 
proposed for Grade-1 zonation work (added to TC4, ISSMFE, 1993). 
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Comparison between liquefaction potential and actual liquefaction occurrence 

A couple of liquefaction potential maps shown in Figs. 7 and 8 were compared with the 
distribution of liquefaction occurrences generated by the Hyogoken-nambu earthquake shown 
in Fig. 5.  Tables 2 and 3 show summaries of the each comparison.  In the tables, the left 
two columns summarize the geomorphologic units in the studied areas and the 
geomorphology-based liquefaction potential shown in Figs. 7 and 8.  The next columns 
show actual liquefaction occurrence in each unit during the 1995 earthquake; liquefaction 
occurrences were classified into three levels in accordance with number of liquefaction 
occurrence within each unit as explained in the foot note below the each table. 
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Fig. 6. Geomorphological land classification map of Kobe region (Midorikawa and Fujimoto, 

1996). 
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Fig. 7. Liquefaction potential map at the JMA seismic intensity V for Kobe region. 
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Fig. 8. Liquefaction potential map at the JMA seismic intensity VI-VII for Kobe region 
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 The comparison was quantified by assigning a point for agreement between the 
liquefaction potential and the liquefaction occurrences.  As shown in the right column in 
Tables 2 and 3, a point of zero was assigned if the level of the liquefaction potential and 
liquefaction occurrences agree with each other.  If the level of the liquefaction potential is 
one level higher than that of the liquefaction occurrences,  a point of +1 was assigned.  If, 
on the other hand, the level of the liquefaction potential is one level lower than that of the 
liquefaction occurrences, a point of -1 was assigned.  The lowest row of the tables indicate 
standard deviation of the estimation points. 
 The standard deviation in Table 2 becomes 0 although a overestimate and a 
underestimate were made.  Whereas that in Table 3 becomes 0.88 because several 
overestimates were done.  The results of the comparison show that the actual performance of 
the ground agrees better with the result of the assessment shown in Fig. 7.  This indicates 
that liquefaction potential is more strongly affected by susceptibility of sedimentary deposits 
to liquefaction in each geomorphological unit than by intensity of ground shaking.   
 
 
Table 2 Comparison between liquefaction potential shown in Fig. 7 and actual liquefaction 

occurrences  

Geomorphologic 
units 

Liquefaction 
potential*1 

Liquefaction 
occurrences*2

+: Overestimation 
-: Underestimation 

Alluvial fan of  
steep slope 

× × 0 

Alluvial fan of 
gentle slope 

△ △ 0 

Natural levee ○ △ +1 
Dry river bed 
consisting of 
gravel 

 
× 

 
× 

 
0 

Back marsh △ △ 0 
Delta △ ○ -1 
Sand bar △ △ 0 
Valley plain 
consisting of 
gravel 

 
× 

 
× 

 
0 

Reclaimed land ○ ○ 0 
Standard deviation  0 
*1: Liquefaction potential *2: Number of liquefaction occurrences 
○: Likely ○: More than a hundred / km2 
△: Possible △  Tens / km2 
×: Not likely ×: None 
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Table 3 Comparison between liquefaction potential shown in Fig. 8 and actual liquefaction 
occurrences 

Geomorphologic 
units 

Liquefaction 
potential*1 

Liquefaction 
occurrences*2

+: Overestimation 
-: Underestimation 

Alluvial fan of  
steep slope 

△ × +1 

Alluvial fan of 
gentle slope 

○ △ +1 

Natural levee ○ △ +1 
Dry river bed 
consisting of 
gravel 

 
△ 

 
× 

 
+1 

Back marsh ○ △ +1 
Delta ○ ○ 0 
Sand bar ○ △ +1 
Valley plain 
consisting of 
gravel 

 
△ 

 
× 

 
+1 

Reclaimed land ○ ○ 0 
Standard deviation  0.88 
*1: Liquefaction potential *2: Number of liquefaction occurrences 
○: Likely ○: More than a hundred / km2 
△: Possible △: Tens / km2 
×: Not likely ×: None 

Conclusion 

The magnitude-maximum distance criteria for predicting the maximum extent of a 
liquefaction susceptible area, presented in the Grade-1 zonation method of the TC4 Manual, 
were applied for the 1995 Hyogoken-nambu earthquake.  The results of the studies show that 
some underestimates were made but they were partially due to errors in converting various 
kind of magnitude scales such as MJ and MW into the surface magnitude MS used in the 
criteria.  Substituting directly in the original equations for magnitude-maximum distance 
criteria, the discrepancies between the predicted distances to the farthest liquefied sites and 
actual ones during the 1995 earthquake became to be mostly acceptable range of the 
assessment as a general guide. 
 Geomorphological criteria presented in the Grade-2 method was also applied for the 
1995 earthquake.  The results of the assessment showed that the geomorphological criteria 
listed in Grade-2 method of the TC4 Manual is mostly consistent with the actual performance 
of the ground during the 1995 Hyogoken-nambu earthquake although the assumed seismic 
intensity in the criteria was smaller than the actual ones. 
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Case study 8: 

ZONING IN THE TOKYO GAS SEISMIC INFORMATION GATHERING 
NETWORK ALERT SYSTEM (SIGNAL) 

Yoshihisa Shimizu, Section Manager, Center for Disaster Management and Supply Control, 
Tokyo Gas Co., Ltd., Tokyo, Japan 

Introduction 

 Tokyo Gas distributes city gas to approximately 8.5 million customers in the 3,100km2 
Tokyo metropolitan area, one of the most densely populated conurbations in the world and 
hub for a large number of different political, cultural and economic functions. Under these 
circumstances, Tokyo Gas is keenly aware of the social obligation as a gas distributor to 
ensure safety even in the event of a major earthquake. 
 To prevent secondary disasters such as fires and explosions caused by gas leakage in the 
wake of an earthquake, it is necessary to make prompt decisions on shutting off gas supplies 
through pipelines. However, factors such as the severance and tie-up of telephone lines and 
roads immediately after the earthquake make it extremely difficult to collect information on 
damage to gas facilities, including gas leakage. It is thus essential to set up a system capable 
of quick and high-accuracy estimate of the extent of damage in each area to afford a grasp of 
quantitative overall picture of damage immediately after the earthquake. To meet these 
requirements, Tokyo Gas launched development of the Seismic Information Gathering 
Network Alert System (SIGNAL) in 1986, and placed it into operation in June 1994. 
 This system is capable of high-accuracy damage estimation of each area by combination 
of the following two types of data: (1) “real-time seismic motion monitoring data” collected at 
331 SI sensors installed throughout the service area, five ground seismometers and 20 ground 
liquefaction sensors, which are sent to a control center via radio circuits that offer a high 
reliability even in the event of an earthquake, and (2) data on ground foundations, pipelines, 
and other such items in the service area, accumulated through the geographic information 
system (GIS) and entered in the data base (Fig. 1.and Fig. 2.). 
 

加 速 度 波 形

E t h e r n e t 

Workstation Display monitor

Data base

1. Ground data
2. Pipeline data
3. Customer data

Radio transmitter

Liquefaction data SI readings/maximum Acceleration wav

10 minutes after an earth

 
Fig. 1. Seismic Information Gathering Network Alert System. 
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Fig. 2  Overall Configuration of SIGNAL 

Seismic motion amplification-based zoning 

 To estimate the damage to gas pipelines at the time of an earthquake, SIGNAL makes 
use of SI values which are closely correlated with damage levels based on analysis of 
previous earthquake damage. One way of expressing the capacity of an earthquake to cause a 
structure to vibrate is by means of a velocity response spectrum. Most structures have a 
natural frequency of between 0.1 and 2.5 seconds. The average SI (spectrum intensity) value 
has been defined by Housner as an indicator of the intensity of the seismic activity. (Fig. 3) 
 Figure 4 shows the relationship between the rate of damage to screwed joints of 

Velocity response spectrum
curve (h = damping factor)

Period (Sec)Period (Sec)
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Sv: velocity response spectrum
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Fig. 3  Definition of SI value 
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low-pressure gas pipelines and the SI value in affected areas in the Hyogoken-nambu 
earthquake. It can be seen that the rate of damage increases as the SI value rises. This 
indicates that measurement of the SI values is important for the damage estimation. 
 Although denser measurement of SI values will theoretically allow more accurate 
estimate of damage, there is in practice a limit to the number of sensors that can be installed. 
As a result, sensors must be installed in a distribution ensuring that each provides a certain 
level of geographical coverage. In the event of an earthquake, the amplitude of seismic 
motion is greatly influenced by the ground characteristics. In SIGNAL, there is consequently 
a procedure for zoning in accordance with the seismic motion amplification characteristics of 
the ground in which each sensor is located. The first stage of the procedure consists of zoning 
based on detailed typographical data, and the second stage, of quantitative evaluation using 
the natural frequency of the ground in which the sensor is placed. 

(1)  Detailed topographical zoning 

 Besides reflecting the broad seismic characteristics of tableland and lowland areas, 
detailed topographical zoning also makes it possible to ascertain the scope of alluvial lowland 
areas that may be subject to liquefaction. The following land types have been used to provide 
a detailed topographical breakdown of the target region. 
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Fig. 4  Correlation between SI value and rate of damage to screwed joints 
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(2) Natural frequency-based zoning 

 There are two main methods of mapping the natural frequency distribution of an area. 
One involves calculating the natural frequencies of the land from boring data and using these 
as a basis for the preparation of a distribution map. The other involves first mapping the 
stratum depth and soil composition of the shallow layers that lie on top of the engineering 
seismic bedrock, then assigning each soil type a representative S wave velocity, and finally 
preparing a natural frequency distribution map. The first method can be used when there is 
plenty of data from borings extending down to the bedrock, but in practice this kind of data is 
often difficult to use. The second method was therefore used in the development of SIGNAL. 
 The composition of sub-surface layers varies from place to place. By way of example, a 
natural frequency distribution map of the low-lying parts of the Tokyo Bay area could be 
prepared in the following way. 
 In terms of stratification, the ground in the vicinity of Tokyo Bay consists of an upper 
layer of alluvial soil and a lower layer of diluvial deposits which are thought to be bedrock. 
The alluvial layers themselves frequently consist of an upper layer of sandy soil spread over a 
lower layer of clayey sub-soil. As a result, the ground's natural frequency TG can be calculated 
with the help of the following equation by first finding the depths of the sandy alluvial soils 
and the clayey diluvial soils from the bedrock depth distribution and stratum depth 
distribution maps, and then assigning representative S wave velocities to the various strata. 

 T H
V

H
VG

s s

= +
F
HG

I
KJ4 1

1

2

2

 

where, H1, H2: sandy alluvial strata, clayey alluvial strata 
 Vs1, Vs2: Shear wave velocity of the sandy soil and clayey soil, respectively 
 The following values were chosen as representative of the shear wave velocity Vs of 
sandy and clayey soils based on the results obtained from studies of past data. 
 Sandy alluvial strata: 150 m/s 
 Clayey alluvial strata: 110 m/s 
The above Vs values have been assigned to the soils of low-lying areas only. In the case of 
tableland valleys, no distinction was made between the different types of soils and a natural 
frequency of 130 m/s was assigned across the board. The above methods were used in 
advance in SIGNAL to prepare the following natural frequency distribution map. 

1)  Bedrock depth distribution map (Fig. 5) 
2)  Sandy soil stratum depth distribution map (Fig. 6) 

The clayey soil stratum depth distribution map was made by subtracting the sandy soil depths 
from the bedrock depths. 

(3)  Results of zoning 

 Figure 7 illustrates the results of zoning. In the figure, the areas designated as alluvial 
lowlands by the detailed topographical zoning program have been assigned one of three 
natural frequency TG values: less than 0.4 secs, 0.4 to 0.6 secs, and more than 0.6 secs. 

 

Liquefaction-related zoning 

 It has been reported on the basis of previous earthquake experience that the damage to 
buried installations such as water and gas pipes caused by a quake can be multiplied anything 
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from several times to several tens of times by soil liquefaction and lateral flow. In short, 
liquefaction can be a major cause of damage to underground pipelines and SIGNAL 
consequently also provides for zoning with respect to liquefaction. The basic approach is as 
follows. 
 Existing boring data are used to estimate the liquefaction potential of strata below the 
boring points and detailed topographical data are used to prepare plane distribution maps of 
liquefaction-prone strata. The index of the seismic movements on which these determinations 
are based are SI values rather than the maximum recorded accelerations. The following 

 

Bedrock depth
(m)

  
Fig. 5. Bedrock depth distribution map. 

Sandy soil stratum depth
(m)

 
Fig. 6. Sandy soil stratum depth distribution map. 
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formula is used to calculate the safety factor vis-a-vis liquefaction FL. If FL < 1.0, the zone is 
deemed prone to liquefaction. 

 F R
LL =  

 where, 
 R: intensity of liquefaction (Kokusho formula) 
 L: ground shearing stress ratio 

 R a N bN f Dn= + +1
0 5
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Fig. 7. Natural frequency distribution zoning map. 
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in which, 
 ′σ v : effective overburdened pressure at calculated depth (kgf/cm2) 
 SI: SI value (cm/sec) 

 SI S dT hv= =z1
2 4

0 2
0 1

2 5

.
( . )

.

.
 

 Sv: velocity response spectrum 
 T: natural frequency (sec.) 
 h: damping constant 
 In specifying a liquefaction-prone layer, the normal procedure is to specify the thickest 
of the layers with average FL values of less than 1.0 within the top 20m as the liquefaction 
layer. However, in the event that there is more than one liquefaction-prone layer and the 
nonliquefaction-prone layer in between is particularly thin, all three layers are aggregated and 
designated as a single liquefaction-prone layer. 
 There are four types of SI value used in the determination of liquefaction: 20, 30, 40 and 
60. 
 A liquefaction layer map was prepared in accordance with the four types of SI value 
using the above method. The liquefaction layer map prepared using SI values of 60 is shown 
in Fig. 8. 
 

 
Fig. 8. Liquefaction layer map (SI = 60 cm/s2). 
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EARTHQUAKE 

Takeji Kokusho: Professor, Civil Engineering Department, Faculty of Science and 
Engineering, Chuo University, Japan 

Joji Ejiri: Chief Research Engineer, Technical Research Institute of Obayashi Corporation, 
Japan 

Introduction 

 The Hyogoken-nambu earthquake (MJ=7.2), which is also called the Kobe earthquake, 
attacked highly developed urban area at 5:46 on January 17, 1995, and claimed more than 
6500 human lives.  Because there were networks of seismographs on ground surface in this 
area including Kobe, Osaka and other neighboring cities, quite a few strong motion records 
were obtained.  In some sites, vertical arrays were installed which could record seismic 
amplification in surface soil layers due to strong motion input. 
 In the following, based on these data, two types of case studies are dealt with;  

- Estimation of peak ground motion for Grade-2 method for rock and stiff soil site. 
- Estimation of local site amplification for Grade-2 or 3 method for soil site.  

Case study for Estimation of peak ground motion for Grade-2 method for rock and stiff 
soil site 

 It is pointed out that the peak horizontal ground acceleration (PHGA) recorded during 
the 1995 Hyogoken-nambu earthquake has been strongly affected not only by the local site 
effect with regard to subsurface ground conditions but also by the rupture directivity effect 
due to right-lateral strike slip fault. In addition, it has been shown that the PHGA attenuation 
relationship proposed by Joyner and Boore (1981) based on the records from the western 
U.S.A. inland events can explain the PHGA records on "rock" or "stiff soil" sites (STIFF 
GROUND) during this event.  Here, an convenient estimation method for PHGA and PHGV 
(peak horizontal ground velocity) on STIFF GROUND considering the rupture directivity 
effect is introduced for the seismic hazard map.  It is constructed based on the attenuation 
relationship proposed by Joyner and Boore and calibrated through the comparison with the 
records. 
 Figure 1 presents the comparison between the PHGA records on STIFF GROUND 
during the 1995 Hyogoken-nambu earthquake and the empirical PHGA attenuation 
relationship proposed by Joyner and Boore. The closest distance (D) is a measure of distance 
from the Earth's surface projection of the fault rupture to the recording site.  In this event, the 
projection is simplified to be a straight-line (fault line) over a length of approximately 40 km 
based on the fault mechanism solution by Kikuchi (1995).  The solid and dashed lines in Fig. 
1 denote the mean and mean ± one standard deviation attenuation relationships as follows. 

 log . . log .PHGA M r rW= − + − −102 0 249 0 00255  (1) 

where r D= +2 2 1 2
7 3.

/c h  



 181

 log . . log .PHGV M r rW= − + − −0 67 0 489 0 00256  (2) 

where r D= +2 2 1 2
4 0.

/c h  

 PHGA: peak horizontal ground acceleration (g) 
 PHGV: peak horizontal ground velocity (cm/s2) 
 MW: moment magnitude 
 D: closest distance (km) 
It can be seen that most of the PHGA records at distances shorter than 10 km fall within the 
±1 standard deviation bands, and through all distances, the PHGA records on STIFF 
GROUND conform well with the mean attenuation relationship for STIFF GROUND by 
Joyner and Boore.  So, these attenuation relationships were used as a base model for 
estimating PHGA or PHGV values on STIFF GROUND which has averaged shear wave 
velocity of about 500 m/s. MW can be converted to MJ (JMA magnitude) by using the 
following equations proposed by Hanks (1979) and Takemura (1990), respectively, where M0 
is seismic moment (dyne·cm) 

 log . .M MW0 15 161= +  (3) 

 log . .M M J0 117 17 72= +  (4) 

 The rupture directivity effect is examined based on the PHGA records during the 1995 
Hyogoken-nambu earthquake in the areas shown in Fig. 2. The PHGA in area A, which is in 
the fault strike direction, exceed those in another area B by about 50 percent on an average as 
shown in Fig. 3 and this exceedance level is nearly equivalent to those for short-period waves 
estimated by Koyama (1987) theoretically based on the energy summation method.  For this 
reason, the rupture directivity effect has been introduced based on the results by Koyama, and 
the directivity factors for short-period (T<5.0s) waves on the bilateral rupture from the center 
of fault (BDF) and the unilateral rupture from the end of fault (UDF) are determined 

 
Fig. 1. Comparison between the PHGA records and the attenuation relationship. 
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respectively as follows. 
 The PHGA or PHGV values including the rupture directivity effect can be estimated 
explicitly by multiplying the directivity factors by the values from Eq. (1) or (2).  Figure 4 
shows the directivity factors as a function of azimuth angle.  When azimuth angle is equal to 
90 degree, BDF is 1.0.  It means that the values directly predicted by Eq. (1) or (2) are 
considered not to be affected by the rupture directivity effect. The "v/c" value is used to be an 
average value of 0.72 proposed by Geller (1976).  Figure 5 shows the comparison between 
the PHGA records on STIFF GROUND during the 1995 Hyogoken-nambu earthquake and 
the estimated values including the bilateral rupture directivity effect. It can be seen that the 

 

 
Fig. 2. Regional distribution of PHGA records. 

 
Fig. 3. Comparison of PHGA between area A and B. 
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estimated values conform well with the records. 
 Figure 6 shows the estimated PHGA attenuation on STIFF GROUND for each 
magnitude including the rupture directivity effect.  Figure 7 shows the estimated PHGV 
attenuation in the same manner. The estimated values from the bilateral rupture fault with 
azimuth angle of 0 degree and magnitude of 7.5 is highest value on both PHGA and PHGV.  
In this case, the PHGA and PHGV values near the fault line seem to reach about 900 cm/s2 
and 180 cm/s respectively.  So, it is known that it is important to take the rupture directivity 
effect into account for estimating peak ground motions accurately. 

Case study for Estimation of local site amplification for Grade-2 or 3 method 

 Vertical arrays which could record the local site response during the 1995 
Hyogoken-nambu earthquake (MJ=7.2) were located in four sites in the coastal zone around 
the Osaka-Bay area as shown in Fig. 8.  The same figure also indicates the fault zone 
including the epicenters of the main-shock as well as the aftershocks.  The four sites were 
very properly distributed by chance in terms of distances from the fault zone.  PI (the Port 
Island) array belonging to the Kobe Municipal Office was located just next to the fault zone, 
while other three arrays SGK, TKS and KNK belonging to the Kansai Electric Power 
Company were approximately 15km, 35km and 65km far from the fault zone respectively. 
 The soil profiles and the depths of three dimensional down-hole seismographs are 
shown for the 4 sites in Fig. 9 together with P and S-wave velocities measured by the 
down-hole logging method and SPT N-values along the depth.  The deepest seismographs at 
the base layers were located GL-83m in PI, GL-97m in SGK, and GL-100m in TKS and KNK 
respectively, and the geological condition there were Pleistocene dense soils except for KNK 
(a hard rock). Upper soils at the four sites consist of sandy fill at the surface in most sites 
underlain by Holocene clay and/or sand and farther underlain by Pleistocene soils.  The 
S-wave velocity, Vs, at the base layer of Pleistocene in PI, SGK and TKS is 380-480 m/s while 

 

 
Fig. 4. Directivity factors for short-period waves Fig. 5. PHGA including bilateral  
 directivity effect. 
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Vs at the base rock in KNK is as high as 1630 m/s. 
 The main shock records obtained in the vertical arrays were first examined to reveal 
directional offset or reverse polarity of the buried seismographs. The offset values evaluated 
by the maximum coherence method listed in Table 1 are employed in this research and all data 
were accordingly corrected for the later analyses.  These values are basically consistent with 
those employed in the previous research which are also listed in Table 1 (Kokusho et al. 1996 
and Kokusho and Matsumoto 1998). 
 In Fig. 10, down-hole distribution of peak acceleration in two horizontal (NS, EW) and 
one vertical directions (UD) at the four sites are shown.  The accelerations at the deepest 
level are different in a wide range (from 28 cm/s2 in KNK to 522 cm/s2 in PI) in the four sites, 
leading to obvious difference in amplification in upper layers.  In horizontal direction the 
peak acceleration ratio between the surface and the deepest level was 4 to 5 in KNK where the 
base acceleration was 28 cm/s2, while in TKS it was about 2 for the acceleration of 108 cm/s2 

    
Fig. 6. Estimated PHGA for each magnitude Fig. 7. Estimated PHGV for each magnitude 
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Fig. 8. Location of vertical array sites and epicenters of main-shock and aftershocks. 

Table 1 Directional offsets of vertical array accelerometers compared with previous 
research results 

Depth Directional offset (degree)* Site Seismograph (m) This research Sato et al. 1996 

PI 

0.0 
16.4 
32.4 
83.4 

0 
9 
7 

25 

0 
0 
0 

15 

SGK 
0.0 

24.9 
97.0 

0 
6 

-39 

0 
0 

-34 

TKS 
0.0 

25.0 
100. 

0 
-19 
12 

0 
-30 

0 

KNK 
0.0 

25.0 
100. 

0 
64 
48 

0 
60 
60 

* The original data should be corrected with this (plus: anti-clockwise, minus: clockwise) 
to have a directional coincidence with surface records. 
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Fig. 10. Distribution of peak acceleration for main shock along depth at 4 vertical array sites. 

 
Fig. 11. Peak horizontal acceleration ratio plotted against Vs-ratio between surface and base 

for four vertical array sites. 

at the bottom.  It was between 1 to 2 in SGK for the base acceleration of 316 cm/s2 and less 
than one in PI for the base acceleration of 522 cm/s2.  In PI, the surface sandy fill layer 
experienced very extensive liquefaction during the main-shock which obviously led to the 
damping in the peak acceleration in the upper sandy fill layer. 
 In Fig. 11 the peak horizontal acceleration ratios between surface and base are plotted 
against the ratio of S-wave velocities (Vs) between base and surface (Kokusho, Matsumoto, et 
al. 1998).  In the figure, open marks represent the mostly linear response for the aftershocks 
(AS) while the solid marks represent the main shock (MS).  The dashed line in the same 
figure indicates the peak amplification factor proposed by Shima (1978) for the transfer 
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functions between surface and base calculated from a number of soil layer models.  
Although the measured amplification ratios are widely scattered, they are about one third of 
the Shima's line in average.  Thus it is confirmed that the site amplification is primarily 
dependent on the Vs-ratio between base and surface and is about one third of the peak values 
of the transfer function.  In some previous researches Vs averaged in upper 30m of a surface 
layer is taken instead of Vs in the top surface layer (e.g. Midorikawa 1987).  In Fig. 12 the 
acceleration amplification is plotted against Vs-ratio which is taken between the average in the 
upper 30m and the base.  Although the data concentrates around 2 in the Vs-ratio, the trend 
may be approximated by the solid line, which again indicates a clear Vs-ratio dependency.  
 In Fig. 13 the peak horizontal acceleration ratio between surface and base are plotted 
against the peak acceleration at the base.  The data in KNK with the Vs-ratio of 7 are 
obviously higher than those of other sites, indicating an overwhelming influence of Vs-ratio 
on the amplification.  The data corresponding to the other three sites of the Pleistocene soil 
base with the Vs-ratio of 2 to 4 fall within a narrow band indicated by a pair of dashed lines. 
Despite rather large scatters, they may be dealt with as a single group and approximated by 
regression with the solid line as shown in Fig. 13.  If the PI data with solid square marks at 
the right extreme on the chart, which reflect extensive liquefaction in the fill layer, is taken 
special care of, the nonlinear solid curve in the same chart may be drawn.  In any case, the 
critical base acceleration at which the acceleration amplification becomes lower than unity is 
Accbase≈300-500 cm/s2.  This critical acceleration at the Pleistocene base layer may be 
comparable to the cross-over acceleration of 0.4G at out cropping soft rocks proposed by 
Idriss(1990) based on surface earthquake records for North American earthquakes and 
numerical analyses.  
 Besides the peak acceleration ratios mentioned above,  spectral amplifications between 
surface and base can be evaluated from the Fourier spectral ratio (transfer function).  Figure 
14 shows the transfer functions for the aftershocks at the 4 sites (Kokusho 1998).  Though 
the number of aftershock events may not be sufficient particularly for PI, where only two 
aftershocks just after the main shock are available, the figure indicates that the peak 
frequencies are rather coincidental for different events despite different seismic parameters 
such as dominant frequency, incident angle, etc.  Figure 15 depicts the transfer function for 
the main shock compared with the averaged curve for the aftershocks in the 4 sites.  The 
peak frequencies are obviously shifted to lower values for the main shock probably due to the 
soil nonlinearity not only at sites near the fault but also at a more distant site like KNK where 
the peak surface acceleration was about 100 cm/s2.  The peak values for the main shock are 
mostly smaller than those for the aftershocks also reflecting the soil nonlinearity.   
 The spectral amplification between base and surface is evaluated based on these transfer 
functions as a spectral ratio averaged between 0.5Hz - 2.5Hz (Borcherdt et al. 1991) 
corresponding to significant frequencies for major engineering structures.  Figure 16 shows 
the average amplification versus Vs ratio between base and surface, which indicates a trend 
consistent with what is shown in Fig. 11 for the peak acceleration ratio.  Figure 17 indicates 
the average amplification versus the peak acceleration at the deepest level. Although values in 
the KNK site are obviously differentiated from others because of its high Vs-ratio, a decrease 
in amplification with increasing base acceleration is obviously recognized for other three sites 
with lower Vs-ratios. 



 189

 
Fig. 12. Peak horizontal acceleration ratio plotted against Vs-ratio between upper 30m 

average and base for four vertical array sites. 

 

 
Fig. 13. Peak horizontal acceleration ratio plotted versus peak base acceleration for four 

vertical array sites. 
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Fig. 14. Fourier spectra ratios between surface and base for aftershocks at four vertical arrays. 

 
Fig.15. Fourier spectra ratios between surface and base for main shock as compared with 

aftershocks. 
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Fig. 16. Average spectral amplification (f=0.5-2.5 Hz) versus Vs-ratio between base and 

surface. 

 

 
Fig. 17. Average spectral amplification  (f=0.5-2.5 Hz) versus peak base acceleration. 
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 Thus, based on the strong motion records obtained by vertical arrays, the site 
amplification has been confirmed to be basically dependent on Vs-ratio between base and 
surface.  Furthermore the site amplification defined either by the peak acceleration ratio or 
by the average spectral ratio tends to decrease with increasing base acceleration probably due 
to soil nonlinearity effect in soft soil layers.  If a comprehensive liquefaction takes place the 
amplification reduction tends to be more pronounced. 
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Introduction 

 China is the country with the most widespread distribution, the thickest deposit and the 
most comprehensive topography of loess all over the world. The area covered by loessial 
deposits is 640, 000 km2, which is about 7% of the whole territory of China and 49% of the 
total loessial area of  the global, and the typical area with the thickness from 30 m to 40 m 
reaches 273,000 km2, where is the famous Loess Plateau situated in the reaches of the Yellow 
River. Because the North-South seismic zone, the Fenwei seismic zone and the Qilian seismic 
zone stretch in the Loessial Plateau and its vicinity, many strong earthquakes occurred in 
history and now there is still higher seismicity in the region . Up to 1996, 104, 28 and 6 
earthquakes respectively with the magnitude no less than 6, 7, and 8 scale attacked the region, 
which caused serious disasters, even catastrophes. For example, the Huaxian 8.0 earthquake in 
1556 killed 850, 000 people. The Haiyuan 8.5 earthquake in 1920 induced dense landslides 
and liquefaction in loess deposits with about 4, 000 km2 area, which buried numerous villages 
and caused 234, 000 people died. The Yongdeng earthquake with magnitude of only 5.8 in 
1995 destroyed 214, 000 houses, left 13,240 people homeless, and the economic loss of 80 
million US dollars. 
 Both field investigations and laboratory tests show that so serious seismic hazards in 
loess areas are due to three seismic geotechnical hazards: seismic landslides, liquefaction and 
seismic subsidence. These hazards are highly triggering, on a large-scale, very damaging and 
difficult to preventing. Since 1980s, a number of researches with fruitful results on loess 
dynamics have been carried out. However, these results can not be directly used by engineers 
unless maps on seismic disasters zonation with different levels are presented to them and 
codes on the issue are passed to enable its implementation. 
 In December 1993, The International Society on Soil Mechanics and Foundation 
Engineering authorized its Technical Committee for Earthquake Geotechnical Engineering to 
issue Manual for Zonation on Seismic Geotechnical Hazards (TC4, 1993). Under guidance of 
the manual, the authors developed the three grades methods for zonation on the seismic 
geotechnical hazards in loess areas. Furthermore, two zoning maps of liquefaction based on 
the method of Grade-2 zonation and Grade-3 zonation are compiled. 

The method of grade-1 zonation 

 Two ways to carry out grade-1 zonation are presented by the authors. One is based on 
the maximum distances from failure sites, which is called as MD in short and the other is 
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based on the minimum PGA triggering the hazards, called as MPGA in short. In the former 
method, two kinds of MD, the maximum distance from epicenter (MDE) and the maximum 
distance from a seismic fault (MDSF) are employed for different situations. In the latter 
method, a zonation on seismic ground motion is required. 

The Method of MD 

The Method of Determining the MD for Seismic Landslides 

 Almost all earthquakes with the magnitude no less than 5.5 in the loess areas of China 
caused landslides of different scales, whose distribution density decreases with the farther of 
MD (MDE or MDSF). The area with dense landslides is defined as a dense area of seismic 
landslides (in short, dense area) while that with scatter landslides is defined as a scatter area 
of seismic landslides (in short, scatter area). In the dense area, the distribution of landslides is 
continuous and in cluster form, which count 80~90% of all seismic landslides during a certain 
earthquake. In the scatter area, the distribution of landslides is discrete and in single form, 
which count 10~20% of all seismic landslides during the certain earthquake. MDE is the 
maximum distance from the outskirts of dense area to the epicenter and MDSF is the 
maximum vertical distance from the outskirts of dense area to the seismic fault.  
 It is impossible, however, to determine MD by using the statistical data for seismic 
landslides in all the earthquakes in the loess areas of China, for there are no enough data on 
distribution of seismic landslides available in previous investigations of historical earthquakes. 
The investigations of the 1695 Linfen 8 earthquake in Shanxi province, the 1718 Tongwei 7.5 
earthquake in Gansu province, the 1920 Haiyuan 8.5 earthquake in Ningxia Hui Autonomous 
Region, the 1927 Gulang 8 earthquake in Gansu province and the 1995 Yongdeng 5.8 
earthquake in Gansu province, show that the dense area is usually in coincidence with the area 
of 9 degree intensity while the scatter area is usually in coincidence with the area of 7 degree 
intensity. Therefore, the maximum distance from the 9-degree isoseisms to the epicenter (or 
seismic fault) is believed to be MDE (or MDSF) in dense area of slope failure. In a similar 
way, the maximum distance from 7-degree isoseisms to the epicenter (or seismic fault) is 
regarded as MDE (or MDSF) in scatter area of seismic landslides. By using this method, 
statistics on MD of around 50 earthquakes was made and an empirical formulas are 
established (Table 1).  
 

Table 1  The empirical formula of MD for loess seismic landslides in China  

Area MDE R MDSF R 
Dense area log . log .D Me s= −12 82 9 508 0.83 log . log .D Mf s= −1613 12 624  0.80
Scatter area log . log .D Me s= −9 90 6 332  0.91 log . log .D Mf s= −1053 7 039   0.89

 
The Method of Determining MDs of Seismic Subsidence and Liquefaction 

 Since only a few cases of seismic subsidence and liquefaction exits, the determination 
of MDs for the two kinds of disasters is mainly based on dynamic triaxial test and prediction 
of seismic subsidence and liquefaction and inversion calculation of several cases of seismic 
subsidence and liquefaction. 
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The determining of MD of seismic subsidence 
 Obviously, different types of structure allow different ground deformations and the 
areas of different amounts of seismic subsidence correspond to different MDs. For this reason, 
4 grades of seismic subsidence for loess are classified referring to the classification of loess 
collapse in “The code for construction in collapsible loess areas” and according to their 
subsidence amount within 20m depth to meet different requirements of seismic design. This 
classification is shown in Table 2. 
 The predictions based on test of specimen from 20 loess sites in Shanxi, Shaanxi and 
Gansu provinces are summarized in Table 3.  It can be seen that, for most sites, the 
maximum quantities of seismic subsidence in the areas with intensities of 7, 8, 9, 10 
respectively correspond to Ⅰ,Ⅱ, Ⅲ, Ⅳ grade of seismic subsidence. To put it in another 
way, the areas withⅠ,Ⅱ, Ⅲ, Ⅳgrade of seismic subsidence respectively coincide with the 
area with intensities of 7, 8, 9, 10. This has been partly proved by the seismic subsidence 
caused by 1995 Yongdeng 5.8 earthquake. The maximum seismic subsidence within the 
isoseismal zone with the intensity of 8 amounts to 30cm. In the 7 degree intensity area, there 
is seismic subsidence of several centimeters, which caused cracks of 100m less in length and 
15cm less in width. With statistics of envelops of 7~10 degree areas in around 50 earthquakes, 
the curves of relationship between MD and magnitude of earthquake (Ms) are obtained. Their 
empirical formulas forⅠand Ⅲ grade of seismic subsidence are respectively the same as 
Table 1. Those for Ⅱand Ⅳgrade of seismic subsidence are listed in Table 4. 
 

Table 2  The classification of seismic subsidence 

Seismic subsidence 
Grade 

Amount of seismic subsidence 
within 20m (Sd /cm) 

Evaluation of seismic 
subsidence 

Ⅰ  0 < Sd ≤ 7 Slight 
Ⅱ  7 < Sd ≤ 30 Middle 
Ⅲ  30< Sd ≤ 60 Serious 
Ⅳ  60< Sd Very serious 

 
Table 3  The prediction on seismic subsidence on loess sites 

Maximum seismic subsidence 
(cm) 

Corresponding seismic subsidence 
grades Site 

7° 8° 9° 10° 7° 8° 9° 10° 
L-9 1.1 8.9 57.0 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
L-14 0.1 4.0 45.0 > 60.0 Ⅰ Ⅰ Ⅲ Ⅳ 
L-12 4.9 20.8 45.8 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
YD-1 9.2 26.8 58.0 > 60.0 Ⅱ Ⅱ Ⅲ Ⅳ 
X-8 1.2 10.6 84.0 > 60.0 Ⅰ Ⅱ Ⅳ Ⅳ 
X-20 13.5 25.0 55.0 > 60.0 Ⅱ Ⅱ Ⅲ Ⅳ 
X-21 3.0 14.0 60.0 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
LZ-1 3.05 14.7 42.2 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
LZ-3 2.85 12.7 37.5 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
LZ-4 3.8 15.2 51.2 > 60.0 Ⅰ Ⅱ Ⅲ Ⅳ 
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The determining of MD for liquefaction 
 A widespread liquefaction was induced in wind-laid loess in the 7 degree intensity area 
of 1989 Tajikstan 5.5 earthquake. The back analysis made by Prof. Lanmin Wang indicates 
that the critical peak ground acceleration (PGA) of triggering the liquefaction is 131 cm/s2, 
which is the lowest of all PGAs that caused liquefaction of loess deposit[12]. What is more, the 
dynamic triaxial tests on liquefaction of loess specimens from Gansu, Ningxia, Shanxi 
indicate that the minimum PGA of triggering liquefaction of loess is within the 7 degree 
intensity area. Therefore, the maximum distance from the envelope of the area with 7 degree 
intensity  under the effect of earthquake with different magnitudes to the epicenter (or the 
seismic fault) can be used as MDE (or MDSF) (Table 5). 
 Based on the above-mentioned methods of determining the MD, the calculation results 
for MD of seismic landslides, seismic subsidence, and liquefaction under the effect of 
earthquakes with different magnitudes are summarized in Table 6 and 7. 
 

Table 4  The empirical formula of MD for different grade of seismic subsidence 

Empirical formula 
MD 

Ⅰ Ⅱ Ⅲ Ⅳ 

MDE 
log . log .D Me s= −1515 11175

(r=0.83)
log . log .D Me s= −18 09 14 566

(r=0.81)

MDSF 

The same 
as that for 
scatter area 
in Table 1 log . log .D Mf s= −1370 10123

(r=0.83)

The same 
as that for 
dense area 
in Table 1 log . log .D Mf s= −32 60 27 947

(r=0.82)
 

Table 5. The empirical formula of MD of loess liquefaction  

MDE MDSF 
log . log . ( . )D M re s= − =9 90 6 332 0 91  log . log . ( . )D M rf s= − =1053 7 039 089  

 
Table 6. Definition of the maximum distances to different failure sites 

MDE(MDSF)-i Corresponding hazards zones 
MDE(MDSF)-1 Scatter areas of landslides, Liquefaction, Seismic subsidence of grade-I.
MDE(MDSF)-2 Seismic subsidence of grade-II. 
MDE(MDSF)-3 Dense areas of landslides, Seismic subsidence of grade-III. 
MDE(MDSF)-4 Seismic subsidence of grade-IV. 

 
Table 7. MD of seismic hazards in loess area of China 

MDE (km) MDSF (km) Magnitude 
MDE-1 MDE-2 MDE-3 MDE-4 MDSF-1 MDSF-2 MDSF-3 MDSF-4

5.5 10 - - - 6 - - - 
6.0 24 4 - - 14 3 - - 
6.5 52 14 8 - 33 10 3 - 
7.0 108 43 21 - 72 28 10 - 
7.5 215 121 51 12 149 71 31 3 
8.0 263 156 117 66 197 100 70 42 
8.5 310 240 140 128 305 220 105 72 
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The Method of MPGA 

 The “Zonation Map of Seismic Fortification of China” which is under compiling will 
provide a zonation of horizontal effective PGA. On the other hand, the seismic safety 
evaluation of important structures demands PGA under different probabilities of exceedance. 
In Table 8, both the minimum intensity (MI) and the minimum acceleration (MPGA) causing 
seismic landslides, seismic subsidence and liquefaction are respectively provided. This can 
make it possible to directly use the advanced knowledge of PGA zonation in loess areas and, 
at the same time, to offer the traditional concept of intensity to civil engineers who are still 
familiar with it. 

The method of grade-2 zonation 

 Based on the grade-1 zonation, the grade-2 zonation can be implemented by the zoning 
indexes listed in Table 9. In the table, “Liang”, “Mao” and “Yuan” are three main kinds of 
topography in the loess area of northwest China. Liang is an elongated loess mound. Mao is a 
round loess mound and Yuan is a high table-like plain with abruptly descending edges. Ws, Wp 
and Tp are respectively shrinkage limit, plastic limit and predominant period of earth tremor. 
The middle and large-sized pores mean the pores with a radius of 4-16 µm and greater than 16 
µm respectively. 
 The in situ explosion test and seismic response calculation show that topographies has 
obvious amplification effect on seismic intensity. The amplification effect of different 
topographies may be described by the following equation: 

 A A K L HH z n= ⋅ ⋅ ⋅0 4. ( )∆  (∆H > 20 m) (1) 

 
 

Table 8. Reference values of MI and MPGA of causing the disasters 

Type of disasters MI (degree) MPGA (cm/s2) 
Seismic landslides 7° 170 

Grade I Grade II Grade III Grade IV Grade I Grade II Grade III Grade IVSeismic 
subsidence 7° 8° 9° 10° 100 180 350 700 
Liquefaction 7° 100 

 
Table 9. Indexes for grade-2 zonation in loess areas of China 

Critical values causing different hazards Indexes Seismic landslides Liquefaction Seismic subsidence
Stratum Q2

(2), Q3, Q4 Q3, Q4 Q2
(2), Q3, Q4 

Topography Liang, Mao Yuan, Terrace, Gentle slope Yuan, Terrace 
Water content W >Ws W >Wp W > Ws 
Void ratio ----- e > 0.5 e > 0.75 
Dry density ----- γd <17 kN/m3 γd <17 kN/m3 

Pores distribution ----- Middle + Large-sized pores 
> 15% ----- 

Shear velocity ----- Vs < 380 m/s Vs < 380 m/s 
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Earth tremor ----- Tp > 0.10 s Tp > 0.10 s 
 

Table 10. Reference values of Kz 

Topography types Kz 
Loess Yuan in valleys and within Yuan 1.0 
The edge of Yuan and the front edge of higher terrace 1.0 - 1.3 
Loess Liang and Mao 1.1 - 1.4 
Loess slope 1.0 - 1.2 

 
where AH and A are PGA respectively on the site at a certain height and on a free ground site. 
∆H is a relative height. Kz is a coefficient for topography types, which depends on geometric 
shapes and physical properties of soil deposits (shown in Table 10). 

The method of grade-3 zonation 

 In all the large and middle cities and major towns in loess areas of China, seismic risk 
analysis and seismic response calculation have been performed. Therefore, the grade-3 zoning 
map on seismic geotechnical hazards for these cities and towns may be compiled according 
Manual for Zonation on Seismic Geotechnical Hazards presented by Technical Committee for 
Earthquake Geotechnical Engineering, TC4, ISSMFE.  It is worth mentioning that a dynamic 
triaxial test, in which an irregular seismic loading with a certain exceedance probabilities is 
directly applied on soil samples, can be used to predict the hazards in grade-3 zonation (Wang 
L. M, et al, 1998).  

The map of zonation on liquefaction in leoss area of China 

According to the above-mentioned method of MINPGA, the potential liquefaction zones 
with, an exceedance probability of 10% in 50 years are outlined based on the preliminary 
Zoning Map of Seismic Acceleration of China (CSB., 1998) Then, the indexes and equation 
in the method of grade-2 zonation are used to further modify the zones. Finally, the zoning 
map of liquefaction in loess area of China ( 10% in 50 years ) is compiled (shown in Fig. 1). 
In addition, a zoning map of liquefaction based on the method of grade-3 zonation for a large 
enterprises is presented in Fig. 2. 

Conclusions 

 Referring to the manual presented by Technical Committee for Earthquake Geotechnical 
Engineering, TC4, ISSMFE, the methods of zonation on seismic geotechnical hazards in loess 
areas of China are developed on the basis of the field investigation of typical seismic hazards, 
laboratory test, prediction of seismic hazards in loess sites and the statistics of isoseisms of 
historical earthquakes. 
 Three methods of zoning liquefaction, ranging from Grade-1 to Grade-3 in the manual 
and this paper were applied to the loess area of China. By comparing the zoning maps and 
liquefaction cases, it was found that all the zoning methods are fairly applicable, but have 
some limitations. 
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Fig. 1. The zoning map of liquefaction in loess area of China (10% in 50 years). 
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Fig. 2. Zoning map of liquefaction with Grade-3 method for a district in 

Lanzhou (10% in 50 years) 
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Case study 11: 

A STUDY ON THE ADAPTABILITY OF TWO METHODS OF ZONING FOR SLOPE 
INSTABILITY 

Susumu YASUDA 
Tokyo Denki University, Saitama, Japan 

Introduction 

 In Japan, slope failures have occurred at many areas during past earthquakes. Three 
areas where slope failures occurred during recent major earthquakes, the 1995 
Hyogoken-nambu (Kobe) earthquake, the 1993 Hokkaido-nansei-oki earthquake and the 1987 
Chibaken-toho-oki earthquake, were selected for this study. Two zoning methods, which are 
introduced in the Manual for Zonation on Seismic Geotechnical Hazards (ISSMFE, TC4, 
1993), were applied in the three areas to study the applicability of the zoning methods.  

Studied areas and zoning methods 

 The 1995 Hyogoken-nambu earthquake, with a magnitude of 7.2 on the JMA scale, 
caused many slope failures on Rokko Mountain in and around Kobe City. Rokko Mountain, 
located just behind Kobe City, has steep slopes. The maximum height of the mountain is 931 
m. Locations of the failed slopes were investigated by T. Okimura. According to his research, 
the studied area was selected as shown in Fig.1.  
 Many slope failures also occurred on Okushiri Island in the north of Japan, during the 
1993 Hokkaido-nansei-oki earthquake which has a magnitude of 7.8 on the JMA scale. 
Okushiri Island is about 20 km in length and 10 km in width. Almost all of the island is 
mountain with fairly steep slopes. The maximum 
height of the mountain is 585 m. Locations of 
failed slopes were investigated by the author and 
his colleagues by comparing two sets of 
aerophotographs taken before and after the 

 
Fig.2.  Studied area in Okushiri Island. 

 
Fig.1. Area studied in and around Kobe City. 
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earthquake. The studied area was selected based on the investigation as shown in Fig.2. 
 In 1987, Chibaken-toho-oki earthquake, with a magnitude of 6.7 on the JMA scale 
occurred about 100 km southeast Tokyo.  Many terrace slopes failed. The failure sites were 
investigated precisely by the Chiba Prefectural Government. The area studied is shown in 
Fig.3 
 Among the Grade-2 methods which are 
introduced in the Manual for Zonation on 
Seismic Geotechnical Hazards (ISSMFE, TC4, 
1993), two methods, (1) the method proposed 
by the Kanagawa Prefectural Government 
(hereafter called Kanagawa Method), and (2) 
the method proposed by Mora and Vahrson 
(hereafter called Mora and Vahrson's Method), 
were applied to the areas. The studied areas 
were divided into small mesh areas of 500 m by 
500 m and 1 km by 1 km in the first and second 
method, respectively. The maximum surface 
acceleration of each mesh area was estimated 
by recorded accelerations in Kobe because 
many records were obtained. On the contrary, 
few acceleration records were obtained in 
Okushiri and Chiba. The maximum surface 
acceleration was estimated by Fukushima and 
Tanaka's formula for Okushiri and by Joyner 
and Boore's formula for Chiba. 

Estimated zoning maps in Kobe, Okushiri 
and Chiba 

(1) Kobe 

 Figures 4 and 5 show the number of slides 
in each mesh area estimated by Kanagawa 
Method and the number that occurred during the 
1995 Hyogoken-nambu earthquake, respectively. 
These figures show only the map on the east part 
of the Kobe area. By comparing Figs.4 and 5, it 
can be said that many meshes are estimated to 
have 6 or 10 slides, though not so many slides 
were induced during the 1995 Hyogoken-nambu 
earthquake. This difference is attributed to the 
effect of the maximum surface acceleration on 
the estimated number of slides. As shown in 
Table 4.2 in the manual, the weight W1 increases 
rapidly with the maximum surface acceleration. 
As the acceleration in the area is estimated at 

 
 Fig.5. Number of slides in each mesh 

which occurred during the 1995 
Hyogoken-nambu earthquake. 

 
Fig.4. Number of slides in each mesh in 

Kobe estimated by Kanagawa 
Method. 

 

 
Fig.3.  Studied area in Chiba. 
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more than 400 cm/s2, the weight W1 reaches 2.754, which is a very high value. Therefore the 
estimated numbers of slides are overestimated in this case. 
 Figures 6 and 7 show the estimated landslide hazard index, H , estimated by Mora and 
Vahrson's Method, and the number of slides in each mesh area that occurred during the 1995 
Hyogoken-nambu earthquake, respectively. By comparing the two figures, it is seen that 
almost all meshes are classified in the same grade in Fig.6. Therefore the meshes of H =3 
must be subdivided.  

(2) Okushiri 

 Figures 8 and 9 show the number of slides in each mesh area estimated by the 
Kanagawa Method and the number that occurred during the 1993 Hokkaido-nansei-oki 
earthquake, respectively. Figures 8 and 9 coincide fairly well with each other in the northwest 
part, but do not coincide with each other in the southeast part of the studied area. This 
difference is attributed to the difference of the maximum surface acceleration in two parts. As 
the epicenter was northwest of Okushiri Island, the estimated maximum surface acceleration 
in the northwest part is higher than that in the southeast part. The weight W1 was 2.306 and 
1.004 in the northwest part and the southeast part, respectively. 
 Figures 10 and 11 show the estimated landslide hazard index, H , estimated by Mora 
and Vahrson's method, and the number of slides in each mesh area that occurred during the 
1993 Hokkaido-nansei-oki earthquake, respectively. By comparing the two figures, it is seen 
that many meshes are classified in the second grade in Fig.10. Therefore the meshes of H =2 
should be subdivided. 

(3) Chiba 

 Figures 12 and 13 show the number of slides in each mesh area estimated by the 
Kanagawa Method and the number that occurred during the 1987 Chibaken-toho-oki 
earthquake, respectively. The estimated numbers of slides are overestimated in the south part, 
and underestimated in the north part. This difference is attributed also to the difference of the 
maximum surface acceleration in the two parts. As the epicenter was southeast of the studied 
area, the estimated maximum surface acceleration in the south part is larger than that in the 
north part. The weight W1 was 2.754, 2.306 and 1.004 in the south, central and southeast  

 
Fig.6. A zoning map in Kobe estimated by 

Mora and Vahrson's Method. 

 
Fig.7. Number of slides in 1 km by 1 km 

mesh during the 1995 
Hyogoken-nambu earthquake. 
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Fig.8.  Number of slides in each mesh in 

Okushiri estimated by Kanagawa 
Method. 

 
Fig.10. A zoning map of Okushiri estimated 

by Mora and Vahrson's Method. 

 
Fig.9. Number of slides in each mesh 

which occurred during the 1993 
Hokkaido-nansei-oki earthquake. 

 
Fig.11. Number of slides in 1 km by 1 km 

mesh during the 1993 
Hokkaido-nansei-oki earthquake. 
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parts, respectively. 
 Figure 14 and 15 show the estimated landslide hazard index, H , estimated by Mora and 
Vahrson's method, and the number of slides in each mesh area that occurred during the 1987 
Chibaken-toho-oki earthquake, respectively. As shown in Fig.14, no slope failure was 
estimated by this method. This result is attributed to the parameter for relative relief, Sr. There 
are low terraces only, with a height of less than 75m, in this area. The parameter Sr was zero 
in all meshes. Therefore, the range for Sr must be subdivided in this area. 

Some comments on the application of the zoning methods 

(1) Kanagawa Method 

 Figures 16 and 17 compare the number of slides estimated by the Kanagawa Method 
with the number of slides which occurred during the 1995 Hyogoken-nambu and 1987 
Chibaken-toho-oki earthquakes. As shown in the average lines, solid lines in the figures, the 
estimated number of slides are almost several times as many as the number which actually 
failed. As mentioned above, the effect of weight W1 was too intense in Kobe and the south 

 
Fig.12 Number of slides in each mesh in 

Chiba estimated by Kanagawa 
Method 

 
Fig.13 Number of slides in each mesh 

which occurred during the 1987 
Chibaken-toho-oki earthquake 

 
Fig.14 A zoning map of Chiba estimated by 

Mora and Vahrson's Method 

 
Fig.15 Number of slides in 1 km by 1 km 

mesh during the 1987 
Chibaken-toho-oki earthquake 
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part of Chiba. 
 The maximum surface acceleration at Kobe was estimated by the records on the hard 
grounds shown in Fig.18. Records were obtained on rocks also during the earthquake, as 
shown in Fig.18. The maximum surface acceleration on the rock was only 200 to 300 cm/s2 in 
the studied area. The zoning was also carried out under this acceleration. Figure 19 shows the 
number of slides estimated under the acceleration of 200 to 300 cm/s2. By comparing Figs.4, 
5 and 19, it can be said that the appropriate acceleration to apply the Kanagawa Method may 
be a mean value between the acceleration on hard ground and the acceleration on rock. 
   The maximum surface acceleration estimated by Joyner and Boore's formula at the middle 
and south parts of Chiba was 300 to 500 cm/s2. These values may be greater than the 
acceleration on rock because Joyner and Boore's formula is derived mainly from records on 
hard ground. If W1 is assumed to be 1.004, which means 200 to 300 cm/s2 in acceleration, no 
slope failure is estimated in the studied area. If W1 is assumed to be 2.306 the number of slope 
failures is overestimated. If a mean value of W1=1.66 is assumed, the estimated number of 

 
Fig.19 Number of slides in each mesh in 

Kobe estimated by the Kanagawa 
Method under 200 to 300 cm/s2 of 
acceleration and distance from fault 

 
Fig.18 Relationship between recorded 

acceleration and distance from fault 

 
Fig.17 Comparison of the number of slides 

which occurred during the 
Chibaken-toho-oki earthquake with 
the estimated number of slides 

 
Fig.16 Comparison of the number of slides 

which occurred during the 
Hyogoken-nambu earthquake with 
the estimated number of slides 
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slides coincides fairly well with the actual 
number of slides, as shown in Figs.20 and 13. 
Therefore, the appropriate acceleration may be 
a mean value between the acceleration on hard 
ground and the acceleration on rock. 

(2) Mora and Vahrson's Method 

As mentioned above, the ranges of the values 
of the total index, H  estimated by the Mora 
and Vahrson Method for Kobe and Okushiri 
were too rough. In Chiba, the range of the 
relative relief value, Sr, was too rough. 
Therefore these ranges were subdivided and 
subjected to estimation again. Figure 21 shows 
the modified zoning map of Kobe made by 
subdividing the ranks of H =2 and 3.  Figure 
22 shows the modified map of Chiba made by 
subdividing Sr=0 into three ranges. By 
comparing Fig.21 with Fig.7 and Fig.22 with 
Fig.15, it can be said that these modified zoning 
maps are better than the original zoning maps 
shown in Figs.6 and 14. 

Conclusions 

 Two zoning methods which are 
introduced in the Manual for Zonation on 
Seismic Geotechnical Hazards were applied in 
three areas where slopes failed during three 
recent major earthquakes, to study the 
applicability of the methods. The following 

conclusions were derived: 
(1) The Kanagawa Method tends to 

overestimate the actual number of slides. 
The main reason was that the maximum 
surface acceleration on hard ground was 
used. An appropriate acceleration for the 
Kanagawa Method may be a mean value 
between the acceleration on hard ground 
and that on rock.  

(3) Zoning maps estimated by Mora and 
Vahrson's Method were slightly too rough. 
Some parameters were better if subdivided.  

 
Fig.22. Modified zoning map of Chiba 

estimated by Mora and Vahrson's 
Method by subdividing Sr. 

 
 Fig.21. Modified zoning map of Kobe 

estimated by Mora and Vahrson's 
Method by subdividing H . 

 
 Fig.20. Number of slides in each mesh in 

Chiba estimated by the Kanagawa 
Method with W1=1.66. 
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