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PREFACE

The Saeismic Hazards Mapping Act (Chapter 7.8, Sections 2690 et seg., California Public
Resources Code) requires the State Geologist, Chief of the Department of Conservation's
Divisen-of-Mines-and-GeologyCalifornia Geologica Survey (CBMGGS); to designate saismic |
hazard zones. These zones assg dities and countiesin fulfilling their reoongbilities for
protecting the public hedth and safety from the effects of strong ground-shaking, earthquake-
induced landdides, liquefaction, or other ground failures. To assst the State Geologist in
fulfilling this respongbility, the act directs the State Mining and Geology Board (SMIGB), in
consultation with an advisory board, to develop guiddines and criteriafor the preparation of
seiamic hazard zonesin the state. This report presents the recommendations of the Seismic
Hazard Mapping Act Advisory Committee as accepted by the SMGB.. [t'is expected that these
criteriawill continue to evolve as our understanding of seismic phenomena and the methods

used to assess their likelihood and potential impacts on the built environment improve.

The Seismic Hazard Mapping Act Advisory Committee formed three working.groups
composed of acknowledged experts to address ground shaking, liguefaction, and landdide
hazardsin an atempt to gain a consensus on how to prepare the variousmaps (see
Acknowledgments). A fourth working group.on planning and implementation was formed to
enaure that the resulting setsmic zonation maps would be of practica usein the loca planning
and building department decison-making process. - Recommendations from these working
groups are principa- components of this-document.

Previous versons of this publication (May 1992; July 1999) presented criteriafor delinesting
seigmic hazard zones for liquefaction and earthquiake-induced landdides. The revison reflects
modifications to recommended criteria that relate to liquefaction zones only. Most notably,
more specific recommended criteria are presented for determining anticipated depths to
Saturated soils in areas characterized by differencdt hydrologic conditions. Also, agenerd edit
and.update of the document was done for clarification purposes and to incorporate new
developmentsin pertinent soil test technology and analyses.
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PROBABILISTIC SEISMIC HAZARD MAP

| ntr oduction

The Cdliforna Department of Conservation, Bivisen-of-Mines-and GeglogyCdifornia

Geologica Survey (CBMGGYS) is charged with implementing requirements of the Seismic
Hazards Mapping Act of 1990. Appropriate maps of expected ground shaking hazard are
required and are an underpinning for mapping seismic hazard zones - amplified ground shaking,
liquefaction and earthquake-induced landdiding. The following recommendations are provided

to assist the CBMGGS in mapping ground shaking hazard on aregiona scale throughout the |
state.

General Considerations For Mapping Expected Ground
Shaking Hazard

The Advisory Committee recommends preparation of a suite of regiona ground shaking hazard
maps using Probabiligtic Seismic Hazard Andys's (PSHA) techniques (NRC, 1988). The
following maps should be produced at Satewide scaes:

1 Maps of peak ground acceleration, and spectra acceleration at 0.3 sec, 1.0
sec, and 3.0°sec.; with exceedance probabilities of 10% in 50 years, 50% in 50 years, and 10%
in 100 years. |

2. Maps of peak-ground acceleration, weighted with respect toaM7.5
earthquake, for evauation.of liquefaction potentia and earthquake-induced landdide potentid,
with exceedance probabilities of 10%'in 50 years, 50% in 50 years, and 10% in 100 years.

Exigting probabilistic seismic hazard computational codes are acceptable, and no basic modeding
devel opments norsubstantive computational code changes are needed. The results should
capture and display uncertainties on input parameters, including seismic sources, earthquake
frequency, maximum magnitude, seismic wave attenuation, and Ste response. Input
Interpretations should be developed by an earth science team using consistent approaches
throughout the state and formal uncertainty licitation procedures (NRC, 1977).

PSHA mapping should extend to the near offshore regions, and use Uniform Building Code soft
rock conditions as the base site condition and reference soil column. A companion report
should be prepared that contains analysis of the key sources of uncertainty in enough depth and
detail of presentation to permit usersto factor uncertainty into their use of the maps. The
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andyds of uncertainty may require modest computational code development. Work should be
coordinated with on-going PSHA efforts of the U.S. Geologica Survey (USGS).

Seismic Source M odeling

Three generd types of seismic sources are expected, 1) sources that model active faults, 2)
sources that modd "active" structures that may contain significant faults (i.e., active fold bats,
such as those along the western edge of the Centra Vdley and within theLA Basin), and 3)
sources that model distributed seismicity that cannot be assigned to specific geologie structures.
All three types of sources can be readily modeled within existing computationaprograms. The
details of fault geometry should not have amagjor impact on theresults of aregiond hazard study
interms of its effect on the dengity function for diganceto rupture. (It-may have asgnificant
impact on parameters such as maximum magnitude and seismicity rate;if moment (dip) rete
methods are used). Some specid atention to detail s of geometry may be needediin the
northwest to model the Cascadia subduction zone,

The saismic sources can be identified on the basi's of exiging extensve fault mapping and
surface and/or subsurface mapping.of actively deforming feldsfor California Careful thought
needs to be given to "background” sources to-account for possible unidentified maor sources.
Uncertainty in sources can-be modeled by -providing weighted aternatives.

Maximum 'Magnitude

Maximum magnitudes for fault-specific sources should be based on interpretations of the
potentid maximum size of rupture and the wel-devel oped empirical rel ationships between
rupture dimensions and magnitude that are documented in the literature. Assessments of
maximum magnitudes for tectonic sructures may have to rely more on andogy than on specific
dimensons of structures; -dthough the general characteristics of the structure (e.g., long and
continuous folds versus short and offset folds) may suggest trends in the maximum size that
could be'used to weight the various andlogies. Assessments for seismicity zones and
background zones mogt likely will have to rely on arguments based on andogy, largest observed
eventswithout surface rupture manifestations, and historical observations. Uncertainty on
maximum magnitude should be modded using a variable with a digtribution rather than asingle
vaue.
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Earthquake Frequency

The primary mode! for earthquake recurrence should be the Poisson mode!; because we know
little more than average rates for the vast mgority of seismic sources. Time-dependent models
may be applicable in afew areas. This could be tested to assess how regiona mapping results
might be adjusted. For fault-specific sources, earthquake frequency, (dip rate) should be based
primarily on geologic information for those faults where data.on pal eosaiamicity.can be used to
establish arate. For other tectonic structures, other geologicinformation may have some use
where rates of deformation can be established and where afraction can be attributed to
movement on faults. However, higtoricd seigmicity rateswill likely be the primary source of
recurrence information for these other structures, asit'will*be for distributed seismicity zones,
Recurrence parameters should be modeled as variables with distributions.

Minimum Magnitude

It is recommended that the minimum magnitude of interest be set about magnitude 5. 1t may be
desirable to compute resultsfor ahigher minimum magpnitude to capture the level of hazard from
major earthquakes compared.to the hazard from moderate earthquakes.

Seismic Wave Attenuation

A new generation of seismic wave attenuation curves should be developed using an updated
empirical database from recent strong-motion recordings. Thiswork should be coordinated
with ongoing seismic wave attenuation studies at the USGS. "Standard” attenuation curves
should be developed for various UBC site soil conditions.

Magnitude dependence of attenuation dispersion should be confirmed and incorporated into the
PSHA if appropriate.

A‘number of Ste/source/path conditions may influence seismic wave attenuation. Not al of
these conditions are accommodated in the empirical curves when they are gpplied at a given site
(eg., long period ground motions in basins, faulting style, near-source effects at long periods,
crustal structure, focal depth and topography). The PSHA should proceed with an awareness
of these effects and they should be discussed in the commentary. In generd, until more
definitive procedures can be developed, the PSHA should treat these effects as part of the
randomness in seismic wave atenugtion.
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AMPLIFIED SHAKING HAZARD ZONES

Building codes are currently the primary means of mitigating the effects of strong earthquake
shaking on buildings. The effect of local surface geology on expected shaking is accounted for
by seismic coefficients used in the latera force formula, which correspond to the sail profile
types defined in thelates-edition-of-the Uniform the 2001 Cdifornia Building Code, which is
based on the 1997 Uniform Building Code (ICBO, 1997). Thisrevison aso containsa “near-
source’ factor that takes into consderation effects of the proximity to nearby earthquake source
ruptures on shaking. Maps of known active fault near- source zones have been prepared for use
with the 1997 UBC (ICBO, 1998). The advisory committee believesthat, given the current
understanding of the effects of geologic materias and structure on earthquake ground motions,
there would be no benefit in establishing “amplified shaking hazard zones® for purposes of
design and congtruction. The purpose of the Seismic Hazard Mapping Act isto identify where
gpecid provisons, beyond those containediin the UBC, are necessary to ensure public safety.
This need has not been recognized for the hazard of ground sheking. | Desgn provisons
contained in the UBC are bdieved to-be representative of current knowledge and capability in
earthquake-resstant design.

Consderation should be given to preparation of “informational” maps thet identify where soft-
soil profiles (type S) are more likdy to be found. Similarly, identifying areas where basin
structure or topography. may-enhance ground shaking or where an aggregeate of such adverse
conditions within near-souree zones might occur eould be of vaue for land-use planning
purposes. The development and utility of these options should be investigated.
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LIQUEFACTION HAZARD ZONES

| ntroduction

The Cdifornia Geologica Survey (CGS) of the Cdifornia Department of Consarvation isthe
principa state agency charged with implementing the 1990 Seismic Hazard Mapping Act.The
following are recommended criteriato assst CGS in mapping liquefaction zones of required
investigation. The zones identify areas where Ste-specific geotechnicd investigations must be
conducted to assess liguefaction hazard before development andyif ahazard exists, provide a
technica basisto mitigate the hazard.

Liguefaction M apping Criteria

Liquefaction zones of required investigation are geographic areasmeeting.one.or more of the
following criteria:

1. Areasknown to have experienced-liquéfaction-during historical €arthquakes.

Fidd sudies following earthguakes indicateli quefaction tends to recurin certain areas (Y oud,
1984). There are many published accounts of liquefaction-and it is recommended that CGS
include these Stesin the liguefaction zones of required invedigation.

2. Areasof uncompacted-fillsthat are saturated; nearly saturated, or may be expected
to become saturated.

In some areas there has been a practice of créating usable land by placing artificid fill on tiddl
flasorin ravines. Sratigraphic principlesare of little use in characterizing soils within thesefills,
which can beless homogeneous than natura deposits. There is no reason to assume
dratification inthesefills and thexdidity of extrapolating subsurface data is guestionable. CGS
can search for. evidence of uncompeacted artificid fills by usng maps showing old shordlines,
comparing archiva and modern topographic maps, studying logs of boreholes, and obtaining
reports or-origind plans of projects involving reclaimed land.

3.> Areaswher e analyses of existing data indicate that the soils ar e potentially
liguefiable.

Four key types of information are generdly available for producing liquefaction zones of
required investigation:

(1) Geology maps that characterize depositional environments and rd ative ages of
Quaternary sedimentary deposits.
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(2) Ground-water data used to estimate depths to saturated soils.

(3) Geotechnica borehole data that describe the lithology and engineering properties of
subsurface deposits.

(4) Seismic data that provide ground-motion parameters (liquefaction-opportunity). used in
quantitative liquefaction andyses.

Geology: Thevast mgority of liquefaction hazard areas are underlain by recently deposited
sand and/or slty sand. These deposits are not randomly distributed, but occur within anarrow,
range of sedimentary and hydrologic environments. Investigators commonly use geologic
criteriato establish boundaries of areas found to be susceptible tofiquefaction through
evauation of other criteria, such as geotechnicd anayss (Y oud, 1991)." CGS can gbtain
Quaternary geologic maps that show relaive ageestimates of depositiona units based on ages
reported in the literature, sratigraphic relationships, and soil ‘profile descriptions. Inaddition to
maps, andysis of higtoricd agria photographs and satdlite imagery may reved areas of flooding,
recent sediment accumulation, or evidence of past liguefaction.

Ground Water: Saturation reduces the effective nermd stress of near-surface sediment,
thereby increasing the likelihood of earthquake-induced liquefaction (Youd, 1973). CGS can
compile and interpret ground-water datato identify areas characterized by, or anticipated to
have in the future, near-surface saturated-soils.” For purposes of seismic hazard zonation, "near-
surface’ means at a depth less than 40 feet.

Naturd hydrologic processes andhuman activities can-cause ground-water levels to fluctuate
over time Therefore, it'is impossible to predict depths to saturated soils during future
earthquakes. _Onemethod of addressing time-variable depths to saturated soilsis to establish
an anticipated high ground-water level based on higtorica ground-water data. In areas where
ground water is either currently. near-surface or could return to near-surface within aland-use
planning.interval of 50 years, CGS can congtruct regiond contour maps that depict these levels.
|n'some areas with low precipitation, records may indicate that near- surface ground water
exised- during higtoricd time, but large withdrawa and low recharge rates preclude areturn to
those conditions within'50 years. For these areas, the higtoricaly highest ground-water leve is
not used to-establish the anticipated depth to saturated soil used for hazard evaluation. For
these and dll other areas, CGS can ddlineate present or anticipated near-surface saturated soils
caused by localy perched water and seepage from surface-water bodies.

Future initiation of large-scae, atificia recharge programs could result in Sgnificant risesin
ground-water levels over 50 years. When derted of such plans, CGS can evauate their
impacts relative to liquefaction potentid and revise officid seismic hazard zone maps, if

necessary.
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Geotechnical Data: CGS should collect available geotechnical reports and compile
information on the engineering properties of late Quaternary sediment. Information generated
by standard penetration tests (SPT), cone penetration tests (CPT), shear wave velocity tedts,
and Becker hammer tests, dong with laboratory texturd anayses, isused in “samplified
procedures’ to evauate the liquefaction resistance of soils (Youd and others; 2001).

For sandy and silty soils, SPT and CPT results are the data most commonly used to
characterize soils for quantitative evauation of resstance to liquefaction (Y.oud.and athers,
2001). To ensure consstency and qudity data, these soil property tests should bé conducted
according to ASTM standards (for SPT: D1586-99 and D6066-96€1, and for CPT: D3441).
"Standardized" penetration resistance vaues are used in‘amplified procedure when evauating
liquefaction resstance. Guiddines for performing SPT, and corrdationsfor conversion of nort
standard penetration test data to equivalent standardized penetrationresistance (N,) ., are

presented in Seed and others (1984; 1985), Seed and'DeAlba(1986), Y-oud and{driss
(1997), Youd and others (2001) and Seed and others (2003). Standard CPT-based
characterization of soil and evauation of liguefaction resistance is done using measurements of
thetip resstance (q.) of the probe being pushed into asoil{e.g-Olsen, 1988; Moss, 2003).
Evduation of liquefaction resstance of gravelly soils'can be based oninksitu penetration
resstlance measured using the large- scale Becker Hammer system (Harder, 1988; 1997).
Characterization of soil propertieswith measurements of shear wave velocity is increesngly
being used in evauating asoil’s resstance to liquefaction (e:xg Andruss and Stokoe, 2001).

Seismicity: Liguefaction.opportunity: is ameasure of the potentia for ground shaking strong
enough to generate liguefaction. Andyses of in-situ liguefaction resisance require assessment of
liquefaction opportunity. In accordance with requirements of the Seismic Hazards Mapping Act
of 1990 and guiddinesprovided.in Chapter 2.of these recommended criteria, CGS has
prepared for usein saismic hazard zone mapping a suite of regiond ground-shaking hazard
maps using Probahilistic Seismic Hazard Andysis (PSHA) techniques (NRC, 1988). The
minimumleve of saamic excitation that CGS should use to devel op liquefaction zones of
reguired investigationisthat level defined by M7.5-welghted peak ground surface acceleration
(PGA)with a 10% probahility-of exceedance over a 50-year period.

4. Areaswher e existing subsurface data ar e not sufficient for quantitative evaluation
ofdiquefaction hazard.

In.areas of limited subsurface data, it is recommended that CGS generate liquefaction zones of
required investigation through the application of geologic criteria as follows:

(a) Areas containing soil deposits of late Holocene age (current river channgl's and
their historica floodplains, marshes and estuaries) where the M 7.5-weighted
peak acceleration that has a 10% probability of being exceeded in 50 yearsis
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greater than or equa to 0.10 g and the anticipated depth to saturated soil isless
than 40 feet; or

(b) Areas containing soil deposits of Holocene age (less than 11,000 years), where
the M 7.5-weighted peak acceleration that has a 10% probability of being
exceeded in 50 yearsis greater than or equa to 0.20 g and-the anticipated
depth to saturated soil is less than 30 feet; or

(c) Areas containing soil deposits of latest Pleistocene age (between 11,000-years
and 15,000 years), where the M 7.5-weighted peak acederation that has a 10%
probability of being exceeded in 50 yearsisgreater than or equal.to 0.30 g.and
the anticipated depth to saturated soil istess than20 feet.

Application of these criteria dlows compilation of:liquefaction zones of required investigation
which are ussful for prdiminary evduations, generd land-use planning and delinestion of specia
studies zones (Y oud, 1991).

Candidate M ethods for 'Futur e Development

To further improve delineation of liquefaction zones and-strengthen the justification for
geotechnicd dteinvestigations, DM G should follow the development of methods based on
quantifying ground deformation associated with the occurrence of liquefaction. Estimates of
liquefaction potentid based on smplified methods are known to be conservative with regard to
damage potentid. - Surface manifestation of liquefaction, such as venting of sand, may not
adways corrdaewith sructura damage, especidly when only asmdl fraction of the soil column
liquefies and is accompanied by little'or no settlement. Totd thickness of liquefiable materid
and related potentid for significant vertical settlement or horizontal deformetion are better
indicators of damage potentia. Improvementsin generalized measures such as the Liquefaction
Potential Index (Iwasdki et a,1982), Liquefaction Severity Index (Y oud and Perkins, 1987),
and methods for evauating anticipated liquefaction-induced deformations and displacements
fromatera-spreading-(Bartlett and Y oud, 1995; Seed et al., 2003), should be investigated for
goplicability-in ddinesting seismic hazard zones in Cdifornia
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EARTHQUAKE-INDUCED LANDSLIDE
HAZARD ZONES

| ntr oduction

The CaifermiaDepartment of Conservation, Divisen-ef-Mines-and-GedlegyCdifornia

Geologica Survey (CBMGGS) isthe principd State agency charged with implementation of the
provisions of the 1990 Seismic Hazard Mapping Act. These recommendations are devel oped

to assst CBMGGS in mapping earthquake-induced landdide hazard zones. |

L anddide Hazard Zone Criteria

Earthquake-induced landdide hazard zones are areas meeting one or. more of the following
criteria

1. Areasknown to haveexperienced earthquake-induced dope failure during historic
earthquakes.

It isvery difficult; if not impossible, to distinguish earthquake-induced dope failures from
landdides triggered by. other mechanismsif the'latest movement occurred prior to historic
observations.  Evidence of earthquake triggeringfor.large pre-historic landdides tends to be
circumgantid (for example, large dormant landdide complexes are often located near active
faults), and the shdlow disrupted |anddides (debris or soil fdls) found to be so common in

historic earthquakes are not generdly preserved in the geologic record. However, landdides
caused by some historic earthquakes in Caifornia have been well documented (Lawson, 1908;
Morton, 1975; Harp and others, 1984; Spittler and Harp, 1990; Harp and Jibson, 1995).
Wherever possible EBMG-CGS should include documented earthquake-triggered landdides |
within zenes of required investigation.

2. Areasidentified as having past landdide movement, including both landdide
depositsand sour ce ar eas.

Steep scarps and toe areas of existing landdides often fail in moderate to large earthquakes.
The entire mass of exiging large rotationd landdide depositsis not typicaly reectivated by
earthquake shaking (Keefer, 1984). However, long-duration earthquakes, such as a magnitude
8+ earthquake on the San Andreas fault in southern or northern Cdifornia, could reactivate
exiding landdides and result in significant damage to structures. Because of this possihility,
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exiging landdide depodts and their source areas should be identified and included in zones of
required investigation.

An inventory of dl landdides should be prepared for each hazard zone map area. All existing
landdides, including the source (scarp) and deposit, should be mapped and given alevd. of
confidence of interpretation. Landdidesidentified as*“definite’ or “ probable’ should be added
to the geologic strength map and should dways be included in zones of required investigation.
Landdides identified as “ questionable’, thet is, areas having geomorphic features that may be
the result of other causes (e.g., Stream terraces) and would require extensive exploration to
verify alanddide origin, should be excluded from the earthquake-induced landdide zones.

3. Areaswhere CBM-GGS s analyses of geologic and geotechnical data indicate that |
the geologic materials ar e susceptible to earthquak e<induced ‘dope failure:

The recommended procedure for these analysesis the Newmark method as cdibrated by
McCrink and Redl (1996), described below.

Newmark Method

Currently, the most advanced method for mapping regiona earthquake-induced landdide
hazardsis based on the work of Newmark (1965).-Newmark, recognizing the limitations of a
factor of safety approach to.dynamic dope stability andyses, devised amethod of estimating the
magnitude of ground di splacement caused by a given earthquake ground motion. The U.S.
Geologicd Survey tested Newmark’s method on alanddide triggered by the 1979 Coyote

L ake earthquake (Wilson and Keefer; 1983), and pioneered the application of the Newmark
andyssfor mapping earthquake-induced landdide hazard potentid in San Mateo County
(Wieczorek and others, 1985).

McCrink and Real (1996) cdibrated the San Mateo County mapping methodology using
landdlides and near-field strong-motion records from the 1989 Loma Prieta earthquake. They
aso developed specific procedures alowing the method to be run on a geographic information
gysem (GIS).: Because of the extengve cdibration and vaidation of this technique, earthquake-
induced |anddide hazard zones should be based on a Newmark dynamic displacement analyss
using the parameters and specific gpproaches that have been developed and documented by
McCrink and Real (1996).

The following paragraphs provide a brief description of the recommended andytica procedure
developed in this cdibration study.
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Assumptions to the model

In order to delineate the earthquake-induced landdide zones on aregiond bas's, the following
assumptions and simplifications are reasonable:

The falure should be assumed to be an infinite-dope type failure, thet is, ardatively shalow
falure that has afailure surface pardld to the ground surface.

Only unsaturated dope conditions should be considered.

The response of the geologic materias to earthquake shaking, in‘terms of landdide fallure
potential, should be characterized by the shear strength propertiesof the geologic meterials.

Shear Strength Properties

In sdlecting representative shear strength properties to characterize geologic materias,

CBMGGS should use the most gppropriate combination of gtrength parameters available for |
the hazard map area. The cdibration study (McCrink-and Real;:1996) indicates that the interna
angle of friction (f ) aloneis adequate for regiona mapping of earthquake-indueed dope failure
potential. Where appropriate, CBMGGS should identify adverse bedding conditions (out- of- |
dope bedding) and apply shear strength values representing the wesker materiads (such as shde
interbeds in a predominantly sandstone formation)-of-the mapped geologic unit. If geotechnica
shear tet data are insufficient or-lacking for a mapped geologic unit, such a unit should be
grouped with lithologically and stratigraphicaly smilar units for which shear strength data are
avalable. Published shear strengthvalues can be used'if necessary. The product of the shear
grength characterizations should be a geologic materia strength map, wherein the areas

depicted on the map notonger represent “formeations™ but areas of Smilar shear strength.

Slope Stability Calculations

Sopegahility cdculdions usng the infinite-dope failure modd should conggt of firg caculaing
a static factor of safety, followed by‘a caculation of the yied acceleration from Newmark's
equation:

a=(FS-1)ggna

where g, .isthe yield acceleration (the horizontal ground acceleration required to cause the
factor-of safety to equa 1.0), FSisthefactor of safety from the Satic sability anadyss, gisthe
acceleration due to gravity, and a isthe direction of movement of the dide mass, in degrees
measured from the horizontal, when displacement isinitiated (Newmark, 1965). For an infinite-
dope falluremodd, a isthe same as the dope angle.

Earthquake Ground Motion
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Determination of anticipated earthquake shaking for the hazard map area should be made by
selecting a representative strong-motion record or records, based on estimates of probabilistic
ground motion parameters for levels of earthquake shaking having a 10 percent probability of
being exceeded in 50 years (Petersen and others, 1996; Cramer and Petersen, 1996). The
ground motion parameters used in the record selection should include mode magnitude, mode
distance, and peak acceleration.

The currently accepted procedure calls for the salected strong-motion record to be integrated
twice for agiven yied accderation to find the corresponding Newmark displacement. This
process should be repeated for a number of yield accelerationsito develop amathematica
relationship between the two parameters. The yield accderation vaues caculated.in the dope
gtability anadyses should be correlated with Newmark displacements estimated from the strong-
motion record to prepare a hazard potential map.

Slope Factors

CBMGGS should use the most accurate and up-to-date terrain data available to derive dope |
and aspect maps. Digita terrain data should have a minimum vertical accuracy of 7 meters, and
amaximum horizonta resolution of 10 meters.” Acceptable sources of terrain datainclude Leve

2 digitd devation models (DEMS) prepared by-the U.S. Geological Survey, terrain data derived
from interferometric synthetic-aperture radar, photogrammetrically produced terrain data, and
ground survey data. The selected terrain data sources should meet or exceed the above

accuracy and resolution requirements! Sope gradient and sope aspect maps prepared from the
digitd terrain data should be generated using algorithms most appropriate for the terrain data
used.

Earthquake-Induced LandslidePotential

An earthquake-induced landdide potentid map should be prepared by combining and
comparing (overlay) thegeologic<materia strength map with a dope gradient map. Hazard
potentid criteriafor the hazard maps should be based on the amount of cal culated Newmark
displacement and corresponding dope angle for each geologic unit caused by the sdected
strong-motion record: “Very Low” would correspond to displacements less than 5cm; “Low”
potential has displacements of 5cm to less than 15cm; “Moderate” potentia has displacements
of-15cm to less than 30cm; and “High” potential has digplacements of 30cm or greater. On the
basis of the cdibration study (McCrink and Red, 1996), High, Moderate and Low levels of
hazard potentid (all areas with caculated digplacements greater than 5cm), should be included
within the landdide zone of required investigation.
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Hazards Not Addressed

Because of the many smplifying assumptions made when gpplying the Newmark andyssto
regiona hazard mapping, the current method does not capture dl types of ground failures
known to occur during earthquakes. Earthquake-generated ground faluresthat are not
addressed by the Newmark method include those associated with ridge-top spreading.and
shattered ridges. Also, run-out areas of triggered landdides may extend beyond zone
boundaries into areas outside the zone of required investigation. The potential for ground fallure
resulting from liquefaction-induced laterd spreading of dluvid materids, considered by someto
be aform of landdiding, should not be specificaly addressed by the earthquake-induced
landdide hazard zone because such hazards are to be included in the LQ-zones.

Candidate Methods for Future Development

In order to improve the accuracy of the Newmark-method in capturing al-@ppropriate |landdide-
prone areas CBM-GGS should continue to refine the method.From recent earthqueakes it is |
known that ridge-top spreading typicaly occurs along strike-ridges, and that shattered ridges
typicaly occur dong the tops of high, narrow ridges. CBMGGS- should-use this knowledge to |
develop modd s to assess the potentid for:these ground failures in the future. Methods to

identify rock fal and debris flow runout areas should ase be investigated, if deemed adequate,
and incorporated into future zone maps.

In addition to impraving the current Newmark model, CBMGGS, in cooperation with USGS, |
should continue to investigate other andytical methods that might be useful in zoning. Itis
recommended that CGS investigate the applicability of two andytica methods as possble
dterndives to the Newmark modd:

1-The Multivariate Method

The multivariate method, described by Carraraand others (1991), uses a multivariate Satistical
procedurein conjunction with'GlStechniques to modd landdide hazards. In this method, the
morphologica, gedlogica-and vegetation characterigtics for dopes are analyzed using a tepwise
discriminant andyd's, rating the characteridtics in terms of their ability to discriminate between
stable and ungtable dopes. The method does not specificaly address triggering mechanisms
such as earthquakes or rainfall, but holds the potentia to identify susceptible areas on the basis
of past performance of the terrain and other characteristics.

2. The Probabilistic Slope Stability Method

The probabilistic dope stability method provides a systematic and quantitetive way to ded with
the uncertainties associated with soil and rock spatid variahility, geotechnicd sampling and
testing, terrain models, and earthquake shaking. Vanmarcke (1976; 1980) has considered the
basic 3-dimensond dahility problem in a probabilistic framework for manmade embankments
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and naturd dopes. The probahilistic approach has the advantage of being able to address the
gpatid variability of srength parameters and ground-water conditions, and may dlow for the
easy integration of probabilistic ground motion estimates. The USGS is evauating aform of
probabiligtic earthquake dope sability in southern California usng a Newmark displacement
modd and ground motion characterized by Arias intendty (Jibson and others, 1998).

The multivariate and probabilistic methods, used in full or in part, may prove suitable as passible
aternative approaches to earthquake-induced landdide hazard mapping.) These methods are
not currently well developed for regiond mapping purposes, and cdibration studies will need to
be conducted. However, some or al of the procedures could-be applied to more accurately
and cogt- effectively delineate earthquake-induced landdide hazard zones.
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