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SUMMARY 

This report discusses earthquake-induced liq-

uefaction susceptibility of alluvial sediments in 

the San Bernardino valley and vicinity, southern 

California. The study includes maps that zone the 

region into areas having high to low susceptibility 

for each of three scenario earthquakes: a Ms=8.0 

earthquake on the San Andreas fault, a Ms=7.0 

earthquake on the San Jacinto fault, and a Ms=6.75 

earthquake on the Cucamonga fault. 

The evaluation was conducted using a combina-

tion of site-specific and regional techniques. For 

the site-specific phase, penetration-resistance da-

ta from representative locations throughout the 

study area were analyzed to determine local suscep-

tibility to liquefaction for each of the scenario 

earthquakes. For the regional phase, susceptible 

conditions at local sites were linked to particular 

geologic and hydrologic conditions which then were 

mapped throughout the San Bernardino valley re-

gion. This process yielded groupings of site-

specific susceptibility results, with the group 

boundaries defined by different combinations of 

geologic unit, ground-water interval, and distance 

to causative fault. Each regional grouping was 

evaluated statistically to determine its overall 

susceptibility to liquefaction, and for each sce-

nario earthquake, high, moderately high, moderate, 

or low susceptibility was assigned depending on the 

percentage of site-specific liquefaction analyses 

that indicated susceptible conditions. These ra-

tings form the basis for compiling liquefaction-

susceptibility maps which yield the following 

results: 

A M =8.0 earthquake on the San Andreas fault 
s 

is accompanied by elevated (H, MH) susceptibilities 

wherever ground water is shallow. Within 0 to 4 

miles of the fault, the overall susceptibility of 

sands and silty sands is H, even where ground water 

is as deep as 30 to 50 ft subsurface. For areas 4 

to 8 miles from the fault, overall susceptibilities 

remain H where ground water is shallower than 10 ft 

subsurface but decline to M where ground water is 

deeper. At all distances from the fault, popula-

tions of silty samples have lower susceptibility 

than sand samples but the numerical abundance of 

susceptible sand samples pulls the overall suscep-

tibility rating up to elevated levels even at deep-

er ground-water intervals. 

A M =7.0 earthquake on the San Jacinto fault 
s 

is accompanied by elevated susceptibilities (H, MH) 

wherever ground water is shallower than 20 ft with-

in 0 to 4 miles of the fault and wherever ground 

water is shallower than 10 ft within 4 to 8 miles 

of the fault. Within 0 to 4 miles of the fault, 

susceptibilities decline to M wherever ground water 

is between 20 and 50 ft subsurface; within 4 to 8 

miles of the fault, susceptibilities decline to M 

and L where ground water is between 30 and 50 ft 

subsurface. In general, populations of silty sam-

ples appear to be less susceptible than sand sam-

ples, especially at ground-water levels below 30 ft 

subsurface. 

Elevated susceptibilities accompanying a 

M =6.75 earthquake on the Cucamonga fault are not
s 
as widespread as those for larger earthquakes on 

the San Andreas and San Jacinto faults. Within 0 

to 4 miles of the fault susceptibilities probably 

are H and MH where ground water is shallow, but be-

cause penetration data from this fault-distance in-

terval were not available for our investigation the 

ratings are inferred based on their comparison with 

susceptibility results from equivalent ground-water 

intervals at greater distances from the fault. At 

all distances between 4 and 15 miles of the fault, 

H or MH susceptibility occurs wherever ground water 

is shallower than 10 ft, but susceptibilities de-

cline to M and L where ground water is deeper than 

10 ft subsurface. 

The shape and size of the susceptibility zones 

largely are controlled by depth to ground water and 

distance to the causative fault, although the age 

and type of sediment also influence its suscepti-

bility. The main zones of elevated susceptibility 

are associated with shallow ground-water zones that 

occur under the modern flood plains of Cajon Creek, 

Warm Creek, and the Santa Ana River. These areas 

are underlain by recently deposited Holocene sedi-

ments that would be expected to have lower penetra-

tion resistance and higher susceptibility than old-

er sediments. However, even the older Holocene and 

latest Pleistocene sediments have elevated suscep-

tibilities comparable to those in the younger de-

posits, and this fact accounts for zones of H and 

MH susceptibility which extend away from the modern 

flood plains and into adjacent areas underlain by 

older deposits. Additional areas of elevated sus-

ceptibility occur in isolated zones downstream from 

the mouths of canyons along the base of the San 

Bernardino Mountains. 

The widespread distribution of susceptible 

conditions within near-surface alluvial sediments 

of the San Bernardino valley region in part can be 

attributed to the strong ground-shaking conditions 

accompanying the scenario earthquakes specified by 

our analysis. The large peak-acceleration values 

generated by these large-magnitude earthquakes are 
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greater than those based on probabilistic seismic-

potential analyses. The latter scale down ground-

motion parameters by using peak-acceleration values 

that are likely to be exceeded by earthquakes with-

in a specified return period (such as 50 years). 

If large earthquakes occur in the San Bernardino 

valley region in the next few decades, as some 

workers have proposed, then a large-magnitude sce-

nario-earthquake approach to regional hazard anal-

ysis is appropriate for evaluating liquefaction 

susceptibility in the San Bernardino valley region. 

The susceptibility maps can be used in con-

junction with what is known about the geomorphic 

setting and layering characteristics of sedimentary 

materials underlying the San Bernardino valley re-

gion to estimate where liquefaction-induced ground 

failures are most and least likely to occur, at 

least on a regional basis. Where ground water is 

shallower than 10 ft subsurface, the possibility of 

ground failure is consistent with the H to MH sus-

ceptibility of sediments within this ground-water 

interval. These areas require special attention 

during future land-use planning and development, 

and mitigation of existing hazards may be advisa-

ble. In areas of deeper ground water, where liq-

uefaction susceptibility is M to L, liquefaction-

induced ground failures are less likely, but cannot 

be ruled out. 

INTRODUCTION 

This report presents a regional evaluation of 

susceptibility to earthquake-induced sediment liq-

uefaction in the San Bernardino valley and vicini-

ty, southern California (fig. 1). Liquefaction is 

a process whereby strong earthquake shaking causes 

sediment layers saturated with ground water to lose 

their strength and behave as a fluid; this subsur-

face process can lead to near-surface ground fail-

ures that result in property damage and loss of 

life. Several factors indicate that parts of the 

San Bernardino valley area might be susceptible to 

liquefaction: (1) Alluvial sediments which under-

lie the valley region generally are similar to 

those that have undergone liquefaction elsewhere 

(Carson and others, 1986); (2) ground-water condi-

tions in some parts of the valley are conducive to 

liquefaction (Carson and Matti, 1985, 1986); and 

(3) the tectonic setting and seismic history of the 

region (Matti and others, 1985) suggest that earth-

quakes strong enough to generate liquefaction in 

susceptible materials have occurred in the past and 

are likely to occur in the future. 

Purpose, scope, and limitations 

The purpose of this report is to identify 

areas within the San Bernardino valley region that 

are susceptible to earthquake-induced liquefaction 

given the ground-shaking conditions specified in 

our analysis. The evaluation is generalized and 

regional in scope--that is, our analytical approach 

does not identify the exact locations where lique-

faction will or will not occur, but instead out-

lines broad areas that have high to low liquefac-

tion susceptibility based on the typical hydrologic 

and geologic characteristics of each area. 

By targeting areas of greater or lesser sus-

ceptibility, this report can assist building and 

public-safety officials who wish to identify areas 

where site-specific liquefaction evaluations are 

necessary, and can assist planners who wish to con-

sider liquefaction hazards in land-use planning and 

zoning. The report is directed toward persons con-

cerned about liquefaction but unfamiliar with tech-

nical aspects of its causes, consequences, and 

methods of evaluation. Accordingly, the body of 

the report is as technically simple as the subject 

allows, with procedural documentation reserved for 

the appendices. Thus, the basic points of our 

methodology and results can be evaluated by review-

ing the text and can be elaborated by referring to 

the appendices as needed. 

The susceptibility maps accompanying this 

report were prepared using methods that are de-

signed to reveal areas where liquefaction has any 

significant possibility of occurring, and to dis-

tinguish these areas from those where susceptiblity 

to liquefaction unequivocally is minimal. To 

achieve this goal, our evaluation incorporated two 

conservative procedures: (1) We assumed geologic 

and hydrologic conditions (large local earthquakes 

and shallowest ground-water levels) that would 

identify the maximum extent of susceptible condi-

tions, and (2) we incorporated some geotechnical 

methods whose cumulative effect tended to increase 

liquefaction susceptibility at each site. We 

adopted this conservative approach in order to 

ensure that no areas having significant liquefac-

tion susceptibility escaped recognition, and so 

that zones of significant susceptibility could be 

emphasized and targeted for further planning and 

evaluation. 

Although we use the susceptibility results of 

this investigation to estimate the potential for 

liquefaction-induced ground failure, we do not doc-

ument the character or distribution of ground fail-

ures stemming from liquefaction in the San Bernar-
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dino valley region, nor do we evaluate the level of 

hazard or risk resulting from such ground fail-

ures. Liquefaction of subsurface sediment does not 

in itself pose a hazard or risk to structures or 

life: the hazard is posed by ground failures that 

can be induced by liquefaction. Ground failures do 

not always accompany subsurface liquefaction, how-

ever, and many susceptible areas may experience no 

ground failure at all if the physical effects of 

liquefaction do not propagate to near-surface 

zones. The prediction and evaluation of liquefac-

tion-induced ground failures and their attendent 

risks are beyond the scope of this investigation. 

Previous investigations 

Previous investigations of liquefaction sus-

ceptibility in the San Bernardino valley region 

include both published and unpublished studies. 

The unpublished studies include site-specific liq-

uefaction evaluations performed by private geotech-

nical firms and filed with municipal and county 

regulatory agencies in compliance with permitting 

requirements. These site investigations incorpor-

ate various kinds of procedural approaches, earth-

quake-risk analyses, and ground-shaking condi-

tions. In the public domain, Fife and others 

(1976) noted that liquefaction was a possible haz-

ard in the San Bernardino valley region, and made 

general comments about the distribution of suscep-

tible zones by integrating generalized ground-water 

conditions and marshland patterns (Fife, 1976) with 

generalized grain-size patterns for alluvial sedi-

ments occurring within the valley. The firm of 

John R. Byerly, Inc. (1982) was commissioned by the 

City of San Bernardino Water Department to evaluate 

liquefaction susceptibility based on geotechnical 

data from seven sites located around the periphery 

of the shallow ground-water zone in the metropoli-

tan area. Tinsley and others (1985) discussed liq-

uefaction potential in the San Bernardino valley 

area as part of a larger evaluation of liquefaction 

conditions in southern California. Their analysis 

in the San Bernardino area utilizes our map of 

ground-water conditions for the 1973-1979 period 

(Carson and Matti , 1985) and a generalized map of 

surficial sedimentary materials in the upper Santa 

Ana River valley region (Cox and Morton, 1978). 

LIQUEFACTION: GENERAL BACKGROUND 

The liquefaction process 

The physical process of seismically induced 

liquefaction is well understood (Youd, 1973; Seed 

and Idriss, 1982, p. 65-70; National Research Coun-

cil, 1985, p. 15-70). During an earthquake, seis-

mic waves travel through the earth and vibrate the 

ground. In cohesionless granular material having 

low relative density (for example, loose sandy sed-

iment) this vibration can disturb the particle 

framework, leading to increased compaction of the 

material and reduction of pore space between the 

framework grains. If the sediment is saturated, 

water occupying the pore spaces resists this com-

paction and exerts pore pressure which reduces the 

contact stress between the sediment grains. With 

continued shaking, transfer of intergranular stress 

to pore water can generate pore pressures great 

enough to cause the sediment to lose its strength 

and change from a solid state to a liquefied 

state. This mechanical transformation can cause 

various kinds of ground failure at or near the sur-

face. 

The liquefaction process typically occurs at 

depths less than 50 ft subsurface, with the most 

susceptible conditions occurring at depths shallow-

er than 30 ft subsurface. Diminished susceptibil-

ity with increasing depth is due to the increased 

firmness of deeper sedimentary materials, which can 

be attributed mainly to two factors: (1) increased 

overburden pressure resulting from the load of 

overlying sediment layers, and (2) increased geo-

logic age. These two factors tend to create a 

denser packing of sediment grains in the deeper 

sedimentary materials, which thus are less likely 

to experience the additional compaction and elevat-

ed pore pressures necessary to induce loss of shear 

strength and liquefaction during an earthquake. 

Liquefaction of subsurface materials can lead 

to several types of near-surface ground failure, 

depending on the slope conditions and the geologic 

and hydrologic setting (Seed, 1968; Youd, 1973; 

Tinsley and others, 1985, p. 266-267; National Re-

search Council, 1985, p. 18-27). Four common types 

of ground failure include: (1) lateral spreads 

(landslides with limited displacement of Seed, 

1968); (2) flow failures (flow landslides of Seed, 

1968); (3) ground oscillation; and (4) loss of 

bearing strength (quick conditions of Seed, 

1968). Sand boils (injections of fluidized sedi-

ment) commonly accompany these different types of 

ground failure (Ambraseys and Sarma, 1969), and 

form sand volcanoes at the ground surface or convo-

lute layering and sand dikes in subsurface sediment 

layers. 

Damaging ground failure resulting from earth-

quake-induced liquefaction has occurred throughout 

3 



	

	

	

	

	

	

	

	

	

	

the world. For example, during the Guatemala 

earthquake of February 4, 1976, differential later-

al displacements and settlements resulting from 

lateral spreading destroyed or damaged 90% of the 

houses in the La Playa area of Lake Amatitlan 

(Hoose and others, 1978). The Niigata, Japan 

earthquake of June 16, 1964 generated widespread 

damage resulting from liquefaction (Seed and Id-

riss, 1967). There, extensive areas were covered 

by water and sand ejected from sand boils and from 

cracks in the earth, and loss of bearing strength 

led to differential settlement that caused exten-

sive damage. Many overlying structures settled 3 

feet or more or suffered severe tilting, and buoy-

ant subgrade structures such as sewage-treatment 

tanks floated to the surface. Sand boils generated 

during the Imperial Valley, California earthquake 

of May 18, 1940 ejected large quantities of sand in 

the nearby Yuma Valley, creating extensive damage 

to irrigation systems by covering fields and chok-

ing canals and ditches (Richter, 1958, p. 108). 

Procedures for evaluating liquefaction 

susceptibility 

The factors which determine whether sedimen-

tary materials are susceptible to earthquake-induc-

ed liquefaction can be grouped into three categor-

ies: (1) the geotechnical properties of the sedi-

ment, (2) depth to ground water, and (3) the in-

tensity and duration of ground shaking. Using a 

variety of techniques, it is possible to determine 

each of these factors at an individual site in or-

der to evaluate whether or not liquefaction is 

likely to occur during an earthquake of specified 

magnitude. By using additional analytical methods 

and statistical analysis, site-specific results can 

be extrapolated regionally to assign generalized 

liquefaction-susceptibility ratings to large areas. 

Site-specific evaluations 

By performing laboratory and in-place geotech-

nical tests on subsurface sediments occurring at a 

particular site, it is possible to evaluate whether 

liquefaction would be likely to occur there. Geo-

technical engineers and engineering geologists com-

monly use this procedure to evaluate liquefaction 

susceptibility for land parcels being considered 

for development. For this type of investigation, 

subsurface borings are made at a number of closely-

spaced locations, the sediments encountered are 

logged and sampled, tests of penetration resistance 

are conducted, and laboratory tests may be per-

formed on the collected samples to obtain various 

kinds of geotechnical data. Based on these analy-

ses, the sediments are evaluated for their suscep-

tibility to liquefaction under specified ground-

shaking conditions by comparing their geotechnical 

properties with those of sediments known to have 

liquefied under similar ground-shaking condi-

tions. Techniques for site-specific liquefaction 

analysis have been described by several authors, 

including Seed and Idriss (1971, 1982), Seed and 

Peacock (1971), Castro (1969), Andersen and others 

(1982), Poulos and others (1985), and Seed and 

others (1985). 

Regional evaluations 

Regional evaluations of liquefaction hazards 

incorporate three components, including liquefac-

tion susceptibility, liquefaction opportunity, and 

liquefaction potential (Youd and Perkins, 1978; 

Youd and others, 1978; Tinsley and others, 1985) A 

liquefaction-susceptibility evaluation incorporates 

analysis of sediment geotechnical properties, depth 

to ground water, expected earthquake magnitude, and 

induced ground shaking to identify where liquefac-

tion is most and least likely to occur during par-

ticular seismic events. A liquefaction-opportunity 

evaluation incorporates estimates of the frequency, 

magnitude, and location of anticipated future 

earthquakes to determine recurrence intervals for 

earthquake shaking strong enough to generate lique-

faction in susceptible materials. A liquefaction-

potential evaluation combines the results of the 

susceptibility evaluation and the opportunity eval-

uation to identify areas which, on a probabilistic 

basis, are most and least likely to experience liq-

uefaction during specified earthquakes having spe-

cified recurrence intervals. In this study, we fo-

cus on liquefaction susceptibility and do not eval-

uate liquefaction opportunity or potential. 

Ideally, an investigation of liquefaction sus-

ceptibility for a large region like the San Bernar-

dino valley would incorporate numerous site-

specific evaluations spaced closely throughout the 

entire region. This dense network of local evalua-

tions would be used to determine in great detail 

the regional distribution of susceptible and non-

susceptible sediments. However, such an approach 

is not possible for the San Bernardino valley be-

cause existing site-specific evaluations are not 

distributed widely throughout the region and are 

not uniform in technical quality, and because the 

siting of new evaluations necessary to fill gaps in 

the existing data base would be too costly. There-
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fore, alternative approaches to regional liquefac-

tion analysis must be employed--approaches which 

inevitably lead to generalizations and compromises 

in techniques and results. 

The key to successful liquefaction evaluations 

for large areas like the San Bernardino valley lies 

in the successful identification regionally of 

those geologic and hydrologic conditions known to 

be conducive to liquefaction at specific sites. 

This can be accomplished by a correlation pro-

cess: geologic and hydrologic conditions known to 

be susceptible at local sites are linked to partic-

ular geologic units and ground-water intervals 

whose distribution then can be mapped throughout 

the region. This approach has been developed by 

Youd and Perkins (1978), Youd and others (1978), 

and Tinsley and others (1985), who used site-

specific data to identify characteristic suscepti-

bilities for different combinations of geology and 

hydrology which they mapped regionally. This ex-

trapolation process requires certain generaliza-

tions and assumptions about geology, hydrology, and 

ground shaking, and necessarily leads to general-

ized statements about liquefaction susceptibilities 

regionally. 

Methods used in this study 

For the site-specific phase of this investiga-

tion we used analytical procedures described by 

Seed and Idriss (1982) to determine liquefaction 

susceptibility at representative locations through-

out the San Bernardino valley area.1 For the re-

gional phase we used techniques modeled after those 

developed by Youd and others (1978) and Tinsley and 

others (1985), although we modified some aspects of 

their method in order to accomodate geologic and 

hydrologic conditions within the San Bernardino 

valley region. Our investigation incorporated the 

following steps: (1) We made a geologic map of the 

San Bernardino valley region, showing faults and 

various surficial geologic units (map sheet 1); (2) 

we evaluated ground-water conditions (map sheet 2); 

(3) we assembled geotechnical data by compiling 

existing geotechnical site investigations and 

screening them for their applicability to lique-

faction analysis; (4) we conducted subsurface 

drilling at representative sites in the valley 

region to obtain additional geotechnical data 

(Carson and others, 1986); (5) we performed more 

than 800 evaluations at 138 sites in order to 

determine liquefaction susceptiblity for ground-

shaking conditions created by scenario earthquakes 

on the San Andreas, San Jacinto, and Cucamonga 

faults; (6) we extrapolated these evaluations 

throughout the San Bernardino valley region using 

generalizations and assumptions about the geology, 

hydrology, and ground-shaking conditions; and (7) 

we constructed maps which zone the San Bernardino 

valley region into areas of high to low suscepti-

bility for each of the three scenario earthquakes 

(map sheets 3, 4, and 5). 

GEOLOGIC SETTING 

Sedimentary materials 

The San Bernardino valley region is a broad, 

gently sloping lowland that flanks the southwest 

margin of the San Bernardino Mountains. The low-

land is underlain by alluvial sediments eroded from 

bedrock in the adjacent uplands and washed by 

rivers and streams into the valley region, where 

they have accumulated in layers of gravel, sand, 

silt, and clay. Sediment accumulation has contin-

ued for several million years, during which time an 

ever-thickening blanket of sediment gradually has 

buried the original hill-and-valley topography of 

the San Bernardino valley; Perris Hill and the 

Shandin Hills are vestiges of that original topog-

raphy which have not yet been buried by the en-

croaching sediment. Deeper parts of the sedimen-

tary fill are older and are well consolidated; 

near-surface sediments are younger and are only 

slightly consolidated. The relatively loose near-

surface sediments potentially are susceptible to 

earthquake-induced liquefaction, and they are the 

focus of this report. 

Seed and others (1985) recently introduced correction factors and refined susceptibility curves which 

modify the procedures described by Seed and Idriss (1982) and which improve evaluations of liquefaction 

susceptibility at specific sites. These refinements were published too late to be incorporated into our 

analysis. Application of the refined techniques would improve the evaluation of susceptibility in the San 

Bernardino valley region by refining susceptibility results for ground-water depths between 30 and 50 ft 

subsurface. However, our application of the new susceptibility curves to penetration data collected by 

the U.S. Geological Survey (Carson and others, 1986) indicates that the results of our investigation for 

ground-water depths between 0 and 30 ft subsurface would not be altered significantly. 
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Near-surface alluvial sediments of the San 

Bernardino valley region accumulated in two deposi-

tional regimes: (1) alluvial fans that extend 

downslope from the mouths of mountain canyons, and 

(2) river floodplains of the Santa Ana River and 

Cajon and Lytle Creeks. Although the alluvial-fan 

deposits tend to be coarser grained and more poorly 

sorted than the river-floodplain deposits, both al-

luvial suites show considerable range in particle 

size from place to place in the San Bernardino val-

ley. Near the mountain front the deposits consist 

of sand-bearing cobble and boulder gravel inter-

stratified with layers of sand and gravelly sand. 

Downstream from the mountain front the gravelly 

sediment gradually becomes finer grained. Where 

the alluvial-fan and floodplain regimes meet in the 

vicinity of metropolitan San Bernardino, sand and 

silt ultimately predominate over subordinate layers 

of clay and pebbly gravel. 

Within both the alluvial-fan and floodplain 

regimes the latest cycle of river and stream devel-

opment in many areas has led to channel downcutting 

that has left older parts of the sedimentary blank-

et standing above the level of the modern chan-

nels. Very young loose sediment is accumulating in 

the bottoms of the incised channels, while the 

higher-standing sediments are inactive, are firmer 

and more compacted, and are developing pedogenic-

soil profiles. This pattern of down-cutting and 

back-filling has occurred numerous times in the 

long history of the alluviated lowland, leading to 

a complex pattern of surficial-geologic units--each 

representing a different depositional age and (or) 

a different sediment type. 

Detailed geologic mapping of these surficial 

deposits has led to recognition of a large number 

of individual map units (Matti and others, 1985; 

J.C. Matti and S.E. Carson, unpubl.), but for 

purposes of liquefaction evaluation we have grouped 

these into three major categories on the basis of 

depositional age (map sheet 1). Younger Holocene 

deposits (Qh ) include sedimentary materials that
2 

we interpret to have accumulated within the last 

500 to 1,000 years. Older Holocene deposits (Qh 1 ) 

include sedimentary material that we interpret to 

have accumulated between 500 or 1,000 years ago and 

10,000 to perhaps 15,000 years ago. Pleistocene 

deposits (Qp) include sedimentary material that we 

interpret to have accumulated between 10,000 or 

15,000 years ago and about 750,000 years ago. 

These age determinations are preliminary, and are 

based mainly on the degree of pedogenic-soil devel-

opment on the upper surfaces of the units. The 

soil profiles are thin and slightly developed on 

younger alluvial deposits, but are progressively 

thicker and better developed on progressively older 

deposits. The age of an alluvial deposit in rela-

tion to another deposit can be determined by com-

paring the development of their respective soil 

profiles, and the numeric age of a soil profile can 

be determined from radiometric analysis of organic 

carbon or other materials associated with the 

soil. We have assigned ages to surficial-geologic 

units in the San Bernardino valley region by com-

paring their soil profiles with those under study 

elsewhere in the region (McFadden, 1982; R.J. Wel-

don and L.D. McFadden, unpubl. data; Harden and 

others, 1986; J.W. Harden and J.C. Matti, unpubl. 

data). 

Disagreement exists regarding the thickness of 

the youngest, loosest sedimentary materials in the 

San Bernardino valley region. Many published 

studies and unpublished geotechnical site investi-

gations conclude that Holocene and latest Pleisto-

cene deposits (less than about 15,000 years old) 

form an extensive blanket of young loose sediment 

that may be a few hundred feet thick. By contrast, 

radiocarbon age determinations from subsurface bor-

ings (Carson and others, 1986) and penetration-

resistance data from multiple sources suggest that 

the loose Holocene materials may be less than 50 to 

75 ft thick in many areas, and are underlain 

abruptly by firmer denser sedimentary materials 

that have considerably higher penetration resist-

ance. 

The validity of either thickness model has 

direct bearing on liquefaction susceptibility 

throughout the San Bernardino valley region. (1) A 

thick pile of loose sediment saturated with ground 

water inherently would be more susceptible to liq-

uefaction and might generate larger more extensive 

liquefaction-induced ground failures than would a 

thin blanket of loose sediment. (2) A thick pile 

of loose sediment would amplify the shaking inten-

sity of earthquake waves by comparison with a thin 

blanket of loose sediment, thus increasing lique-

faction susceptibility by increasing the strength 

of ground shaking. 

Alluvial setting and 

liquefaction susceptibility 

The relationship between geologic setting and 

liquefaction susceptibility has been reviewed by 

several workers (Youd and Noose, 1977; Youd and 

Perkins, 1978; Tinsley and others, 1985) who recog-

nize a general correlation between the age and type 

of sedimentary deposit and the likelihood of lique-
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faction. All other factors being equal, younger 

sediments tend to be more susceptible than older 

sediments, and sands and silty sands deposited in 

river channels and floodplains tend to be more more 

susceptible to liquefaction than coarser or finer 

grained sediments deposited in other environ-

ments. On the basis of these general guides alone, 

a geologic map of the San Bernardino valley region 

could identify areas of greater or lesser suscepti-

bility. 

Geologic age 

Tinsley and others (1985) grouped Quaternary 

sedimentary deposits in southern California into 

three age classes according to their susceptibility 

to earthquake-induced liquefaction: deposits less 

than 1,000 years old (latest Holocene), deposits 

1,000 to 10,000 years old (earlier Holocene), and 

undifferentiated older deposits between 10,000 and 

500,000 years old (late and middle Pleistocene). 

Tinsley and others (1985) showed that the progres-

sively older deposits have progressively lower sus-

ceptibilities, reflecting their increased compac-

tion, relative density, and longer history of seis-

mic shaking. This correlation led us to subdivide 

the sedimentary fill of the San Bernardino valley 

region into three units modeled after those recog-

nized by Tinsley and others (1985). From youngest 

to oldest, these three units (Qh2, Qh1, and Qp) 

should be increasingly resistant to earthquake-

induced liquefaction. 

Sediment type and depositional 

environment 

Youd and Perkins (1978) and Tinsley and others 

(1985) showed that sedimentary materials accumulat-

ing in certain depositional environments inherently 

are more susceptible to liquefaction than materials 

accumulating in other environments. For example, 

clean sands and silty sands in river channels gen-

erally are more susceptible than mixtures of coars-

er sand and gravel that occur on alluvial fans 

(Youd and Perkins, 1978, Table 2). According to 

this generalized guideline, sedimentary materials 

in the San Bernardino valley that have accumulated 

in channel systems of the Santa Ana River and Cajon 

and Lytle Creeks inherently are more susceptible 

than materials deposited in alluvial-fan environ-

ments, especially near the mountain fronts where 

the fan sediments are coarser grained and more 

poorly sorted than their counterparts farther away 

from the mountain front. 

Implications for the San Bernardino valley 

Our analysis indicates that the age and depo-

sitional setting of sedimentary materials in the 

San Bernardino valley region generally can be cor-

related with their susceptibility to liquefaction, 

but these criteria have only general value for map-

ping and predicting susceptibility patterns. For 

example, young sediments of unit Qh2 occurring in 

the flood plain of the Santa Ana River generally 

have lower penetration resistance than sediments of 

units Qh 1 and Qp elsewhere in the region. As a re-

sult, the youthful flood-plain sediments are more 

susceptible than older deposits. However, for the 

strong ground-shaking conditions specified in our 

study, both younger Holocene sediments (unit Qh2) 

and older Holocene and latest Pleistocene sediments 

(unit Qh 1 ) generally demonstrate a similar degree 

of susceptibility regardless of their geologic age 

or depositional setting--as long as they are near-

surface and are saturated with ground water. This 

departure from the patterns observed by Tinsley and 

others (1985) reflects the high seismic potential 

of the San Bernardino valley region by comparison 

with many other metropolitan areas in southern Cal-

ifornia. 

Faults 

The San Bernardino valley region is the site 

of numerous faults, some of which are capable of 

generating large earthquakes. The major faults are 

strike-slip structures of the San Andreas family--

faults which generate earthquakes as blocks on ei-

ther side of the fault plane slide right-laterally 

past each other. These include the San Jacinto 

fault and the modern trace of the San Andreas 

fault. Many of the smaller faults are normal or 

reverse dip-slip faults which have evolved as a 

result of complications within the San Andreas 

fault system (Matti and others, 1985). Dip-slip 

faults generate earthquakes as blocks on either 

side of the fault plane slide up or down relative 

to each other. Reverse dip-slip faults include the 

Cucamonga fault along the base of the southeastern 

San Gabriel Mountains (Morton and Matti, in press; 

Matti and others, 1982) and the San Gorgonio Pass 

fault zone (Matti and others, 1985). Normal dip-

slip faults include the Crafton Hills fault complex 

(Matti and others, 1985) and other normal faults 

observed or inferred to occur in and around the San 

Bernardino valley and San Bernardino Mountains 

(Matti and others, 1985; Weldon, 1985). 
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Earthquake potential 

Numerous faults in the San Bernardino valley 

region are actively generating small earthquakes 

(Green, 1983; Nicholson and others, 1986), and some 

of these faults have generated large earthquakes in 

the recent geologic past (for example, see Weldon 

and Sieh, 1985). Estimates of the potential for 

future damaging earthquakes on these faults involve 

three questions: which fault will generate the 

next earthquake, how large will it be, and when 

will it occur. Answers to these questions not only 

are relevant to earthquake-preparedness planning 

but are essential for evaluating earthquake hazards 

such as liquefaction. Two approaches are available 

for evaluating the seismic potential of the San 

Bernardino valley region: (1) probabilistic ap-

proaches that are based on the annual probability 

for earthquakes stemming from all available sour-

ces, and (2) empirical approaches that incorporate 

specific scenario earthquakes on specific faults. 

Probabilistic models of earthquake 

potential 

Probabilistic estimates of seismic risk are 

based on the idea that the potential for an earth-

quake in a given region is equal to the annual pro-

babilities for earthquakes on all faults capable of 

generating energy of a certain level in the region 

(Idriss, 1985). Such approaches usually are based 

on the statistical premise that earthquakes occur 

randomly in time, and that the annual probability 

for earthquake occurrence is the same from year to 

year given a Poisson (random) probability distribu-

tion. Coupled with this random-probability model 

is the observation that small and moderate earth-

quakes occur more frequently than large and great 

earthquakes. Thus, a probabilistic model for 

earthquake risk in the San Bernardino valley region 

would propose that, for a given period--for exam-

ple, 50 years, about the average useable life of 

noncritical structures--the probability of a small 

to moderate earthquake is greater than the proba-

bility of a large to great earthquake, and is the 

same each year. Thus, the annual seismic potential 

for a 50-year period would be relatively low even 

if it included input from all seismic sources. 

Scenario-earthquake models of 

earthquake potential 

Investigations of earthquake history (Sieh, 

1978, 1984; Weldon and Sieh, 1985) have demonstrat-

ed that earthquakes in southern California do not 

occur randomly in time but instead occur regularly 

at approximately constant faulting-recurrence in-

tervals. This conclusion has led to the idea that 

particular fault segments will generate character-

istic earthquakes of specified magnitude with a 

certain regularity (Schwartz and Coppersmith, 

1984). If nothing is known about the recurrence 

(repeat time) of earthquakes or if an average 

faulting-recurrence interval has been determined 

but the time of the last earthquake is not known, 

then it is appropriate to evaluate seismic risk 

using a random-earthquake model where the proba-

blility of an earthquake is the same each year. 

However, if a faulting-recurrence interval has been 

established and if the time of the last earthquake 

is known or can be estimated, the use of random-

probability models to estimate the level of seismic 

risk for any given year is not appropriate. In-

stead, information about where we are within the 

earthquake-recurence cycle (Thatcher, 1984) re-

quires conditional rather than random probabilistic 

analyses, where at any given time the probability 

of earthquake occurrence is conditional upon when 

the last earthquake occurred and when the next 

earthquake might be expected (on average). With 

conditional analyses, the probability of earthquake 

occurence increases from year to year at a rate 

which depends upon how long it has been since the 

last earthquake occurred and upon statistical un-

certainties associated with the average length of 

the cycle. 

In historic time no large earthquakes are 

known to have occurred on the three faults capable 

of generating shocks whose shaking effects would 

be felt intensely in the San Bernardino valley re-

gion: the San Andreas fault between Cajon Pass and 

San Gorgonio Pass, the San Jacinto fault between 

Riverside and the San Gabriel Mountains, and the 

Cucamonga fault. Because these three faults have 

not generated major earthquakes in at least 140 

years they are closer to failure with each passing 

year. Accordingly, we elected to evaluate the 

seismic potential of the San Bernardino valley re-

gion by considering the impact of large local 

earthquakes on each fault. 

San Andreas fault.--The segment of the modern 

San Andreas fault that extends from the San Gorgo-

nio Pass region to about Wrightwood in the San Gab-

riel Mountains apparently did not rupture during 

the great 1857 earthquake on the Mojave Desert seg-

ment of the fault (Sieh, 1978). Allen (1981) pro-

posed that the southern segment of the San Andreas 

is a candidate for a large earthquake--a hypothesis 
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	supported by many subsequent workers. Raleigh and 

others (1982) summarized data which indicate that 

the San Andreas fault between the Salton Sea and 

the Tehachapi Mountains is a mature seismic gap 

that will be filled by southern California's next 

great earthquake; although their study did not as-

sign probabilities to a specific time period, they 

implied that this sector of the fault is near fail-

ure. Lindh (1983) assigned annual conditional pro-

babilities which by the year 2012 will accumulate 

to 40 percent for an earthquake on the Indio seg-

ment of the San Andreas fault (M=7.5 to 8) and 25 

percent for the Mojave segment of the San Andreas 

fault (M=7.5 to 8). Lindh's preliminary forecasts 

were summarized by Wesson and Wallace (1985, P. 

43), who also quoted a U.S. Geological Survey re-

port to the National Security Council wherein the 

likelihood of a M=8.3 earthquake along the southern 

San Andreas "is estimated to be between 2 and 5 

percent per year, or about 50 percent in the next 

20 or 30 years" (Wesson and Wallace, 1985, p. 

37). Weldon and Sieh (1985, p. 811-812, fig. 15) 

discuss four fault-rupture scenarios for the San 

Andreas fault in the San Bernardino region, three 

of which suggest that failure is overdue "in the 

sense that more time than the average interval 

between events has passed since the last event". 

Sykes and Nishenko (1984) suggest that a 325-km 

segment of the San Andreas fault between Tejon Pass 

and the Salton Sea has about a 25 percent chance of 

generating an earthquake near magnitude 8 during 

the next 20 years. Shorter segments yielding M=7.5 

to 7.6 earthquake have cumulative probabilities 

estimated to be as great as 50 to 60 percent. 

The magnitude of a large earthquake on the 

modern San Andreas fault in the San Bernardino val-

ley region depends on the fault-rupture scenario 

that develops, and uncertainty exists concerning 

the most likely pattern and scale of rupture. Sieh 

(1978, p. 3935-3936) speculated that a truly great 

earthquake could result if the southern segment of 

the San Andreas fault ruptured from the Coachella 

Valley through San Gorgonio Pass and northwestward 

along the Mojave Desert segment. This large-

rupture scenario is advocated by Sykes and Seeber 

(1985), and seems to be incorporated into the 

seismic-potential evaluations by Raleigh and others 

(1982), Lindh (1983), Sykes and Nishenko (1984), 

and Wesson and Wallace (1985). However, the geo-

logic setting of the active trace of the San Andre-

as fault is complex in the San Bernardino valley 

region (Matti and others, 1985), and alternative 

fault-rupture scenarios have been proposed (Rasmus-

sen, 1981; see the discussion by We and Sieh, 

1985, p. 811-812). These alternative earthquake 

scenarios may lead to magnitudes somewhat lower 

than the M=8.0+ magnitude required by long fault-

rupture lengths. The actual fault-rupture scenario 

for the San Andreas fault in the San Bernardino 

valley region presently can not be predicted. How-

ever, in order to accomodate the ground-shaking 

conditions accompanying a worst-case earthquake on 

this fault, we adopted a Ms=8.0 shock in our evalu-

ation of liquefaction susceptibility. This scenar-

io earthquake is compatible with most fault-rupture 

predictions, and is consistent with our goal of 

identifying the maximum extent of susceptible con-

ditions throughout the San Bernardino valley re-

gion. 

San Jacinto fault.--The San Jacinto fault 

southeast of Riverside is thought to have generated 

two M=6.5 to 7.0 earthquakes in 1899 and 1918 (San-

ders and Kanamori, 1984, p. 5873-5875, fig. 1). 

However, it is not clear that the segment of the 

fault between Riverside and the southeastern San 

Gabriel Mountains has generated a significant 

earthquake in historic time. Some workers suggest 

that the northern part of the segment may have been 

the source for a M=5-6 earthquake in 1899 (Thatcher 

and others, 1975, fig. 1, p. 1145; Sykes and Ni-

shenko, 1984, p. 5922), and that the southern part 

of the segment may have been the source for M=5-6 

earthquakes in 1907 and 1923 (Thatcher and others, 

1975, fig. 1; Sykes and Nishenko, 1984, p. 5922). 

However, the location and origin of the 1899 earth-

quake have not been documented, and the location 

and origin of the 1907 and 1923 shocks are disput-

ed. Hanks and others (1975, fig. 1) position the 

1907 event on or adjacent to the San Andreas fault 

instead of on the San Jacinto fault, and Toppozada 

and Parke (1982, Table 1, fig. 10) position the 

event well north of the San Andreas fault in the 

San Bernardino Mountains (see the epicentral posi-

tion shown by Real and others, 1978). The 1923 

M=6.25 event is assigned to the San Jacinto fault 

by most workers (Thatcher and others, 1975; Hanks 

and others, 1975; Toppozada and Parke, 1982; San-

ders and Kanamori, 1984), but Nicholson and others 

(1986, p. 4900) suggest that this earthquake may 

have occurred on northeast-oriented faults that 

they believe underlie the San Bernardino valley. 

Alternatively, the extent of damage in the Loma 

Linda area (Laughlin and others, 1923) may reflect 

rupture along faults mapped by Morton (1977) paral-

lel to the San Jacinto zone but east of it. Des-

pite these ambiguities, or perhaps because of them, 

Thatcher and others (1975) identified the San Ber-

nardino segment of the San Jacinto fault as a seis-
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mic gap, and contrasted its history with more ac-

tive segments of the fault farther to the south-

east. 

The range of magnitudes for a large earthquake 

on the San Jacinto fault in the San Bernardino val-

ley region depends on the fault-rupture scenario 

that develops. Matti and others (1985) pointed out 

that the San Jacinto fault in the San Bernardino-

Riverside area consists of at least two segments: 

a right-stepping segment in the San Jacinto valley 

region that is thought to be the site of earth-

quakes in 1899 and 1918 (Sanders and Kanamori, 

1984), and a segment that extends northwestward 

from a distinctive left-curving bend developed in 

the Reche Canyon area. Both segments are less than 

75 km long, and may define seperate fault-rupture 

zones. Evernden and Thomson (1985) used this con-

cept to suggest that the San Bernardino valley seg-

ment could generate a ML=6.4 earthquake. Sykes and 

Nishenko (1984, fig. 2, table 2, p. 5922, 5925) in-

dicate that the San Bernardino segment has a cumu-

lative probability of nearly 100% for generating a 

M=6.4 to 6.7 earthquake by the year 2003, and Lindh 

(1983) assigned annual probabilities which by the 

year 2012 will accumulate to 45 percent for a 

M=6.75 earthquake on the segment. The likely 

length of fault rupture along this segment is un-

known because none of the earthquakes attributed to 

it have generated surface ruptures. A minimum rup-

ture from the mouth of Lytle Creek to the head of 

Reche Canyon would be about 25 km, leading to a 

magnitude range of about 6.7 to 7.0 according to 

the rupture-length versus magnitude curves for 

strike-slip faults presented by Bonilla and others 

(1984, fig. 1). Using the same curves, a larger 

35-km rupture involving coseismic displacements on 

the Glen Helen and San Jacinto faults between Cajon 

Pass and the head of Reche Canyon would lead to 

magnitudes in the range of 7.0 to 7.2. Even 

greater magnitudes would develop if both the San 

Bernardino valley and San Jacinto valley segments 

were to rupture coseismically. 

The actual fault-rupture scenario for the San 

Jacinto fault in the San Bernardino valley region 

presently cannot be predicted. However, in order 

to accomodate ground-shaking conditions accompany-

ing a worst-case earthquake on this segment, we 

incorporated a Ms=7.0 shock in our evaluation of 

liquefaction susceptibility. This scenario earth-

quake is compatible with upper-bound earthquakes 

proposed for the fault by Ziony and Yerkes (1985, 

p. 80), and is consistent with our goal of identi-

fying the maximum extent of susceptible conditions 

throughout the San Bernardino valley region. 

Cucamonga fault.--The Cucamonga fault is a 

north-dipping reverse- and thrust-fault zone that 

bounds the southern margin of the eastern San Gab-

riel Mountains (Morton, 1975; Matti and others, 

1985). The fault zone is part of a family of re-

verse and thrust faults in southern California that 

are responsible for the Pleistocene and Holocene 

uplift of mountainous regions like the Santa Ynez, 

Santa Susana, San Gabriel, and San Bernardino Moun-

tains. These mountains form the so-called Trans-

verse Ranges that trend east-west across the pre-

dominantly northwest topographic and structural 

grain of southern and central California. The Cu-

camonga fault is not known to have generated a sig-

nificant earthquake in historic time, but a series 

of fault scarps in Holocene and latest Pleistocene 

alluvial-fan deposits at the southeastern base of 

the San Gabriel Mountains attests to a succession 

of ground-rupturing earthquakes in the recent geo-

logic past (Matti and others, 1982; Morton and Mat-

ti, in press; J.C. Matti, D.M. Morton, J.C. Tins-

ley, and L.D. McFadden, unpubl. data, 1986). Field 

data indicate that these paleoearthquakes were sim-

ilar in origin, mechanics, and scale to the M=6.4 

San Fernando earthquake in 1971. Seismic-moment 

considerations suggest that an earthquake generat-

ing ground-surface displacement of about 2 m along 

a fault rupture extending throughout 10 to 25 km of 

the Cucamonga zone might generate earthquakes in 

the M range of 6.5 to 7.2 (J.C. Matti, D.M. Mor-
s 

ton, J.C. Tinsley, and L.D. McFadden, unpubl. data; 

Matti and others, 1985, p. 14, 16). For our lique-

faction-susceptibility analysis we used a scenario 

earthquake having Ms=6.75. 

GROUND WATER 

Because ground-water saturation of sediment 

shallower than about 50 ft subsurface is required 

in order for earthquake-induced liquefaction to 

occur, our evaluation of liquefaction susceptibil-

ity required that the distribution of shallow water 

levels throughout the San Bernardino valley region 

be identified. Map sheet 2 is a contour map show-

ing minimum depths to ground water (see Carson and 

Matti, 1986). The map was constructed by contour-

ing water-level measurements reported to the 

California Department of Water Resources for the 

period from 1973 through 1983, and depicts what the 

regional ground-water table would look like if the 

shallowest water level measured in each local well 

during this period is used as the basis for con-

structing the map. Such a map differs from most 

hydrologic maps in that it does not show the actual 
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shape of the water table at any particular time, 

nor does it show the average or typical ground-

water conditions during the reporting period. In-

stead, the map shows a hypothetical ground-water 

table which is based on the shallowest water level 

measured in each local well during a particular 

period of record. Such a map is useful to an eval-

uation of liquefaction susceptibility because it 

delineates areas which at one time or another dur-

ing the reporting period were underlain by shallow 

ground water. 

Beginning in about late 1977, ground-water 

levels in the San Bernardino valley and vicinity 

have risen, mainly because of two factors: (1) 

Several wetter-than-normal years since 1977 con-

tributed increased volumes of surface runoff and 

natural recharge in the San Bernardino valley area 

and contributed to increased water conservation 

stemming from accelerated water-spreading activi-

ties by local water agencies; and (2) commencing in 

1972, ground water in the valley region has been 

replenished by artificial recharge of imported wa-

ter derived from the California State Water Pro-

ject. Together, the accelerated natural and arti-

ficial recharge of ground-water basins since 1977 

has resulted in rising water tables that reached 

their shallowest levels at the end of the 1973-1983 

reporting period. 

The distribution of shallow ground water dur-

ing the shallowing period corresponds fairly well 

to the distribution of naturally occurring shallow 

ground water observed before depletion of ground-

water reservoirs during the first two thirds of 

this century. Prior to modification of natural 

patterns by extensive human activities, the distri-

bution of ground water in the San Bernardino valley 

was controlled by long-term steady-state geohydro-

logic conditions that in places produced naturally 

occurring bodies of near-surface ground water (for 

example, the areas of marshy ground portrayed by 

Mendenhall, 1905, and Fife, 1976). During the 

first two thirds of this century, these prevailing 

conditions were modified considerably due to exten-

sive ground-water withdrawal for irrigation and for 

industrial, municipal, and domestic uses; as a re-

sult, regional water tables generally were consi-

derably lower. However, since 1977 the combined 

increase in natural and artificial recharge has 

raised the water table to levels much like those in 

the later years of the 19th century. We conclude 

that whenever the regional water table shallows in 

the San Bernardino valley area it will lead to 

ground-water patterns generally similar to the 

those depicted on map sheet 2; moreover, we believe 

that these patterns provide an appropriate basis 

for a regional study of liquefaction susceptibility 

in the valley area. 

The ground-water map on sheet 2 is regional 

and cannot be used as a site-specific guide. The 

contours depict the general distribution of water 

levels occurring across the valley region, but the 

map is not precise enough to identify water depths 

at a specific site. This limitation stems from 

factors discussed by Carson and Matti (1985, 1986). 

EVALUATION OF LIQUEFACTION SUSCEPTIBILITY IN 

THE SAN BERNARDINO VALLEY REGION: 

GEOTECHNICAL SUMMARY 

In this section we summarize the analytical 

procedures used in our geotechnical evaluation of 

liquefaction susceptibility in the San Bernardino 

valley region. Appendices 1, 2, and 3 elaborate 

these procedures and address technical details not 

discussed in this summary. 

Site-specific evaluation 

of liquefaction susceptibility 

For the site-specific phase of this investiga-

tion we used the technique of Seed and Idriss 

(1982) to determine liquefaction susceptibility for 

each of the scenario earthquakes on the San Andre-

as, San Jacinto, and Cucamonga faults. At each 

site where appropriate penetration-resistance data 

were available, we evaluated the susceptibility of 

a given sediment by determining or estimating val-

ues for various geotechnical parameters and for the 

anticipated strength of ground shaking. We then 

used these parameters to define threshold condi-

tions which, if exceeded, would promote liquefac-

tion at the site. 

Standard penetration tests: basis for 

liquefaction evaluations 

The Seed and Idriss (1982) method depends upon 

penetration-resistance data obtained from the Stan-

dard Penetration Test (SPT)--a standard engineering 

procedure that determines the looseness or firmness 

of a sedimentary material by measuring its resis-

tance to penetration by a cylindrical sampling de-

vice which is driven through the sediment by re-

peated blows from a mechanical hammer. Penetration 

resistance is measured in blow counts--the number 

of blows (N) required to drive the sample through a 

prescribed interval of sediment. The larger the 

blow-count (N) the firmer or denser is the sediment 
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and the less likely it is to liquefy. 

Sedimentary materials evaluated 

Although surficial materials in the San Ber-

nardino valley include a variety of sediment types 

ranging in grain size from clay to gravel, we eval-

uated susceptibility only for sand and silty 

sand. Because of their granular cohesionless char-

acter, loose accumulations of these materials are 

more likely to liquefy than are clay-rich sedi-

ments, which tend to be too cohesive for compaction 

to occur during earthquake shaking. Although grav-

els have been known to liquefy, the standard pene-

tration test is not a very effective method of 

evaluating their susceptibility because gravelly 

sediment tends to yield N values that are exces-

sively high and are not an accurate measure of 

their potential susceptibility (National Research 

Council, 1985, p. 104). If these elevated N values 

are included within data populations which then are 

evaluated statistically for their overall suscepti-

bility, the resulting evaluation may indicate lower 

susceptibilities than actually exist. To circum-

vent this problem, we did not incorporate penetra-

tion results from sediments described as "gravel", 

"gravelly", or "with gravel", regardless of their N 

value. 

Data Sources 

Penetration data used in this study derive 

from four sources: (1) soil and foundation inves-

tigations filed with city and county agencies in 

compliance with permitting procedures; (2) subsur-

face investigations for flood-control structures 

and building projects prepared by the U.S. Army 

Corp of Engineers; (3) logs of test borings for 

bridges on state and federal highways prepared by 

the California Department of Transportation (Cal-

Trans); and (4) SPT data obtained during a 27-site 

drilling project conducted in the San Bernardino 

valley area by the U.S. Geological Survey (Carson 

and others, 1986). Map sheet 1 shows the distribu-

tion and density of SPT data used in this study. 

Screening procedures 

Penetration data from the sources described 

above were generated using a variety of different 

field methods and equipment. Procedural differen-

ces can lead to significant differences in blow-

count for sedimentary materials having identical 

physical characteristics--a shortcoming which cre-

ates problems for liquefaction evaluations which 

use blow-count data to compare the relative suscep-

tibilties of sedimentary materials. This problem 

can be circumvented if the penetration test is 

standardized to comply with specific technical cri-

teria. Seed and Idriss (1982, p. 94-95; Seed and 

others, 1985) specified several procedural guide-

lines which must be accomodated by the penetration 

test: (1) The test must comply with some of the 

SPT guidelines described by the American Society 

for Testing and Materials (ASTM, 1982); and (2) the 

test should incorporate several additional guide-

lines not stipulated by ASTM. Using these screen-

ing criteria we determined that most of the pene-

tration data available from the San Bernardino val-

ley region are not appropriate for susceptibility 

evaluations, leaving only those data from locali-

ties shown on Map Sheet 1. 

Determination of cyclic-stress ratios 

For all sites where penetration-resistance 

values were obtained using appropriate SPT proced-

ures, we evaluated site-specific liquefaction sus-

ceptibilities using analytical methods described by 

Seed and Idriss (1982). This analysis requires (1) 

estimates of peak horizontal ground acceleration 

resulting from each scenario earthquake, (2) data 

on depth to ground water, (3) values for the median 

grain size of tested materials, and (4) estimates 

of overburden pressure and effective stress, which 

in turn require assumptions about unit weights, 

neutral stress, and pore pressures. These factors 

are integrated with the penetration data to calcu-

late two parameters (cyclic-stress ratios) that de-

termine liquefaction susceptibility. 
2Cyclic-stress ratios are unitless parameters 

that characterize the response of a given sediment 

type at a particular subsurface depth to ground-

shaking conditions of specified strength and dura-

tion. One cyclic-stress ratio [(Tav / a ')
o dev' 

referred to hereafter as C  describes the cyclic-
- d 1' 

loading conditions expected to develop at a loca-

tion during a given earthquake; the other cyclic-

The cyclic shear-stress ratio (T /') is the ratio between average shear stress (Tav) induced by the 
av 

ground shaking and the effective overburden pressure (G0') affecting a saturated sediment at a given sub-

surface depth. See Appendix 2 for details. 
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stress ratio [(T / a '), referred to hereafter as
av o 

C 1 describes the loading conditions required at
1 

the location in order for liquefaction to occur. 

If C exceeds C then liquefaction is likely at
d l' 

the test location in order for that earthquake; if 

C is less than C then liquefaction is unlikely.
d I 
In this study we calculated Cd using a formula pro-

vided by Seed and Idriss (1982) and CI using pene-

tration-resistance values from the San Bernardino 

valley region and a chart from Seed and Idriss 

(1982). 

Determination of C 
d 

The cyclic-stress ratio that can be expected 

to develop at the location of each SPT as the re-

sult of a given earthquake can be determined by 

G A 
o max 

Cd = 0.65 ' • r (Eq. 1)
d 

CI ' 90 

The ratio of total overburden stress to effective 

overburden stress ( a / a ') is a term that quan-
o o 

tifies the inherent resistance to deformation of a 

particular sediment at a particular subsurface 

depth given particular ground-water conditions. We 

calculated a and CY ' using standard engineer-
o 0 

ing relations, but in order to do so we had to make 

simplifying assumptions about pore-fluid pressures 

and saturated and unsaturated unit weights for sed-

iments. The ratio of maximum horizontal ground-

surface acceleration to gravitational acceleration 

(A / g) quantifies the strength of ground shak-
max 

ing expected at a particular site during a speci-

fied earthquake. We estimated values for Amax by 

stipulating scenario earthquakes of specified mag-

nitude for specific faults, and then using attenu-

ation curves provided by Seed and ldriss (1982) to 

scale ground-shaking strength at a specific site 

with distance from the causative fault (figs. 2, 

3). The parameter r in Eq. 1 is a stress-
d 

reduction coefficient which compensates for the 

fact that the shear stress affecting a sediment 

mass at a given subsurface depth during an earth-

quake is less than the maximum value because the 

overlying sediment column is flexible rather than 

rigid. Values for rd are obtained using figure 4. 

Determination of C 
I 

Derivation of C relies mainly on penetration
I 

resistance (N) determined at specific sites, but N 

must be modified to compensate for several factors-

-including (1) a numerical compensation for SPT 

tests conducted at shallow subsurface depths, (2) 

normalization of N to an overburden pressure of 
22000 lbs/ft in order to compensate for the effect 

of overburden pressure (obtained from fig. 5) and 

(3) a numerical compensation applied to N for SPT 

determinations in silty or partly silty materi-

als. These adjustments to N yield a modified pene-

tration resistance N which can be used to deter-
1 

mine C values for specific earthquakes using em-
I 

pirical curves proposed by Seed and ldriss (1982, 

fig. 57; fig. 6 of this report). Figure 8 shows 

the range of N1 values determined for penetration 

tests from the San Bernardino valley region. 

Susceptibility evaluation: 

susceptibility ratios and factors of safety 

To determine liquefaction susceptibility at an 

individual site, the two cyclic stress ratios CI 

and C for each of the three scenario earthquakes
d 

are compared as the ratio FS where 

C 
IFS = 

C
d 

The ratio FS defines a factor of safety against 

liquefaction. If Cd is equal to or greater than 

C FS = 1.0 or less and the materials evaluated by
l' 

the penetration test have no margin of safety 

against liquefaction during the specified earth-

quake. Where Cd is less than CI , FS is greater 

than 1.0 and the materials evaluated by the pene-

tration test have a margin of safety against lique-

faction which increases as the ratio FS increases. 

No appropriate margin of safety is widely 

agreed upon as a standard for liquefaction-hazard 

recognition, "...primarily because the degree of 

conservatism thought desirable at this point de-

pends upon the extent of the conservatism already 

introduced in assigning the design earthquake" 

(National Research Council, 1985, p. 96). If the 

specified ground-shaking conditions are deemed rea-

sonable, factors of safety of about 1.35 generally 

Seed and others (1985) recently introduced refined curves which correlate N1 with CI . As discussed in 

the section on Evaluation of Results, the new curves narrow the range of N1 values that yield susceptible 

conditions, which thus could modify the results of our study where N 1 is relatively high--particularly at 

deeper subsurface depths. 
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are acceptable, although Seed and ldriss (1985, p. 

123-124) suggest a range of 1.25 to 1.5. If the 

ground-shaking conditions are deemed excessively 

conservative to begin with, factors of safety only 

slightly above unity are acceptable. Given the 

conservative ground-shaking conditions generated by 

the large scenario earthquakes specified in our an-

alysis, and given the conservatism introduced by 

some of the assumptions incorporated in our anal-

ysis, we specified a nonconservative margin of 

safety against liquefaction where FS = 1.0. We ex-

plore the implications of this choice in the sec-

tion on Evaluation of Results. 

Regional evaluation of liquefaction 

susceptibility 

Statistical evaluation 

Although FS values calculated for individual 

sites indicate whether the materials at each pene-

tration test are likely to liquefy, individually 

they do not provide information on susceptibilities 

for other conditions or for other locations. To 

apply the local results throughout the San Bernar-

dino valley region we used a correlation process 

whereby susceptible conditions at local sites were 

linked to particular geologic units and ground-

water intervals which then were mapped throughout 

the region--thereby extending the susceptible con-

ditions from areas where site-specific results are 

abundant to areas where site-specific results are 

sparse. This correlation process was accomplished 

by pooling the individual FS results into statisti-

cal groups or populations defined by different com-

binations of geologic unit, ground-water interval, 

and fault distance. Ratings (high, moderately 

high, moderate, and low) for each of the scenario 

earthquakes then were assigned to a given statisti-

cal population depending on what percentage of 

site-specific analyses within that population indi-

cated susceptible conditions. Tables 1 through 7 

summarize overall susceptibility ratings for the 

San Bernardino valley region. 

Tables 1 through 7 also illustrate the way in 

which the susceptibility ratings for narrowly de-

fined statistical categories were lumped together 

to yield the overall susceptibility ratings. The 

overall ratings, identified on the right-hand side 

of the tables, represent statistical groupings 

whose boundaries--distance to causative fault, geo-

logic un t, and depth to ground water--enclose sub-

ordinate groupings whose susceptibility ratings are 

fairly similar to each other. For example, the 

overall susceptibility categories lump together 

(1) results for sand and silty sediment from both 

unit Qh and unit Qh (2) results from the 10-to-
2 l' 

30 ft and 30-to-50 ft ground-water intervals, and 

(3) results from fault-distance intervals that are 

four miles wide for the San Andreas and San Jacinto 

faults and as much as eight miles wide for the Cu-

camonga fault. 

We lumped the narrow categories into broader 

ones because susceptibility results from the nar-

rower categories were so similar that the categor-

ies could not be distinguished as statistically 

distinct populations. For example, we found that 

susceptibiltiy results within one mile of a causa-

tive fault were not much different from results two 

miles from the fault, results two miles from a 

fault were not much different from those three 

miles from the fault, and so forth for any given 

population of results compared with the immediately 

adjacent population one mile further distant from 

the fault. Thus, groupings of susceptibility re-

sults defined by fault-distance boundaries only one 

mile wide were too narrow, and we adopted the 

broader fault-distance categories incorporated on 

tables 1-7. A similar situation developed where we 

attempted to group susceptibilty results for sand-

sized materials separately from those for silty 

materials, and results for unit Qh2 separately from 

those for unit Qh l : the differences in suscepti-

bility which separated narrowly defined groupings 

commonly were so minor that the categories best 
4were merged together. Ultimately, even the five 

individual ground-water categories were best lumped 

into three--partly to better separate statistically 

distinct populations of susceptibility results and 

partly to accomodate prevailing opinion that lique-

faction susceptibility can be evaluated effectively 

for the intervals 0 to 10 ft, 10 to 30 ft, and 30 

to 50 ft subsurface. 

The overall susceptibility categories for the 

San Bernardino valley region have the following 

boundaries: fault-distance intervals--0 to 4 

4lnd i vidual FS values were grouped according to the geologic unit that occurs at the surface where the 

site is located (unit Qh Qh or Qp). Because we had no means of consistently determining how far into
1' 2' 

the subsurface the surface unit extended before passing downward into an older unit, in most cases we 

assumed that the surface unit extends for the entire interval down to 50 ft subsurface. 
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miles, 4 to 8 miles, 8 to 15 miles, and greater 

than 15 miles; Ground-water intervals--0 to 10 ft, 

10 to 30 ft, and 30 to 50 ft; geologic unit and 

sediment type:--sandy and silty materials from 

units Qh2 and Oh l were grouped together and separ-

ated from sediment in unit Qp. 

Susceptibility ratings 

For each statistical cluster of FS values, the 

group susceptibility to liquefaction was assigned 

by determining the percentage of FS values which 

are less than or equal to 1.0 (where FS values less 

than or equal to 1.0 are susceptible). Suscepti-

bility ratings are defined by the following clas-

ses: 

HIGH (H): 80 percent or more of the FS values 

are less than or equal to 1.0. 

MODERATELY HIGH (MH): Between 60 and 80 per-

cent of the FS values are less than or equal to 

1.0. 

MODERATE (M): Between 30 and 60 percent of 

the FS values are less than or equal to 1.0. 

LOW (L): Less than 30 percent of the FS val-

ues are less than or equal to 1.0. 

Both single ratings (for example, HIGH) and 

compound ratings (for example, MODERATELY HIGH TO 

MODERATE) are used. Single ratings apply to the 

entire stratigraphic interval under considera-

tion. Compound ratings are applied to the 20-ft 

ground-water intervals at 10-to-30 ft and 30-to-50 

ft subsurface, and indicate that the overall rating 

for these intervals varies with depth. For these 

20-ft intervals, the first part of the compound ra-

ting applies to the shallower 10-ft interval while 

the second part of the rating applies to the deeper 

interval. 

Compilation of liquefaction-susceptibility 

maps 

When the susceptility evaluation of FS group-

ings was completed, we prepared maps which show the 

areal distribution of the four susceptibility ra-

tings (H, MH, M, L). By combining threshold dis-

tances from the San Andreas, San Jacinto, and Cuca-

monga faults with geologic and depth-to-ground-

water information, the maps include all of the geo-

technical information necessary for identifying the 

factors which define statistical groupings. The 

boundaries between areas having different suscepti-

bility ratings can correspond with any of the cri-

teria used to define the FS groupings (i.e., depth 

to ground water, geologic-unit boundary, or fault 

distance), although depth to ground water generally 

determines the pattern of susceptibility zones. 

Three different susceptibility maps were prepared, 

each dealing with liquefaction of sand for the 

specified scenario earthquake: a Ms=8.0 earthquake 

on the San Andreas fault (map sheet 3), a Ms=7.0 

earthquake on the San Jacinto fault (map sheet 4), 

and a M =6.75 earthquake on the Cucamonga fault
s 

(map sheet 5). 

Because they are defined by a combination of 

discrete lines which depict ground-water depths, 

fault distances, and geologic units, the mapped 

boundaries between susceptibility zones imply 

greater accuracy and precision than actually ex-

ist. Some zonal boundaries actually are abrupt, 

such as the sharp transition from a high suscepti-

bility zone to a low susceptibility zone which 

might occur at a contact between a loose Holocene 

deposit and a firm Pleistocene deposit. However, a 

more realistic potrayal would depict the suscepti-

bility boundaries as gradational. Because lique-

faction susceptibility gradually decreases with 

increasing depth to ground water, increasing dis-

tance away from the causative fault, and increasing 

geologic age of materials, susceptibility zones on 

the maps ideally would grade from high (where 

ground water is shallowest, fault distance closest, 

and geologic age youngest) to low (where ground 

water is deepest, fault distance greatest, and geo-

logic age oldest). Such refinements are not pos-

sible given the limited geotechnical data base 

available for this study. 

RESULTS 

San Andreas fault (Map Sheet 3) 

The strong ground-shaking conditions generated 

by a Ms=8.0 earthquake on the San Andreas fault 

yield elevated liquefaction susceptibilities wher-

ever ground water is shallow. Within 0 to 4 miles 

of the fault, the overall susceptibility of Holo-

cene and latest Pleistocene sands and silty sands 

is H, even where ground water is as deep as 30 to 

50 ft subsurface (table 1). The few silty-sand 

samples (N=42) have lower susceptibilities (MH to 

L), but the numerical abundance (N=137) of suscep-

tible sand samples pulls the overall susceptibility 

rating up to H even at deeper ground-water lev-

els. The elevated susceptibilities at depth can be 

attributed to the strong ground shaking likely to 

be encountered within 0 to 4 miles of a M =8.0 
s 
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earthquake on the San Andreas fault. Here, peak 

horizontal bedrock accelerations could range be-

tween 0.6 and 0.7 g (Seed and Idriss, 1982, fig. 

17; see our fig. 2), or even higher if accelera-

tions generated by a Ms=8.0 shock were to exceed 

the 0.7 to 0.9g accelerations predicted by Boore 

and Joyner (1982, fig. 13) for a smaller M=7.5 

earthquake. 

For areas 4 to 8 miles from the San Andreas 

fault, peak horizontal bedrock accelerations may 

range between 0.45 and 0.6g (Seed and Idriss, 1982, 

fig. 17; see our fig. 2); Boore and Joyner (1982) 

presumably would assign even higher accelera-

tions. Here, overall susceptibilities remain H 

where ground water is shallower than 10 ft subsur-

face but decline to M where ground water is deeper 

(table 2). Silty samples (N=266) have lower sus-

ceptibilities at the deeper subsurface levels, es-

pecially in unit Qh 1 where L susceptibility occurs 

at ground-water levels deeper than 30 ft subsur-

face. Again, however, the overall susceptibilities 

are influenced by the numerical abundance (N=481) 

of susceptible sand samples. 

San Jacinto fault (Map Sheet 4) 

The strong to moderately strong ground shaking 

generated by a Ms=7.0 earthquake on the San Jacinto 

fault yields elevated susceptibilities (H, MH) 

wherever ground water is shallower than 20 ft with-

in 0 to 4 miles of the fault (table 3) and wherever 

ground water is shallower than 10 ft within 4 to 8 

miles of the fault (table 4). At these fault-

distance intervals, peak horizontal bedrock accel-

erations could range between 0.55 and 0.7 g (0 to 4 

miles) and between 0.4 and 0.55 g (4 to 8 miles) 

(Seed and Idriss, 1982, fig. 17; see our fig. 2; 

Boore and Joyner, 1982, fig. 13, indicate a similar 

range of acceleration values). Despite these 

strong shaking conditions, overall susceptibilities 

decline to M wherever ground water is deeper than 

20 ft subsurface within 0 to 4 miles from the fault 

(table 3) and to M and L where ground water is 

deeper than 30 ft subsurface within 4 to 8 miles 

from the fault (table 4). In general the silty 

samples (N=277+32=309) appear to be less suscep-

tible than the sand samples (N=536+94=630), especi-

ally at ground-water levels below 30 ft subsurface. 

Cucamonga fault (Map Sheet 5) 

Elevated susceptibilities accompanying a 

M =6.75 earthquake on the Cucamonga fault are nots 
so widespread as those for larger earthquakes on 

the San Andreas and San Jacinto faults. Within 0 

to 4 miles of the fault, H to MH susceptibilities 

probably occur where ground water is shallow (map 

sheet 5), but penetration data from this fault-

distance interval were not available for our inves-

tigation. Susceptibility ratings here are inferred 

based on their comparison with susceptibility re-

sults from equivalent ground-water intervals at 

greater distances from the fault. High or MH sus-

ceptibility occurs wherever ground water is shal-

lower than 10 ft at all distances between 4 and 15 

miles from the fault, but at all these fault dis-

tances susceptibility declines to M and L where 

ground water is deeper than 10 ft (tables 5, 6, 

and 7). 

Discussion 

The shape and size of the susceptibility zones 

largely are controlled by depth to ground water and 

distance to the causative fault, although the age 

and type of sediment also influence its suscepti-

bility. The main zones of elevated susceptibility 

accompanying earthquakes on the San Andreas, San 

Jacinto, and Cucamonga faults are associated with 

shallow ground-water zones which occur beneath the 

flood plains of Cajon Creek, Warm Creek, and the 

Santa Ana River (map sheets 3, 4, 5). These areas 

are underlain by recently deposited Holocene sedi-

ments (unit Qh2) which would be expected to have 

lower penetration resistance and higher suscepti-

bilities than older sediments (unit Qh2). However, 

even the older Holocene and latest Pleistocene sed-

iments have elevated susceptibilities comparable to 

those in the younger deposits (tables 1 through 7), 

which accounts for zones of H and MH susceptibility 

which extend laterally away from the active flood 

plains and into adjacent areas underlain by older 

deposits. Additional areas of elevated suscepti-

bility are represented by isolated zones along the 

base of the San Bernardino Mountains that occur 

downstream from the mouths of canyons. 

The influence of fault distance and earthquake 

magnitude on regional susceptibility patterns can 

be seen in the way that liquefaction susceptibility 

decreases with increasing distance to the causative 

faults and with decreasing earthquake magnitude. 

For example, a comparison of regional susceptibil-

ity patterns for the three scenario earthquakes 

(map sheets 3, 4, 5) shows that susceptibilities 

are higher and more widespread for the larger 

earthquakes than for the smaller and are highest 

close to the causative faults but gradually dimin-

ish with increasing distance, all other factors 
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being equal. These relations are not surprising, 

and in fact illustrate the interdependence between 

liquefaction susceptibility and ground-shaking 

strength as measured by peak acceleration (Amax): 

larger earthquakes generate larger Amax values and 

longer durations of ground shaking, which lead to 

larger values for C and lower values for FS (i.e.,
d 

higher susceptibility). 

Because older geologic units in the study area 

tend to yield higher values for N1 which result in 

higher C I values, the age of the geologic unit oc-

curring at the ground surface also influences sus-

ceptibility to liquefaction. For otherwise similar 

conditions, susceptibility generally is greatest in 

very young Holocene deposits, slightly less in old-

er Holocene deposits, and least in Pleistocene de-

posits. These differences in susceptibility influ-

ence the susceptibility maps accordingly. 

Because they largely are based on ground-water 

patterns, the susceptibility patterns portrayed on 

map sheets 3, 4, and 5 should not be viewed as per-

manent features. The boundaries between suscepti-

bility zones will shift geographically as ground-

water conditions change. For example, if ground-

water reservoirs become depleted due to decreased 

natural and artificial recharge or due to dewater-

ing measures, water tables would fall and the zones 

of elevated susceptibilities would decrease in geo-

graphic extent. 

EVALUATION OF RESULTS 

The results of this investigation can be cri-

tiqued from two points of view: (1) our study does 

not incorporate refined geotechnical procedures re-

cently published by Seed and others (1985), and (2) 

our seismic-risk analysis incorporates ground-

shaking conditions considerably stronger than those 

incorporated by probabilistic analyses which model 

ground response for 50- or 100-year return peri-

ods. In this section we address concerns raised by 

these two points of view. 

Application of up-to-date susceptibility curves 

Seed and others (1985) introduced revised sus-

ceptibility curves that correlate modified penetra-

tion resistance (N ) with the cyclic-stress ratio
1 

(C1 ) required for liquefaction. For a given N1 

value the new curves (fig. 9) will indicate greater 

cyclic strength (resistance to liquefaction) than 

indicated by the older curves of Seed and Idriss 

(1982). Of concern here is the disparity between 

C values obtained using the old and new curves and
I 

the potential impact this disparity will have on 

susceptibility results we report for the San Ber-

nardino valley region. 

To address this concern we conducted a pilot 

study in which the penetration data collected by 

the U.S. Geological Survey (Carson and others, 

1986) were reanalyzed using the new susceptibility 

curves. Table 8 presents the results of this pilot 

study together with results obtained using the 1982 
5 curves. 

The pilot study indicates that for N 1 values 

smaller than 25, susceptibility determinations ob-

tained using the 1982 curves would not be changed 

by application of the 1985 curves--that is, most of 

the determinations found to be susceptible using 

the older curves would remain susceptible using the 

new ones, although the specific FS value might 

change somewhat. For N 1 values between 3 and 25, 

only a single FS determination (table 8, DSS-21-

11.5') changed from susceptible to nonsusceptible, 

and this was for an SPT sample greater than 8 miles 

from a M =6.75 earthquake on the Cucamonga fault. 
s 

This consistency in results applies both to sands 

(using the 5% curve of Seed and others, 1985) and 

to silty sands (using their curves for 15% fines 

and 35% fines), and can be attributed to the small 

disparity between CI values derived from the 1982 

and 1985 curves: C values differ by only 6 to 10
I 

percent for a M =8.0 earthquake and by only 4 to 8 
s 

percent for M =7.0 and 6.75 earthquakes. 
s 

At about N =25 the slopes of the 1982 and 1985
1 

susceptibility curves begin to diverge significant-

ly (fig. 9), so that with increasing N1 the new 

curves yield progressively larger CI values (great-

er cyclic strength) than the older curves. For 

N =25 to 27  values for all three scenario , C 11 
earthquakes differ by about 7 to 17 percent--a 

disparity which in the pilot study did not lead to 

changes in susceptibility rating for either sandy 

or silty SPT samples. However, for N1 between 27 

and 30, where C values differ by about 17 to 29
I 

percent for a M =8.0 earthquake and by about 13 to 
s 

5 
For the pilot study we assumed that the cable-and-clutch system with downhole safety hammer used by the 

U.S. Geological Survey (Carson and others, 1986) yields modified penetration-resistance data comparable to 

(N ) of Seed and others (1985). Therefore, we applied no energy-ratio correction to these data. The
1 60 

USGS system actually has a driving efficiency of 68 percent (T.L. Holzer, pers. commun., 12/86). 
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22 percent for Ms=7.0 and 6.75 earthquakes, the pi-

lot study indicates that the disparity between cy-

clic strengths would have a significant impact on 

the susceptibility evaluations. This can be seen 

in table 8, where several SPT samples having N1 

values between 27 and 30 yielded FS ratios less 

than 1.0 using the 1982 curves but greater than 1.0 

using the 1985 curves (DRQ-02-32', DSS-04-11', DSS-

12-22' DSS-15-24', DSS-15-32.5', and DSS-17-11.5'). 

For sediments having N 1 greater than 30, the 

impact of the new curves on our results might be 

even greater. Seed and others (1985) indicate that 

the cyclic strength of sediments having N1 >30 is 

so great that liquefaction leading to large strains 

will not occur. This new finding would have a sig-

nificant effect on our results because in some cas-

es we concluded that sedimentary materials having 

N
1 

>30 are susceptible.6 This generally was not 

the case for SPT samples occurring deeper than 30 

ft subsurface, where overburden pressures are great 

enough to prevent liquefaction for these N1 rang-

es. However, at depths less than 30 ft subsurface, 

some N values between 30 and 35 yielded FS ratios
1 

less than 1.0, chiefly because of the strong 

ground-shaking conditions specified in our analy-

sis. Susceptible results would not be obtainable 

using the new curves, which indicate that materials 

this dense would not liquefy even if they attained 

pore pressures equal to 100 percent of the confin-

ing pressure. Thus, our determination that some 

SPTs having N1 = 30 - 35 are susceptible to lique-

faction could bias the overall susceptibility ra-

tings for the shallow ground-water intervals. 

To test for the degree of bias, we reexamined 

the data for our entire study to determine how the 

overall ratings would be affected if all SPT sam-

ples having N1 >30 were assigned nonsusceptible 

factors of safety. We found that, for the 10-to-20 

ft and 20-to-30 ft ground-water intervals, there 

would be no significant change in the suscepti-

ble:nonsusceptible ratios and thus no change in the 

overall susceptibility ratings. However, for the 

0-to-10 ft ground-water interval, the overall ra-

tings for a Ms=8.0 earthquake on the San Andreas 

fault (4 to 8 miles) and for a M =7.0 earthquake on 
s 

the San Jacinto fault (0 to 4 miles and 4 to 8 

miles) conceivably could be decreased from H to MH 

(tables 2, 3, 4). We are not certain how valid 

this across-the-board conversion would be, however, 

because the N values between 30 and 35 mainly are
1 

from data sources which could have generated anoma-

lously high penetration resistance. Many of these 

penetration data were collected using rope-and-

pulley energy-delivery systems which, when cor-

rected to will yield values lower than 30
(N1)60, 

which then would yield susceptible or nonsuceptible 

ratings depending on site conditions. 

Summary.--We conclude that application of the 

new susceptibility curves proposed by Seed and 

others (1985) would refine the numerical results 

but would not significantly change the overall sus-

ceptibility ratings we assign to sediments in the 

San Bernardino valley region. Our pilot study in-

dicates that for N1 <27, cyclic-stress ratios (C )
I 

obtained using the 1985 curves will be within 6 to 

17 percent of those obtained using the 1982 curves-

-a disparity that does not lead to significant 

changes in FS ratios because the Cd values called 

for by the scenario earthquakes specified in our 

analysis are so large. For N1 values between 27 

and 30, the disparity between C I values obtained 

using the 1982 and 1985 curves increases, and many 

FS values no doubt would increase from <1.0 to 

>1.0--depending on the subsurface depth of the SPT 

and its distance to the causative earthquake. 

Those N values between 30 and 35 which we inter-
1 

pret to be susceptible using the 1982 curves now 

must be viewed as potentially nonsusceptible. How-

ever, many of these penetration data were collected 

by private drilling companies using rope-and-pulley 

systems with a donut hammer and by CalTrans from 

borings having narrow 2 1/2-inch diameters. Both 

of these conditions lead to N values which must be
1 

corrected to lower values in order to make them 

compatible with (N1 )60 of Seed and others (1985). 

Thus, an unknown percentage of N1 values between 30 

and 35 could fall below 30 and might still yield 

susceptible results. Any N1 value greater than 36 

yielded nonsusceptible results in our investiga-

tion. 

Ground-shaking conditions 

Several techniques and strategies for modeling 

or predicting earthquake ground response are avail-

able (see chapters on predicting earthquake ground 

motion in Ziony, 1985), and the choice of one pre-

dictive model or another greatly influences the re-

6
The susceptibility curves proposed by Seed and Idriss (1982, fig. 57) indicate that N1 values between 30 

and 35 could be susceptible given the appropriate Cd value. We incorporated this assumption into our 

analysis and embellished upon it by extending the curves as described in Appendix 2. 
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sults of liquefaction-susceptibility evaluations. 

To calculate the cyclic-stress ratio (Cd) developed 

throughout the San Bernardino valley during a spe-

cified earthquake, we estimated peak horizontal 

ground acceleration (Amax) by using attenuation 

curves to determine site response to large scenario 

earthquakes on the San Andreas, San Jacinto, and 

Cucamonga faults. These large local earthquakes 

resulted in large values for Amax. This empirical 

approach contrasts with probabilistic approaches 

(Idriss, 1985) which evaluate the strength of ex-

pected ground shaking by estimating the likelihood 

(probability) that a specified ground acceleration 

will be exceeded during a specified time period 

(for example, 50, 100, or 250 years). 

Probabilistic estimates of A generally are
max 

lower than the A values we used in our scenario-
max 

earthquake approach because most probabilistic in-

vestigations model their ground-shaking conditions 

using relatively short return periods for earth-

quakes that are presumed to occur randomly in 

time. This premise leads to reduced Amax values, 

for two reasons. (1) For relatively short return 

periods, lower rather than higher peak accelera-

tions are likely by comparison with long return 

periods because patterns of historical seismicity 

and earthquake ocurrence demonstrate that small to 

moderate earthquakes occur more frequently than 

large to great earthquakes. For metropolitan areas 

where noncritical structures are planned, probabil-

istic seismic-risk analyses commonly are for 50-

year or 100-year earthquake-return periods. This 

approach leads to relatively low values for Amax 

because a given 50- or 100-year period is more 

likely to witness a smaller earthquake yielding 

lower peak accelerations than a larger earthquake 

yielding larger peak accelerations. (2) For pro-

babilistic approaches based on the statistical 

premise that earthquakes occur randomly in time, 

the annual probability for earthquake occurrence is 

the same from year to year given a Poisson (random) 

probability distribution. If the earthquake-return 

period modeled by such an analysis is relatively 

short (50 to 100 years), the impending occurrence 

of a large earthquake having a 150-or 250-year re-

turn period is not accomodated by the analysis. As 

a result, the actual seismic risk may be greater 

than implied by the annual probability for a 50- to 

100-year event, and the peak-acceleration values 

(A ) modeled for these events may be underesti-max 
mated. 

Application of empirical or probabilistic an-

alyses to the San Bernardino valley depends largely 

on how the seismic potential of the region is in-

terpreted. The valley is flanked by active traces 

of the San Jacinto and San Andreas faults, which 

are capable of generating large and great earth-

quakes of M =7.0 and 8.0, respectively. Other 
s 

faults in the region are capable of generating 

earthquakes in the M =6.0 to 7.0 range, including
s 

the Cucamonga fault and possibly faults in the 

Crafton Hills and San Gorgonio Pass fault complex-

es. Although microseismicity is associated with 

all of these faults except the San Andreas, none of 

them is known to have generated a moderate to large 

earthquake in historic time and little is known 

about the repeat time for major seismic events a-

long them. Thus, it might be argued that a random-

probability model would be appropriate for evaluat-

ing seismic risk and ground response in the San 

Bernardino valley, and that Amax values for earth-

quakes having a 50-year repeat time would be appro-

priate for evaluations of liquefaction susceptibil-

ity. 
However, we believe that the scenario-

earthquake approach used in this report is an ap-

propriate measure of the seismic potential of the 

San Bernardino valley region--given the premise 

that most local fault segments may be in the later 

stages of their recurrence cycles. Although little 

is known about the repeat time or last occurrence 

of earthquakes on most of these faults, they are 

not known to have generated significant shocks in 

the last 140 years or so and most workers assign 

moderate to high probabilities for failure within 

the next few decades (Raleigh and others, 1982; 

Lindh, 1983; Sykes and Nishenko, 1984). These 

studies indicate that although statistical uncer-

tainties are significant--reflecting uncertainty 

about the earthquake history of important faults in 

the region over the last 10,000 years--the seismic 

potential for the San Bernardino valley is great 

and includes an increasing probability of large to 

very large earthquakes in the range M=7-8 during 

the next 20 to 30 years. This is in keeping with 

the overall tectonic framework of the region, which 

consists of an integrated network of faults which 

have active seismicity (Green, 1983; Webb and Kana-

marl, 1985; Nicholson and others, 1986) or which 

display clear geological evidence for recurrent 

earthquake activity over the last 10,000 to 100,000 

years (Matti and others, 1982; Weldon and Sieh, 

1985; Harden and others, 1986; Morton and Matti, in 

press). These faults generate earthquakes not by 

random chance but according to time- and strain-

dependent scenarios which develop as the faults 

interact systematically in response to the regional 

budget of crustal strain (Weldon and Humphreys, 
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1985; Matti and others, 1985). Although a large-

magnitude earthquake may not occur until 75 or 100 

years from now--thus legitimizing a seismic-risk 

analysis that models ground-response parameters on 

the basis of a 50-year return period for moderate-

magnitude earthquakes--such an earthquake also 

could occur tomorrow. Prevailing opinions are that 

it will be sooner rather than later, and this phil-

osophy governed our choice of the scenario-

earthquake approach and our selection of large lo-

cal earthquakes to evaluate liquefaction suscepti-

bilities throughout the San Bernardino valley re-

gion. 

The effect of r uncertainty at depth
d 

As shown in figure 4, the stress-reduction 

factor R in Eq. 1 can be determined fairly accur-
d 

ately for depths shallower than about 40 ft subsur-

face. However, for depths between 40 and 50 ft 

subsurface the range in rd values increases signif-

icantly and it becomes more difficult to select a 

representative value. As a result, the validity of 

C values calculated for this subsurface depth is
d 
difficult to evaluate, and the credibility of sus-

ceptibility determinations derived from the ratio 

between C and C is unknown. 
d I 

Evaluation of results: summary 

We recognize elevated (H to MH) susceptibility 

to earthquake-induced liquefaction in the San Ber-

nardino valley region wherever ground water is 

shallower than 10 to 20 ft subsurface, and locally 

where ground water is as deep as 30 to 50 ft sub-

surface. The susceptibility ratings mainly reflect 

the physical characteristics of surficial sediments 

in the valley region and their likely response to 

the ground-shaking conditions specified in our an-

alysis. However, the susceptibility patterns also 

reflect generalizations and assumptions which we 

consciously employed in order to achieve our in-

tended goal of identifying on a regional basis all 

areas that have any significant possibility of ex-

periencing liquefaction. Moreover, our pilot study 

shows that for sediments having N1 values between 

27 and 30, use of 1982-vintage susceptibility 

curves to determine liquefaction thresholds led to 

our assigning susceptible FS determinations to some 

(but not all) sediments which actually may not be 

suceptible. For these reasons, the susceptibility 

patterns on map sheets 3, 4, and 5 may overstate 

the distribution of elevated susceptibilities. To 

accomodate this uncertainty in our results, we of-

fer the following evaluations. 

(1) We are confident in our conclusion that 

ground-water saturated sediments in the interval 0 

to 10 ft subsurface have H to MH susceptibility to 

liquefaction. Sands and silty sands having N 1 <27 

are abundant in this subsurface interval, and loose 

sediments with N between 9 and 24 are common (fig.
1 

8). Many of these sediment layers probably will 

liquefy under ground-shaking conditions like those 

modeled in our study. 

(2) We are confident in our conclusion that 

ground-water saturated sedimentary materials be-

tween 10 and 30 ft subsurface have MH to M suscep-

tibility to liquefaction. Sands and silty sands 

having N1 <27 are common in this interval, although 

moderately dense to dense sands with N 1 >27 also 

are abundant (fig. 8). Some of these sediments 

will liquefy under ground-shaking conditions like 

those modeled in our study. 

(3) Between 30 and 50 ft subsurface, the de-

gree of susceptibility for saturated sedimentary 

materials generally declines to M for earthquakes 

on the San Jacinto and San Andreas faults, although 

within 0 to 4 miles of a M =8.0 earthquake on the
s 

San Andreas fault we show H susceptibility extend-

ing to depths as great as 50 ft subsurface. This 

evaluation may prove to be valid. On the other 

hand, subsequent site-specific investigations that 

incorporate improved procedural methods may identi-

fy lower susceptibilities for these depth intervals 

using the same ground-shaking conditions. Consi-

derable opinion exists about the likelihood of liq-

uefaction between 30 and 50 ft subsurface. Resolu-

tion of this controversy is beyond the scope and 

capabilities of our investigation. 

POTENTIAL FOR LIQUEFACTION-INDUCED GROUND FAILURE 

Although map sheets 3, 4, and 5 indicate the 

distribution of geologic and hydrologic conditions 

shown by our analysis to have varying degrees of 

liquefaction susceptibility, the maps are not in-

tended to be liquefaction-hazard maps--that is, 

they do not portray the potential for liquefaction-

induced ground failures. Liquefaction of sedimen-

tary materials in itself does not pose a hazard or 

risk to structures or life: the hazard is posed by 

ground failures which can be induced by liquefac-

tion. Ground failures do not always accompany sub-

surface liquefaction, however, and many areas un-

derlain by susceptible materials may experience no 

ground failure at all if the physical effects of 

liquefaction do not propagate to near-surface 

zones. 
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The prediction and evaluation of liquefaction-

induced ground failures and their attendant risks 

are state-of-the-art endeavors that require engin-

eering judgments that are beyond the scope and pur-

pose of our investigation. However, the potential 

for ground failure in the San Bernardino valley re-

gion can be estimated in a general way (1) by com-

paring the geologic and geomorphic setting of sedi-

mentary materials in the study area with settings 

in other areas where liquefaction-induced ground 

failures have occurred, and (2) by considering the 

layering characteristics of the sedimentary fill. 

Geomorphic setting and ground-failure 

potential 

The scale of potential ground failure in the 

San Bernardino valley region can be estimated on 

the basis of average slope conditions. For exam-

ple, liquefaction-induced ground failures typically 

are more catastropic on steeper rather than shal-

lower slopes. Slope gradients throughout most of 

the San Bernardino valley region average about 0.5° 

to 1.0°, although gradients steepen to as much as 

4.0° on alluvial-fan surfaces adjacent to the San 

Bernardino Mountains. According to Tinsley and 

others (1985, p. 266-267), slopes of 0.5° to 1.0° 

typically result in lateral spreads, ground oscil-

lation, and differential settlements; more catas-

trophic flow failures typically occur on slopes 

steeper than 3°. This observation does not mini-

mize the potential hazard created by ground failure 

on gentle slopes, however, as shown by the damaging 

liquefaction-induced ground failures which occurred 

on such slopes during the 1971 San Fernando earth-

quake (ML=6.4; Tinsley and others, 1985, figs. 127 

and 128). Thus, low-slope conditions in the San 

Bernardino valley give some insight into the scale 

of ground failure that might occur given the appro-

priate ground-shaking conditions. 

The presence of a locally steepened slope--

such as an excavation or near-vertical river bluff, 

fault scarp, or other steep-sided alluvial land-

form--can facilitate ground failure by providing a 

free face that can collapse and allow downslope 

movement of material upslope from the face. In the 

San Bernardino valley, young channel deposits (unit 

Qh
2) of the Santa Ana River are separated from old-

er higher standing alluvial deposits (unit Qh 1 ) to 

the north and south by a river bluff which in some 

Places is rounded and subdued because of natural 

erosion and urban modification but commonly forms a 

steep near-vertical free face. Under appropriate 

ground-water conditions, liquefaction upslope from 

such a free face could lead to ground failure that 

would be facilitated if the free face were to fail 

by landsliding or collapse. 

The potential scale of ground failure in the 

San Bernardino valley can be estimated from evi-

dence in subsurface excavations and from examina-

tion of aerial photographs. Trenches and pits ex-

cavated at specific sites in the valley locally 

reveal sand injections, convolute layering, pillow-

and-ball structures, and other evidence of soft-

sediment deformation related to liquefaction, but 

to our knowledge no evidence of large-scale defor-

mations has been documented. Long continuous 

trenches designed specifically to evaluate lique-

faction-induced ground failures have not been ex-

cavated, however, so the fragmentary evidence from 

isolated excavations can only hint at the potential 

style and scale of ground failure. 

Our examination of 1931- and 1938-vintage aer-

ial photographs of the San Bernardino valley did 

not reveal geomorphic evidence of catastrophic 

ground failure in the recent past. Although urban-

ization has obscured many primary landscape fea-

tures, we suspect that large-scale features such as 

hummocky ground, lateral-spread crown areas, and 

local collapse of the river-bluff free face adja-

cent to the Santa Ana River would be identifiable 

despite information loss due to urbanization and 

agriculture. 

Depth to liquefied layer and ground-failure 

potential 

Ishihara (1985, p. 359-362, figs. 84, 85, 88) 

has shown that the thickness of the nonliquefied 

layer or mantle overlying a liquefied layer influ-

ences whether the physical effects of liquefaction 

will be expressed as ground failure within the 

overlying mantle (fig. 10, 11). For light ground 

shaking (Amax = 0.2 to 0.25 g), the liquefied layer 

must be at least as thick as the nonliquefied sur-

face mantle in order for ground failure to occur; 

moreover, ground failure is not likely to occur if 

the surface mantle is thicker than about 10 ft (3 

m; fig. 11). These tentative results suggest that 

for relatively light ground-shaking conditions, 

liquefaction-induced ground failure probably will 

not occur if the water table is deeper than about 

10 ft subsurface or if the liquefied layer is too 

thin relative to the thickness of the nonliquefied 

mantle. 

For stronger ground-shaking conditions (Amax = 

0.4 to 0.5 g), liquefaction events fairly deep in 

the subsurface can yield ground failures, even if 
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the overlying nonliquefied layer is as much as 30 

ft thick (9 to 10 m; fig. 11); moreover, the lique-

fied layer need not be as thick as the nonliquefied 

surface mantle. These two observations, based on 

investigations of liquefaction-induced ground fail-

ures that accompanied the 1976 M=7.8 earthquake in 

Tangshan, China, may apply to the San Bernardino 

valley region, where ground-shaking conditions re-

sulting from large earthquakes on the San Andreas 

and San Jacinto faults are likely to be intense 

(A = 0.5 to 0.8 g), and where individual lique-
max 

fied layers typically will be thinner than the 

overlying nonliquefied layer (discussed below). 

Results from the large Tangshan earthquake suggest 

that ground failure in the San Bernardino valley 

region may occur even if the liquefaction events 

are relatively deep seated or occur in relatively 

thin layers. 

Layering character and 

ground-failure potential 

The general character of sedimentary materials 

underlying the San Bernardino valley region may 

control the type and scale of ground failure. The 

sediments consist of interlayered materials of dif-

ferent grain sizes, relative densities, and cohe-

siveness (Carson and others, 1986). At any given 

location the layering sequence may include loose 

liquefiable sands and silty sands, dense nonlique-

fiable sands and silts, permeable gravel deposits, 

and firm, impermeable deposits of cohesive clay. 

Any given layer may be a few inches to several feet 

thick. This stratigraphic setting has conflicting 

implications for liquefaction suceptibility. On 

the one hand, where susceptible layers are enclosed 

by impermeable clay layers which do not allow 

drainage of pore waters and the reduction of pore 

pressure, the potential for liquefaction of speci-

fic sediment layers might be fairly high. On the 

other hand, individual liquefied layers may be no 

thicker than a few inches to a few feet, in which 

case the findings of Ishihara (1985) suggest that 

ground failure would be unlikely unless the failed 

layer were within 10 ft of the surface. Under 

these conditions, the scale and type of ground 

failure might be less catastrophic than ground 

failures which might occur if the region were un-

derlain by thick bodies of loose sand and silty 

sand that experienced extensive liquefaction. 

Moreover, if liquefied layers are too thin, the 

resulting uplift pressure may not be great enough 

to induce deformation or collapse of the surface 

mantle (Ishihara, 1985, p. 359). Thus, the scale 

of liquefaction-induced ground failure in the San 

Bernardino valley region may be limited to deforma-

tions associated with local failure of one or more 

individual layers, although the ground-failure po-

tential might be greater if more than one thin lay-

er liquefied, thereby yielding a cumulative impact 

on the surficial mantle. These speculations illus-

trate the difficulties inherent in predicting the 

style and pattern of liquefaction-induced ground 

failure. 

The heterogeneous layering sequence within the 

sedimentary fill of the San Bernardino valley re-

gion affects the potential for liquefaction-induced 

ground failure in another way: not all susceptible 

materials within the sequence have the same poten-

tial for inducing ground failures. Up to this 

point in our discussion, we have referred to sedi-

ments having FS ratios <1.0 as liquefiable without 

distinguishing between liquefaction events that 

lead to significant deformations of the sediment 

layer and those which lead to minor deformations. 

Relatively loose sands can sustain large deforma-

tions (strains) when they liquefy, whereas denser 

sands sustain relatively minor deformations (cyclic 

mobility with limited strain potential; Seed, 

1979). This distinction is important because the 

degree of deformation (shear strain) sustained by a 

sediment mass may influence the potential for 

ground failure and damage to structures. 

Seed and others (1985, fig. 8, p. 144; fig. 12 

of this report) indicate that relatively loose 

sands between 1 and 201 have high damage
[(N1)60 

potential, moderately dense sands between 
[(N1)60 

20 and 301 have moderate damage potential, and 

dense sands [(N1)60 greater than 301 have low dam-

age potential. Surficial deposits of the San Ber-

nardino valley region include a mix of loose, mo-

derately dense, and dense materials interlayered 

together (fig. 8). In the 0-to-10 ft interval this 

mix seems to be dominated by looser sediments, a 

trend that weakly continues to 30 ft subsurface 

(fig. 8); however, the 30-to-40 and 40-to-50 ft 

intervals consist of a more heterogeneous mix in 

terms of N1 . The heterogenous mixture of sediments 

having different relative densities makes the pre-

diction of regional ground-failure potential using 

the criteria of Seed and others (1985, fig. 8) dif-

ficult because the sequence, thickness, and lateral 

extent of sedimentary layers having a particular 

damage potential vary from site to site. 

Summary of ground-failure implications 

Although we assign high to moderately high 
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susceptibility to parts of the San Bernardino val-

ley region where ground water is shallow, it is not 

possible to predict with confidence the degree of 

hazard posed by liquefaction-induced ground fail-

ures. Preliminary evidence leads to the following 

provisional generalizations: (1) Ground failure is 

more likely to develop where liquefaction occurs at 

shallow subsurface levels rather than at deeper 

levels. Thus, in the San Bernardino valley region, 

liquefaction-induced failures are more likely to 

occur in areas where ground water is shallower than 

30 ft subsurface than in areas where ground water 

is deeper than 30 ft subsurface. (2) Slope condi-

tions for most areas having moderate and greater 

susceptibility are very low (0.5° to 1.00), which 

suggests that potential ground failures will be 

small-scale lateral spreads and differential set-

tlements. (3) Interlayering of loose sands and 

silty sands with dense sands and silts and with 

firm impermeable clay deposits suggests that lique-

faction most likely will be confined to specific 

layers that may be thin. Although ground failures 

induced by such events can cause significant dam-

age, large-scale catastrophic failures induced by 

wholescale liquefaction of large volumes of sand 

may not be likely. Moreover, the potential for 

ground failure will depend on how deep and thick 

the liquefied layer is in relation to the thickness 

of the nonliquefied surface mantle (Ishihara, 

1985), and will depend upon the density of the liq-

uefied layers (Seed and others, 1985) and their 

abundance within the layering sequence. (4) Large-

scale catastrophic ground failures in sediments of 

the San Bernardino valley region are unlikely given 

the heterogeneous nature of the layering types and 

sequences. Active flood plains of Cajon Creek, 

Warm Creek, and the Santa Ana River--where rela-

tively thick bodies of loose sand are likely to 

occur--may be an exception. 

Figure 13 is a generalized and very prelimi-

nary ground-failure potential map that is based 

partly on the susceptibility results of tables 1 

through 7 and partly on what is known about the 

geomorphic setting and layering characteristics of 

surficial deposits in the San Bernardino valley 

region. The map incorporates the following ground-

failure-potential zones: 

HIGH.--Areas where ground water is shallower 

than 10 ft subsurface. The sediments are charac-

terized by an abundance of loose to moderately 

loose sands and silts having N1 less than 24 (fig. 

8), and a large percentage of SPTs have suscepti-

bility ratios <1.0 for all fault distances (tables 

1 through 7). The possibility of ground failure is 

consistent with the H to MH susceptibility of sedi-

ments in the zones. 

MODERATELY HIGH TO MODERATE.--Areas where 

ground water is 10 to 30 ft subsurface. The sedi-

ments are characterized by mixtures of loose to 

dense sands and silts. The possibility of ground 

failure is consistent with the MH to M susceptibil-

ity rating of sediments in the zone, but the heter-

ogenous nature of the layering sequence makes the 

scale and extent of ground failure difficult to 

evaluate. 

MODERATE TO LOW.--Areas where ground water is 

30 to 50 ft subsurface. The sediments are charac-

terized by mixtures of loose to dense sands and 

silty sands, but the thickness of the overlying un-

liquefied mantle (30 ft or greater) makes the scale 

and extent of ground failure difficult to evaluate. 

RECOMMENDATIONS 

(1) In areas having H or MH susceptibility, 

where the probability of liquefaction is greatest 

and liquefaction-induced ground failures are possi-

ble, special attention is warranted in general 

land-use planning activities. Site-specific geo-

technical studies to assess liquefaction hazards 

may be advisable. 

(2) Where site-specific investigations are 

required they should incorporate one of the estab-

lished methods for evaluating liquefaction suscep-

tibility outlined in scientific papers. The site 

report should describe all equipment and procedures 

and should present all geotechnical data utilized 

in the susceptibility analysis. These stringent 

requirements would allow the site-specific study to 

be evaluated by an independent reviewer. 

(3) If hazard-mitigation measures are planned 

on the basis of the regional susceptibility evalua-

tion presented in this report, we recommend that 

areas of concern be prioritized in the following 

order: (i) all areas where ground water is shal-

lower than 10 ft subsurface, but especially the 

flood plains of the Santa Ana River and Cajon, Ly-

tle, and Warm Springs Creeks where young loose sed-

imentary materials are abundant; (ii) areas where 

we recognize elevated susceptibilities in the in-

terval 10 to 30 ft subsurface; (iii) areas where we 

recognize elevated susceptibilities in the interval 

30 to 50 ft subsurface. 

CONCLUSIONS 

Our investigation has demonstrated that some 

sedimentary materials underlying the San Bernardino 
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valley region are susceptible to earthquake-induced 

liequfaction. The level of susceptibility and the 

geographic extent of susceptibility zones depend 

mainly on two factors: (1) depth to the ground-

water table, and (2) the intensity and duration of 

ground shaking as determined by the magnitude of 

the earthquake and distance to the causative 

fault. We used these two factors in combination 

with penetration-resistance data from various sites 

throughout the valley to provide a regional zona-

tion of liquefaction susceptibilities accompanying 

three scenario earthquakes: a Ms=8.0 earthquake on 

the San Andreas fault, a M =7.0 shock on the San 
s 

Jacinto fault, and a M =6.75 earthquake on the Cu-
s 

camonga fault. Our analysis led to the following 

conclusions: 

(1) Where ground water is shallower than 10 

ft subsurface in Holocene and latest Pleistocene 

sedimentary materials, all three scenario earth-

quakes are accompanied by H to MH susceptibilities 

at all fault distances. 

(2) Where ground water is between 10 and 30 

ft subsurface in Holocene and latest Pleistocene 

sedimentary materials, liquefaction susceptibili-

ties accompanied by the three scenario earthquakes 

depend on distance to the causative fault. Suscep-

tibilities remain H within 0 to 4 miles of a M -8.0 
s 

earthquake on the San Andreas fault, but decline to 

M at greater distance from the fault. Susceptibil-

ities are M within 0 to 8 miles of M =7.0 earth-
s 

quake on the San Jacinto fault. At all fault dis-

tances, a Ms=6.75 earthquake on the Cucamonga Fault 

is accompanied by L susceptibilities. 

(3) Where ground water is between 30 ft and 

50 ft subsurface in Holocene and latest Pleistocene 

sedimentary materials, susceptibilities for the 

three scenario earthquakes depend on distance to 

the causative fault. Susceptibility remains H 

within 0 to 4 miles of a M =8.0 earthquake on the
s 

San Andreas fault, but declines to M at greater 

distances from the fault. Susceptibilities are M 

within 0 to 4 miles of a M=7.0 earthquake on the 

San Jacinto fault, but decline to L within 4 to 8 

miles of the fault. At all fault distances, a 

M =6.75 earthquake on the Cucamonga Fault iss 
accompanied by L susceptibility. 

The susceptibility maps can be used in con-

junction with what is known about the geomorphic 

setting and layering characteristics of sedimentary 

materials underlying the San Bernardino valley re-

gion to estimate where liquefaction-induced ground 

failures are most and least likely to occur, at 

least on a regional basis. Where ground water is 

shallower than 10 ft subsurface, the possibility of 

ground failure is consistent with the H to MH sus-

ceptibility of sediments within this ground-water 

interval. These areas require special attention 

during future land-use planning and development, 

and mitigation of existing hazards may be advisa-

ble. In areas of deeper ground water, where lique-

faction susceptibility is M to L, liquefaction-

induced ground failures are less likely, but cannot 

be ruled out. 
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official report prepared by Scott E. Carson as a 
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graduate thesis for the Master of Science program, 

Department of Geology, California State University, 

Hayward. Jon C. Cummings and Alexis N. Moiseyev of 

that department reviewed the thesis text. 
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APPENDIX 1 

STANDARD PENETRATION TESTS: SCREENING PROCEDURES 

Penetration data from the sources described in 

the text were generated using a variety of field 

methods that incorporate different equipment and 

procedures. Differences in methodology can lead to 

significant differences in blow-count for sedimen-

tary materials having identical physical character-

istics--a shortcoming which creates problems for 

liquefaction evaluations which use blow-count data 

to compare the relative susceptibilities of sedi-

mentary materials. This problem can be circumvent-

ed if the penetration test is standardized to com-

ply with specific technical criteria. Seed and 

Idriss (1982, p. 94-95; Seed and others, 1985) 

specify several guidelines which must be followed 

during the penetration test: (1) The test must 

comply with some of the SPT guidelines described by 

the American Society for Testing and Materials 

(ASTM, 1982); and (2) the test should incorporate 

several additional guidelines not stipulated by 

ASTM (1982), including (a) specific standards to be 

met by the energy-delivery system, (b) a relatively 

small-diameter hole approximately 4 inches in dia-

meter, and (c) drilling mud to support the sides of 

the hole. We used these criteria to screen the 

penetration data available from the San Bernardino 

valley region. 

ASTM guidelines 

The ASTM (1982, p. 292-294, Designation: 

D1586) provides specifications for equipment and 

procedures for SPTs that have various engineering 

applications. The borehole diameter must range be-

tween 2 1/4 and 8 inches, and the sampling device 

itself must have a 2-inch outside diameter and a 1-

3/8 inch inside diameter. A 140-pound drive weight 

falling freely 30 inches must be used to drive the 

sampler through a total penetration interval of 18 

inches. Hammer strikes during the first 6 inches 

are used to seat the sampler and do not figure into 

the actual penetration resistance; the blow count 

(N) is the number of blows required to advance the 

sampler through the 12-inch interval between 6 and 

18 inches. 

According to Seed and Idriss (1982, p. 94-95), 

penetration procedures that depart form these par-

ticular ASTM specifications for the SPT are not ap-

propriate for liquefaction analyses based on their 

approach--a standard we generally conformed to in 

our study of the San Bernardino valley. When a log 

sheet or description of field methods or our in-

quiries to the source company or agency indicated 

that a penetration test actually was an SPT per-

formed according to ASTM guidelines, we assumed 

that the blow-count data were useable. However, if 

the log sheet or description of field methods out-

lined penetration procedures which were not compat-

ible with ASTM guidelines, or if test procedures 

were not specifically described, we assumed that 

the penetration test was incompatible with the SPT 

procedures specified by Seed and Idriss (1982) and 

we did not use the blow-count data. 

ASTM guidelines requiring borehole diameters 

between 2 1/4 and 8 inches proved to be the most 

easily applied screen for penetration-resistance 

data from the San Bernardino valley region. Much 

of these data were collected for engineering pur-

poses other than liquefaction evaluations, and typ-

ically were obtained using large-diameter bucket 

augers in the range 16 to 36 inches. The U.S. Army 

Corps of Engineers as well as many private geotech-

nical firms use bucket augers of this type. Cor-

rection factors conceivably could be applied to 

penetration data collected using large-diameter 

borings, thus making the data comparable to those 

derived using SPT procedures specified by ASTM 

(1982) and Seed and Idriss (1982). However, the 

applicability of such factors had not been docu-

mented at the time we conducted our investigation, 

especially factors which accomodate disturbance of 

sedimentary material at the bottom of large-

diameter boreholes. Dynamic-penetration data col-

lected by CalTrans also are not compatible with 

ASTM guidelines for the SPT, and we did not use 

these data. 
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Supplemental criteria 

Penetration data that met the ASTM standard 

were examined for their compliance with the three 

supplemental guidelines specified by Seed and Id-

riss (1982; Seed and others, 1985). This screen 

was more difficult to apply than the ASTM screen 

because many log sheets and descriptions of field 

investigations do not fully discuss penetration-

test procedures. We clarified some ambiguities by 

telephone, but where questions were not resolved we 

either made assumptions about the procedures or re-

jected the data as incompatible with the three 

Seed-Idriss guidelines discussed below. 

Energy-delivery standards 

Many SPT data from the San Bernardino valley 

region were generated using a rope-and-pulley sys-

tem to lift the driving weight and drop it on the 

impact block (anvil) of the drill string. The 

Corps of Engineers generally employs the rope-and-

pulley system (J. Ralston, E. Stokes, and E. Ket-

chum, personal commun., 8/84), and geotechnical 

firms whose investigations make up the bulk of the 

local-agency data generally use this procedure. To 

minimize variation in N that can be introduced by 

procedural differences in using the rope-and-pulley 

system, Seed and others (1985, p. 1426-1427) recom-

mend standardized procedures for the number of rope 

turns around the pulley (2) and the driving rate 

(blows per minute, 30 to 40). It is not possible 

to implement this screen for the rope-and-pulley 

data set collected from the San Bernardino valley 

region because the drilling logs generally do not 

include such procedural details. 

Cable-and-clutch systems commonly are used 

instead of rope-and-pulley systems to lift and re-

lease the SPT hammer. For example, the cable-and-

clutch system routinely is used by CalTrans and is 

occasionally employed by private geotechnical firms 

(personal communication with several local dril-

lers), and was used by Carson and others (1986). 

We analyzed SPT data that were generated using the 

cable-and-clutch system because that technique pro-

duces penetration results that are fairly compati-

ble with those of the rope-and-pulley system (Ko-

vacs and others, 1975; L.F. Harder, personal com-

mun. 9/84). However, cable-and-clutch systems have 

driving energies which are more efficient than 

those of rope-and-pulley systems employing the same 

hammer, and will generate N values that are some-

what lower than those generated by rope-and-pulley 

hardware. 

Seed and others (1985, p. 1430-1432, table 3) 

describe procedures for normalizing penetration 

values obtained using various energy-delivery sys-

tems and hammers. With the use of correction fac-

tors, N from any hardware system can be converted 

to N --the penetration resistance obtained if the
60 

energy delivered to the drill stem by the hammer is 

60 percent of the energy associated with a free-

falling hammer. These correction factors were pub-

lished after we completed our investigation and 

were not available for our analysis; hence, N val-

ues obtained using different energy-delivery sys-

tems and different hammer types were analyzed with-

out correcting for driving-energy differences be-

tween them. In any event, it would be difficult to 

apply such criteria to the San Bernardino valley 

data set. 

Four-inch borehole requirement 

Seed and Idriss (1982) specify a hole diameter 

of approximately 4 inches because smaller or larger 

hole diameters can greatly influence penetration 
7resistance. If the borehole is significantly nar-

rower than 4 inches, overburden pressure at the 

bottom of the hole can be increased; moreover, the 

sides of the hole may impede the progress of the 

SPT sampler. Either of these effects can increase 

penetration resistance. If the borehole diameter 

is significantly larger than 4 inches, overburden 

pressure is reduced at the bottom of the boring 

which can result in reduced penetration resistance 

(L.F. Harder, pers. commun. 9/84). Moreover, sedi-

ment disturbance resulting from the rotation of 

large-diameter augers also tends to reduce penetra-

tion resistance. With either undersize or oversize 

borehole diameters, N will not accurately reflect 

the liquefaction susceptibility at a given site. 

A stringent borehole requirement is desirable 

because it minimizes blow-count variability stem-

ming from hardware differences. However, with the 

exception of the large-diameter boreholes discussed 

above, we did not rigorously incorporate the 4-inch 

borehole requirement because such a stringent 

screening criterion would have eliminated most of 

the penetration data available for the San Bernar-

Seed and others (1985, p. 1432) broadened the range of acceptable boreholes to include those 5 inches in 

diameter. 
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dino valley region. For example, soil and founda-

tion reports on file with local agencies indicate 

that a wide variety of borehole diameters are used 

by private companies, with many diameters measuring 

up to 8 inches. Penetration tests performed by 

CalTrans generally use borehole diameters of 3 

inches, and tests performed by the U.S. Geological 

Survey (Carson and others, 1986) used a 6 1/4-inch 

diameter. In order to accomodate variation in 

borehole diameter but still comply to some degree 

with the stringent figure recommended by Seed and 

Idriss (1982), we extended the range of acceptable 

borehole diameters within the San Bernardino valley 

data set to include those between 2 1/4 inches and 

8 inches. This allowed us to use much of the 

local-agency SPT data as well as all of the SPT 

data obtained by CalTrans and the USGS. 

Use of drilling mud 

Seed and ldriss (1982, p. 95) recommend the 

use of drilling mud while performing penetration 

tests above the water table in order to minimize 

the decrease in overburden pressure at the bottom 

of the hole. As material is removed during the ex-

cavation of a borehole the overburden pressure on 

the material at the bottom of the hole is reduced, 

which tends to result in reduced resistance during 

the penetration test. The use of drilling mud--or 

water in appropriate cases--minimizes this pressure 

reduction and leads to appropriate penetration re-

sistance. This procedure especially is necessary 

in large-diameter holes where the loss of overbur-

den pressure has a greater impact; in small-

diameter holes within the 2 1/4 - to 8-inch range, 

the loss of overburden pressure is not as great and 

the requirement for drilling mud may not be so cri-

tical. Where penetration tests in the San Bernar-

dino valley were completed above the water table, 

we incorporated their results even if drilling muds 

were not used. This may result in our inclusion of 

N values that are slightly lower than those gener-

ated using the guidelines of Seed and Idriss 

(1982). In any event, it is difficult to apply the 

drilling-mud criterion to SPTs completed above the 

water table because drilling records from most in-

vestigations do not discuss the use or nonuse of 

mud in this zone. 

Below the water table, an additional factor--

heaving--becomes significant. If drilling mud or 

water is not added when the drill stem is below the 

water table, water from the surrounding sediment 

tends to flow into the hole and disturb and loosen 

the material around and at the bottom of the bor-

ing. Heaving of this type may lower penetration 

resistance. Use of drilling mud or water in the 

hole, withg the level of the mud or water above 

that of the water table, eliminates the inflow of 

water and attendant heaving. 

All of the SPT investigations we used in this 

report used either drilling mud or water below the 

water table. Although geotechnical reports by pri-

vate consultants seldom indicate whether drilling 

muds were used, Seed and Idriss (1982, p. 95) and 

several drillers with whom we conversed indicate 

that private consultants in southern California 

commonly use drilling muds or water when drilling 

below the water table. CalTrans uses muds whenever 

possible (A. Goldschmidt, personal commun., 8/84), 

and the U.S. Geological Survey (Carson and others, 

1986) added water to the borings when below the 

water table. 

Other factors 

Numerous procedural factors other than those 

discussed above affect penetration resistance, in-

cluding (1) the use or nonuse of liners in standard 

samplers designed to accept liners (Schmertmann, 

1979), (2) rope age and the method used to release 

the rope into the drillrig cathead (Kovacs and oth-

ers, 1977), and (3) the length and type of rod used 

to drive the sampler during the penetration test 

(McLean and others, 1975; Seed and others, 1985). 

The qualitative effect of these factors on penetra-

tion resistance is fairly well understood. Howev-

er, their quantitative effect on blow-counts has 

not been documented fully, and it is not clear to 

what degree they affect an evaluation of liquefac-

tion susceptibility based on penetration resis-

tance. These factors probably would not alter the 

results of this study in any significant way, al-

though they would refine the results somewhat. We 

made no attempt to modify, eliminate, or correct 

the penetration values used in this study based on 

these additional factors. 

APPENDIX 2 

PROCEDURES FOR SITE-SPECIFIC ANALYSIS OF 

LIQUEFACTION SUSCEPTIBILITY 

Although we characterize this phase of our an-

alysis as "site-specific"--thus implying that our 

evaluation at each site utilizes field data for 

each of the geotechnical parameters required by the 

analysis--in fact we modified the site-specific 

methods proposed by Seed and ldriss (1982) to adapt 

32 



	

	

	

	

	

	

	

	

	

		

 

  
them to regional rather than local evaluations of a A 

liquefaction susceptibility. Ideally, site inves-

tigations obtain specific values for such geotech-

nical parameters as ground-water depth, overburden 

pressure, and physical characteristics of the geo-

logic materials (such as lithologic variation, rel-

ative density, unit weights). Unfortunately, spe-

cific field data for many of these geotechnical 

parameters either are not reported by the site in-

vestigations available to us, or are so variable 

from site to site as to prohibit meaningful compar-

isons between sites. Consequently, we modified the 

Seed-Idriss site-specific method by making general-

izations and assumptions about most geotechnical 

parameters and by simplifying some parts of the 

Seed-Idriss procedure. In this Appendix we des-

cribe our procedural methods and discuss the gen-

eralizations entailed by our regional application 

of site-specific techniques. 

Cyclic-stress ratios 

Comparisons between two types of cyclic-stress 

ratio form the basis of the Seed-Idriss method for 

determining liquefaction susceptibility. Cyclic-

stress ratios are unitless parameters that charac-

terize the response of a given sediment type at a 

particular subsurface depth to ground-shaking con-

ditions of specified strength and duration. At the 

location and depth of each SPT, the cyclic-stress 

ratio that would be expected to develop during a 

particular earthquake (Cd) is compared to that 

which would be required to cause liquefaction at 

that location during the same earthquake (C1 ) to 

yield the susceptibility ratio (FS): 

C 
FS = 

C
d 

If Cd is equal to or greater than CI , FS = 1.0 or 

less and the materials are considered suscepti-

ble. In this study we calculated Cd using a form-

ula provided by Seed and Idriss (1982) and CI using 

penetration-resistance values from the San Bernar-

dino valley region and a chart from Seed and Idriss 

(1982). 

Determination of C 
d 

The cyclic-stress ratio that can be expected 

to develop at the location of each SPT as the re-

sult of a given earthquake can be determined by: 

max 
C 
d 
= 0.65 • r 

d 
(Eq. 1) 

a ' o g 

where C is an abbreviation for (T / a ') , gd av o dev 
is the acceleration due to gravity, Amax is the 

maximum ground-surface acceleration expected at the 

site of the SPT (some fractional multiple of 1.0), 

a is the total overburden stress, a ' is the ef-
o o 

fective overburden stress, and rd is a stress-

reduction coefficient. The equation is solved by 

determining appropriate values for a , a ',
Amax, o o 

and r . 
d 

Determination of A 
max 

Maximum or peak ground acceleration (Amax) 

commonly is used as a measure of the strength of 

earthquake-induced ground shaking. Its value at a 

particular site is a function of many factors, in-

cluding earthquake magnitude, distance to the caus-

ative earthquake, various seismic-source parame-

ters, site location relative to direction of energy 

propagation, and geologic conditions at the site 

(Page and others, 1975; Hays, 1980). To select 

maximum-acceleration values at various SPT sites in 

the San Bernardino valley region we identified sce-

nario earthquakes having specified surface-wave 

magnitudes for specific faults within the study 

area. For these earthquakes we utilized attenua-

tion curves to specify Amax at various SPT sites 

located at different distances from the causative 

faults. 

Scenario earthquakes.--In order to identify 

the maximum distribution of areas having any sig-

nificant liquefaction susceptibility, we modeled 

ground response for the San Bernardino valley re-

gion using local scenario earthquakes having large, 

reasonably-expectable surface-wave magnitudes. 

Large nearby earthquakes will generate larger Amax 

values than smaller or more distant earthquakes, 

and will lead to maximum values for C calculated 
d 

in Eq. 1. Because large Cd values are more likely 

to exceed C values, determinations of C for large
I d 

local earthquakes would identify the maximum dis-

tribution of areas susceptible to liquefaction. 

The large-magnitude scenario-earthquake approach 

admittedly is conservative because it incorporates 

earthquake magnitudes and maximum accelerations 

that lead to worst-case conditions. However, this 

approach is consistent with the goal of this inves-

tigation, which is to identify on a regional basis 

the maximum distribution of areas having any sig-

nificant susceptibility to liquefaction. 
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The San Andreas, San Jacinto, and Cucamonga 

faults have the greatest potential for generating 

earthquakes large enough to induce liquefaction in 

the San Bernardino valley region. Accordingly, we 

used scenario earthquakes on these faults for eval-

uating liquefaction susceptibility in the region. 

Earthquakes on other faults also may have the po-

tential for inducing liquefaction in the San Ber-

nardino valley, but these faults generally are more 

distant and fault-length considerations (Bonilla 

and others, 1984) suggest that they are not capable 

of generating earthquakes with magnitudes as large 

as those on the three major faults. 

San Andreas fault: This study incorporates an 

estimated Richter surface-wave magnitude of 8.0 

(M =8.0) on the modern trace of the San Andreas
s 

fault (Sieh, 1978, 1981; Raleigh and others, 1982; 

Lindh, 1983; Sykes and Nishenko, 1984; Sykes and 

Seeber, 1985; Ziony and Yerkes, 1985). 

San Jacinto fault: This study incorporates an 

estimated M =7.0 earthquake on the San Jacinto
s 

fault (Ziony and Yerkes, 1985). 

Cucamonga fault: This study incorporates an 

estimated M =6.75 earthquake on the Cucamonga fault 
s 

(Lamar and others, 1973; J.C. Matti, D.M. Morton, 

J.C. Tinsley, and L.D. McFadden, unpublished). 

Attenuation curves and site-specific determin-

ation of A .--Site-specific values for A re-
max max 

sulting from the three scenario earthquakes were 

determined using attenuation curves. Maximum ac-

celerations decrease (attenuate) as distance from 

the source fault increases. Models correlating 

magnitude and fault distance with Amax have been 

proposed by many workers, including Schnabel and 

Seed (1973), Greensfelder (1974), Seed and others 

(1975), Algermissen and Perkins (1976), Thenhaus 

and others (1980), Joyner and Boore (1981), Camp-

bell (1981), Boore and Joyner (1982), Seed and 

Idriss (1982), and Joyner and Fumal (1985). We 

used curves developed by Seed and Idriss (1982, 

fig. 17, p. 29-40) because they allow consistent 

application of the Seed-Idriss method of evaluating 

liquefaction. Use of alternative curves proposed 

by other authors probably would not significantly 

affect the results of this investigation. 

To determine A values resulting from the 
max 

three scenario earthquakes we used the two-stage 

procedure described by Seed and Idriss (1982). (1) 

We used graphical attenuation curves (fig. 2, modi-

fied from fig. 17 of Seed and Idriss, 1982) to de-

termine peak bedrock accelerations throughout the 

San Bernardino valley region. The curves for 

M =7.0 and 8.0 earthquakes are interpolated in fig-s 
ure 2 because Seed and Idriss (1982) do not show 

curves for shocks of these magnitudes. (2) Because 

estimates of bedrock accelerations may not be ap-

propriate for sites underlain by sedimentary mater-

ials like those in the San Bernardino valley, the 

accelerations obtained from figure 2 had to be cor-

related with accelerations for various sedimentary 

materials. Figure 3 (modified from Seed and Id-

riss, 1982, fig. 19) shows curves which correlate 

A on rock with A on sedimentary materials,
max max 
including stiff soils, deep cohesionless soils, and 

soft to medium-stiff clay and sand. Seed and Id-

riss (1982, p. 35-37) do not provide a full des-

cription of these soil categories so it is diffi-

cult to determine which soil type applies to sedi-

mentary materials in the study area. However, our 

conversations with Seed (personal commun., 4/84) 

indicate that the stiff-soil category (cohesionless 

soils or stiff clays with shear-wave velocities of 

about 2,500 ft/sec or less to depths of about 200 

feet or less) generally is appropriate for sedimen-

tary materials occurring in the the San Bernardino 

valley region. These materials consist of inter-

layered gravel, sand, silt, and clay (Carson and 

others, 1986), and have shear-wave velocities rang-

ing from a few hundred ft/second to about 2,500 

ft/second (Hadley and Smith, 1973; Hadley and 

Combs, 1974; Fumal and Tinsley, 1985). 

To determine values for we measured the 
Amax, 

closest horizontal distance from each SPT site to 

the fault in question. This figure then was used 

to estimate A values on rock (fig. 2) and the
max 

corresponding Amax values on stiff soil (fig. 3). 

Values for A were determined to the nearest 
max 

0.05g for each SPT location. 

Determination of total stress, effective 

stress, and neutral stress 

In Eq. 1 the ratio of total stress to effec-

tive stress (a / a ') is a term which quantifies 
o o 

the inherent resistance to deformation of a partic-

ular sediment at a particular subsurface depth giv-

en particular ground-water conditions. Determina-

tions of both CI and a ' require site-specific val-
o o 

ues or estimates for the unit weight and thickness 

of sedimentary materials overlying a given SPT sam-

ple and estimates for the neutral stress exerted by 

ground water. 

Relations among total stress, effective 

stress, and neutral stress can be illustrated by 

considering the stresses acting upon a unit volume 

of soil buied at depth z in a sedimentary column. 

The column of sediment and ground water overlying 

the unit volume exerts a vertical stress on the un-
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it volume equal to the weight of the column divided 

by its cross-sectional area. This stress is the 

total vertical stress (G ) due to overburden pres-
o 

sure. The total vertical load is supported mainly 

by the point contacts between individual sediment 

grains, but pore-water pressure (u, or neutral 

stress) in the unit volume also helps to support 

some of the load. The difference between the total 

vertical stress (G ) and the pore-water pressure
o 

(u) is the effective vertical stress (G I ). Many 
o 

laboratory investigations of cohesionless material, 

of which liquefiable sand is an example, have shown 

that resistance to deformation depends on the mag-

nitude of the effective stress. 

Unit-weight calculations.--Both Go and Go' re-

quire information about the unsaturated and satur-

ated unit weights (yu and ys, respectively) of sed-

imentary materials overlying each SPT sample. At 

any given depth 

Go = y • Z (Eq. 2) 

and 

G ' = G - u (Eq. 3)
o o 

where y is the unit weight of the overlying mater-

ial, z is the depth, and u is the neutral stress 

caused by water pressure within the soil voids. 

Because unit-weight values were not routinely 

available on log sheets accompanying SPTs compiled 

for this study, we made assumptions about their 

value on the basis of work by other studies in oth-

er regions. Terzaghi and Peck (1948) summarized 

unit-weight values for 10 different sediment cate-

gories--four of which characterize the majority of 

surficial materials encountered in borings in the 

San Bernardino valley and vicinity: uniform loose 

sand, uniform dense sand, mixed-grained loose sand, 

and mixed-grained dense sand. For these sediment 

types, Terzaghi and Peck provide approximations of 

dry unit weight y  ranging from 90 lbs/ft3 to 116 
3 d 

lbs/ft and saturated unit weight y ranging from 
3 s 

118 lbs/ft3 to 135 lbs/ft . To select a single 

representative value from these unit-weight ranges 

we used rounded-up arithmetic means. For yd we de-

rived an arithmetic mean by determining the value 
3that is halfway between 90 lbs/ft3 and 116 lbs/ft , 

or 103 lbs/ft3; for y we derived an arithmetic 
s 

mean by determininq the value that is half way be-
3tween 118 lbs/ft)and 135 lbs/ft , or 126.5 

lbs/ft3. Because borings in the San Bernardino 

valley and vicinity primarily encountered dense and 

mixed-grain sands, and because Terzaghi and Peck 

indicate that these types of sands generally have 

unit weights greater than the arithmetic means cal-

culated above, we rounded the arithmetic means up 

to the nearest multiple of 5--thus deriving values 
3 3of 105 lbs/ft for y and 130 lbs/ft for y .

d s 
We used values of yd to estimate yu. However, 

because yd is the unit weight when completely dry 

and yu is the unit weight with natural field mois-

ture, yd tends to be lower than yu in most natural 

settings. By rounding-up the arithmetic mean for 

yd we were able to partly compensate for this dif-

ference between the two values and provide a more 

accurate estimate of yu. 

We believe our approximations of saturated and 

unsaturated unit weight are appropriate substitutes 

for their actual site-specific values. Where we 

compared these generalized values with actual val-

ues reported on the log sheets for borings complet-

ed in the San Bernardino valley region we found 

general agreement. Furthermore, when we tested 

small adjustments to yu and ys we discovered no 

significant impact on the susceptibility calcula-

tions completed for this study. 

Calculation of neutral stress.--As discussed 

above, ground water plays an important role in the 

mechanics of soil-particle interactions because it 

influences both total stress and effective stress 

by exerting pore pressure (neutral stress, u) which 

reduces intergranular stress. Estimates for u re-

quire information about the height of the ground-

water column overlying a given sediment mass. 

Site-specific investigations which evaluate 

the impact of u on a ' typically would incorporate
o 

the actual depth to the water table at the site. 

However, in our analysis we did not utilize actual 

values for three reasons: (1) Many geotechnical 

site investigations available to us were conducted 

at times when ground-water levels were considerably 

deeper than they are today, and most of the subsur-

face borings did not penetrate the water table; (2) 

ground-water levels fluctuate so dramatically ac-

cording to cycles of withdrawal and recharge that a 

water-level measurement obtained at a given site at 

a particular time might not be representative of 

typical ground-water conditions; and (3) site-

specific liquefaction analyses that utilize water-

level values unique to each site are not amenable 

to regional extrapolation of site-specific results. 

To circumvent these problems we modeled the 

effect of u on 00' by evaluating hypothetical 

ground-water conditions. We posed the following 

question: for a given SPT sample at a particular 

depth, what would be the value of u and co' (Eq. 

3), co (Eq. 2), and Cd (Eq. 1) if the water table 
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were at a depth (W1 ) equal to the nearest multiple 

of 10 ft overlying the SPT sample? For example, 

for an SPT sample at 28 ft subsurface, we estimated 

u, co', ao, and Cd for a ground-water level at 20 

ft subsurface, and thus for the neutral-stress ef-

fects created by an overlying water column 8 ft 

high. In this fashion, all SPT samples were eval-

uated under neutral-stress conditions created by 

the water-column height between the sample position 

and the immediately overlying 10-ft ground-water 

multiple (W 1 ). 

Use of hypothetical water levels in our analy-

sis created hypothetical estimates for effective 

stress [which we refer to as a ' 1. In turn, 
o (I) 

this procedure led to values for C which are ap-
d 

proximations of their actual value: the closer W 1 

approximates the actual water-level depth W2 the 

closer C is to its actual value for a given SPT.
d 

This approach has the advantage that each Cd value 

can be grouped with other values having the same 

assumed depth to ground water to determine the 

typical susceptibility to liquefaction for a spe-

cific ground-water interval (0' to 10', 10' to 20', 

etc.). Typical susceptibilities thus calculated 

correspond to ground-water contours compiled for 

this study (map sheet 2), and provide a means for 

easily evaluating susceptibility to liquefaction 

across large regions. 

Determination of stress-reduction 

coefficient (r )
d 

The stress-reduction coefficient (r ) in Eq. 1
d 

compensates for the difference between the total 

and actual shear stresses induced within a soil 

mass during an earthquake. The actual stress is 

less than the total stress because the soil column 

overlying a sediment mass is flexible rather than 

rigid, and deformation of this flexible column re-

duces the applied shear stress induced by the 

earthquake (Seed and Idriss, 1982, p. 74-75). Av-

erage values for rd vary from 1.0 at the surface to 

smaller values at depth, as determined to the near-

est 0.05 units from the dashed line in figure 4 

(modified from Seed and Idriss, 1982, fig. 40). As 

shown in figure 4, the accuracy with which rd can 

be determined decreases with depth because the en-

velope of possible values widens with depth. Av-

erage values of rd generally can be determined with 

an error of less than 5 percent to subsurface 

depths of 30 to 40 ft (Seed and Idriss, 1982, p. 

75). However, at depths greater than about 40 ft 

subsurface the error is larger, and this introduces 

uncertainty in rd which in turn introduces uncer-

tainty in cd values calculated for these subsurface 

depths. 

Determination of C I 

C f(T / a ')  of Seed and Idriss (1982)1
I av o li 

is the threshold cyclic-stress ratio required for 

liquefaction to occur at a particular site as the 

result of a given earthquake. Derivation of CI 

requires determinations or estimates of such site 

factors as effective overburden pressure and rela-

tive density of sedimentary materials in order to 

evaluate the cyclic loading characteristics that 

will promote failure of the materials under speci-

fied shaking conditions. 

Modifications to penetration 

resistance (N) 

Derivation of C relies mainly on penetration
I 

resistance (N) obtained during the SPT. However, 

raw values for N determined in the field cannot be 

used to derive C because raw penetration resis-
I 

tance must be modified to compensate for various 

factors. 

Compensation for differences in rod length.--

Values for N from shallow depths must be adjusted 

to compensate for a loss of driving energy which 

results because only a short length of rod is need-

ed between the ground surface and the penetration 

sample. This adjustment is described by Seed and 

Idriss (1982, p. 177; also see Seed and others, 

1985) and requires a simple correction coefficient 

of 0.75 for SPT depths less than 10 ft subsur-

face. No adjustment is necessary for greater 

depths. 

Compensation for effective overburden pressure 

[a ' 1.--Penetration resistance reflects not only
0 (2) 

the physical properties of the soil tested (compac-

tion, cementation) but also the influence of effec-

tive overburden pressure at the depth of the SPT. 

Because it is desirable to compare the physical 

properties of various soils independent of their 

response to overburden pressures which vary with 

the thickness and relative density of overburden, 

Seed and Idriss (1982, p. 93) recommend that N be 

converted to a normalized penetration resistance 

(N1 ) that would be obtained under an effective 
2overburden pressure of 2000 lbs/ft , where 

N = C  . N (Eq. 4)
1 N 

where C is a function of the effective overburden 
N 

pressure at the depth of the SPT. 
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Values for C can be derived from figure 5,
N 

but only after the effective overburden pressure is 

calculated at the location of the SPT. Effective 

overburden pressure (ao'(2)I, like effective stress 

is derived by Eq. 2 and Eq. 3 using simi-
w o '(1) I' 
lar values for unsaturated and saturated-unit 

weights (105 lbs/ft3 and 130 lbs/ft3, respective-

ly). However, whereas we calculated using
ao'(I) 

hypothetical values for ground-water depth (W 1 ), 

calculations of are based on actual depths
ao'(2) 

to ground water (W2) measured at the time and loca-

tion of each SPT. 

Once we calculated the relative densi-
ao'(2)' 

ty (Dr) at the SPT had to be determined before CN 

could be read from figure 5. For values of a ' 
o (2) 

less than about 2500 lbs/ft2, figure 5 has only a 

single curve which applies regardless of Dr consi-

derations. However, for values of ao'(2) greater 
2than about 2500 lbs/ft , this single curve bifur-

cates (solid lines in figure 5) with one limb ap-

plicable where the average Dr falls in the range 40 

to 60 percent and the other where average Dr falls 

between 60 and 80 percent (Seed and Idriss, 1982, 

p. 92; H.B. Seed, pers. commun., 4/84). Because 

values for D are not routinely available for SPTs
r 

from the San Bernardino valley region, and to avoid 

preferencing one limb over the other, we used an 

assumed value of 60 percent for Dr and added a new 

limb to the figure which is halfway between the or-

iginal two. This interpolated curve was used to 

calculate values of C at SPT locations where
N 2a ' was greater than approximately 2500 lbs/ft . 

o (2) 
As originally published by Seed and Idriss 

(1982, fig. 47), the curve in figure 5 did not ac-

comodate less than about 800 lbs/ft2. To 
ao'(2) 

determine C for effective overburden conditions 
N 

less than 800 lbs/ft2, we extended the curve by ad-

ding a linear extrapolation. This new portion of 
2the curve extends to as low as 400 lbs/ft ,

ao'(2) 
where CN equals 2.0; where a ' was less than 400 

o (2) 
lbs/ft , we assumed that CN equals 2.0. This ex-

tended portion of the curve typically was used to 

calculate C values at depths less than about 10
N 

ft. Because the slope and position of the extrapo-

lated curve are not controlled by actual data, we 

have less confidence in C values determined for
N 

these shallow depths and in the susceptibility 

evaluations that depend on those extrapolated val-

ues. 

After compensations for driving energy and 

effective overburden stress are applied, normalized 

overburden stress [a ' 1 can be used in conjunc-
o (2) 

tion with relative density (Dr) to determine CN to 

the nearest 0.1 for each SPT (fig. 5). These CN 

values are used to convert raw penetration resis-

tance (N) to modified penetration resistance (N1 ) 

(Eq. 4). 

Compensation for silt.--An adjustment to N 1 is 

required for silty or partly silty materials. If 

the median grain size (D50) of the tested materials 

is greater than 0.25 mm no adjustment is necessary, 

but at smaller values of D adjustments are re-
50 

quired. If D50 is 0.15 mm or less, 7.5 is added to 

N1 . If D50 is between 0.25 mm and 0.15 mm, we in-

creased N by an amount interpolated linearly be-
1 8tween 0 and 7.5. 

Graphical determination of CI 

After C and N have been determined, figure 6
N 1 

is used to determine C for each of the scenario
I 

earthquakes on the San Andreas fault (Ms=8.0), San 

Jacinto fault (M =7.0), and Cucamonga fault 
s 

(M =6.75). Figure 6 is modified from figure 57 of 
s 

Seed and Idriss (1982), who provided susceptibil-

ity-threshold curves for M=5.25, 6, 6.75, 7.5 and 

8.5 events. We used their M=6.75 curve to deter-

mine values of C for the Cucamonga fault. Howev-
I 

er, we had to interpolate threshold curves for sce-

nario earthquakes on the San Jacinto and San Andre-

as faults. We also had to extend the slopes of all 

three threshold curves in order to accomodate N 
1 

values we determined for SPT samples from extremely 

shallow (less than 10 ft) and deep (greater than 

about 35 ft) subsurface levels in the San Bernardi-

no valley region. In figure 6, the threshold 

Seed and others (1985, fig. 6) introduced susceptibility curves that correlate CI with N1 for sediment 

containing 15 percent fines and 35 percent fines. These curves were published after our study was com-

pleted and were not incorporated into our analysis. The new curves can be used only when the grain-size 

distribution of the sediment sampled by the SPT has been determined from mechanical analyses like those 

presented by Carson and others (1986), and such data are not available for most of the penetration tests 

Performed in the San Bernardino valley region. A pilot study (table 8) we conducted using the mechanical-

analysis data from Carson and others (1986) indicates that, for silty samples, the adjustments to N des-

cribed in the text yield CI values that are comparable to those obtained using the new curves of Seed and 

others (1985). 
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curves have been extended downward by linear extra-

polation and upward by continuing the existing 

slope trend. The accuracy of results for CI deter-

mined using these extrapolated curves is more ques-

tionable than results for the range between 10 and 

35 ft subsurface. Improved curves for extremely 

shallow or deep SPT data would greatly enhance the 

results of this investigation. 

The threshold curves in figure 6 only are ap-

plicable for values of a ' less than about 2000 
o (2) 

lbs/ft (Seed and Idriss, 1982, p. 112, 118). 

Where exceeds this value, figure 6 tends to
ao'(2) 

predict values for CI that are too high. However, 

correction factors can be obtained using figure 7 

(recommended by Seed, pers. commun., 4/84). Ac-

cording to fig. 7, effective overburden pressure 

must exceed approximately 3,380 lbs/ft2 (1.5 

kg/cm2) before a correction is required. 

C and Cl : summary
d 

From the preceding description of procedures 

used to calculate C and C it should be clear 
d l' 

that we employed numerous assumptions, approxima-

tions, and generalizations with regard to the geo-

technical parameters manipulated in the calcula-

tions, and we adopted minor modifications or sim-

plifications of the Seed-Idriss method of determin-

ing site-specific values for the two cyclic-stress 

ratios. Most of these modifications stem from 

three factors. (1) Many of the geotechnical site 

investigations available from the San Bernardino 

valley region lack specific information about some 

of the geotechnical parameters essential for the 

calculation of C and C • as a result, we had to
d l' 

make generalizations and assumptions about these 

parameters. (2) Some elements of the Seed-Idriss 

method are not adapted for lower and higher N1 val-

ues or for the ground-shaking conditions required 

by the large local earthquakes specified in our an-

alysis. As a result, we had to modify or interpo-

late some parts of the determinative graphs pre-

sented by Seed and Idriss (1982; see our fig. 5 and 

7). (3) Regional evaluations such as ours inher-

ently require generalizations and assumptions be-

cause the variety of sediment types, overburden 

pressures, ground-water levels, sediment unit 

weights, and relative densities would be difficult 

to address in a specific way for an area as large 

as the San Bernardino valley region. 

With each assumption and simplification, some 

confidence in the accuracy of the results is lost 

and increased generalization of results is neces-

sary. However, because this investigation is re-

gional in character and not site-specific, these 

factors should not compromise our ability to dis-

tinguish between areas where susceptibility to liq-

uefaction is greatest and least. 

Determination of susceptibility (FS) 

The threshold cyclic-stress ratio required for 

liquefaction (C1 ) can be related to the actual 

cyclic-stress ratio expected to develop during a 

particular earthquake (Cd) to estimate the ratio FS 

as follows: 

C 
IFS = (Eq. 5) 

C 
d 

When FS is less than 1, the materials tested by the 

SPT are likely to liquefy during the specified 

earthquake. Using Eq. 5, we determined liquefac-

tion susceptibility at each of the SPT locations 

used in this study for each of the scenario earth-

quakes on the San Andreas (FSA), San Jacinto (FS )
J ' 

and Cucamonga (FS0) faults: 

IAFS = C 
A 

C
dA 

C 
IJFS = 

J 
C
dJ 

C 
ICFS0 = 

C
dC 

APPENDIX 3 

EXAMPLE CALCULATIONS OF Cd, C AND FS 
l' 

This appendix provides an example of how we 

used data from the geotechnical investigations col-

lected for this study to calculate Cd, CI , and FS 

at each SPT location. The example includes only 

minimal explanation; Appendices 1 and 2 provide a 

more thorough discussion. 

The following information is obtained from a 

hypothetical geotechnical-investigation report: 

Distance to the San Andreas Fault = E = 6 miles;
A 

Distance to the San Jacinto Fault = E  = 2 miles;
J 

Distance to the Cucamonga Fault = EC = 8 miles; 

Depth to the SPT = D = 22 ft 

Depth to water when the SPT was performed = W2 

= 12 ft 

Penetration Resistance = N = 15 

Median Grain Size = D50 = .1 mm 
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These data allow the determination of Cd, C and 
l' 

FS for the three earthquakes evaluated in this 

study. 

Determining Cd developed at the site by an 

M =8.0 earthquake on the San Andreas fault (C ) 
s dA 
requires calculation of A a a and rd. 

maxA' o' o' 
Once calculated, these factors insert into Eq. 1 as 

follows: 

0 A 
maxA 

CdA 
= 0.65 • r 

d 
' 
o (1) g 

For E =6 miles, figures 2 and 3 indicate that
A 

A = 0.50g.
maxA 

For W 1=20 ft, where W  corresponds to the nearest
1 

ground-water multiple of 10 ft overlying the SPT 

depth, ao and 00' (1) are calculated using Eq. 2 and 

3: 

Y • Z 

= (Yu • W1 ) + Lys • (D - W1 )1 

= (105 • 20) + f130 (22 - 20)1 

= 2360 lbs/ft2 

and 

Q0'  = 00 - u(1) 

= G - f(D - W1 ) • y 1 
o w 

= 2360 - f(22 - 20) 62.431 
2= 2235 lbs/ft 

where yw equals the unit weight of water. 

For D=22 ft, figure 4 indicates that 

rd= 0.95. 

Inserting these values for A " and 
maxA'o' ao 

r into Eq. 1 yields:d 

2360 0.50 
= 0.65 • • 0.95 

CdA 2235 

= 0.326 
CdA 

Determining Cd developed at the site by an 

Ms=7.0 earthquake on the San Jacinto Fault (CdJ) 

requires solving Eq. 1, modified as follows: 

a 
o 

A 
maxJ 

CdJ 
= 0.65 ' 

r d 

00'(1) g 

where equals the maximum acceleration devel-
AmaxJ 

oped at the site by the M =7.0 earthquake. Simi-
s 

larly, determining Cd developed at the site by an 

M =6.75 earthquake on the Cucamonga Fault (CdC) re-
s 
quires solving Eq. 1, as follows: 

0 A 
o maxC 

= 0.65 • • • r 
CdC d 

' go (1) 

where equals the maximum acceleration devel-
AmaxC 

oped at the site by the Ms=6.75 earthquake. Calcu-

lations of C and C use the same values for a 
dJ dC o' 

G ', and r as used for calculating C • however, 
o d dA' 

they require different values for Amax. For E =2 

miles, figures 2 and 3 indicate that 

A = 0.60g
maxJ 

and for E  equal to 8 miles, figures 2 and 3 indi-
C 

cate that 

A = 0.35g
maxC 

Substituting these values for and A 
AmaxJ maxC 

yields: 

.60 2360 
CdJ = 0.65 • - • • 0.95

T 223; 

CdJ = 0.391 

and 

.35 2360 
C = 0.65 • • 0.95 
dC • 223; 

= 0.228 
CdC 

Determining CI developed at the site by each 

of the three earthquakes requires using figure 5 to 

convert N to N and using this N and figure 6 to
1 1 

find CI . Before converting N to N1 , it is some-

times necessary to adjust N to compensate for a 

loss of driving energy which results at shallow 

depths from using a short length of rod during the 

SPT. In this example, D is 10 ft or greater; 

therefore no adjustment to N is required, and the 

unadjusted N converts directly to N 1 using equation 

4: 
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N = C • N C = .255I N IJ 

with C derived from figure 5. Figure 5 requires
N 

determination of for the ground-water condi-
ao'(2) 

tions occurring when and where the SPT test was 

performed. Thus, from equation 3, 

a '(2) =Go - u o 

= "Yu . W2) + 

) • 1w 1( Ys • (D-W2))) - [(D-W2 

= [(105 • 12) + 

(130 (22-12))1 - [(22-12) 62.431 

2= 2498 lbs/ft 

Assuming that Dr equals 60%, for this value of 

cr ' figure 5 indicates that
o (2) 

C = 1.0
N 

So, 

N = C • N
1 N 

= 1 ' 15 

= 15 

Because D is less than .15 mm, the material
50 

tested at this site is considered to be silty 

sand. Therefore, before using figure 6 to find CI , 

N must be increased by 7.5 to enable a more accur-1 
ate determination of C Thus,

l' 

N1 = 22.5 

For this value of N1, figure 6 indicates that 

the minimum cyclic-stress ratio required in order 

for liquefaction to develop at the site during an 

M =8 0 earthquake on the San Andreas fault iss ' 

= .219
CIA 

Because a ' does not exceed about 3380 lbs/ft2 o (2) 
no adjustment for high effective stress is required 

to C 
IA. 
The N determined above can be used with fig-

1 
ure 6 to calculate C for other local earth-

I 
quakes. Thus, the minimum cyclic-stress ratio re-

quired in order for liquefaction to occur at the 

site during an Ms=7.0 earthquake on the San Jacinto 

fault is: 

and the minimum cyclic-stress ratio required in 

order for liquefaction to occur at the site during 

an M =6.75 earthquake on the Cucumonga fault is:
s 

= .266 
CIC 

Neither C or C require an adjustment for high
IJ IC 

effective stress. 

The ratio of C 
I 
to C 

d 
for each earthquake de-

termines FS. Where FS is less than 1.0 for a par-

ticular earthquake, liquefaction can be expected to 

develop. In this example, FS at the hypothetical 

site resulting from an Ms=8.0 earthquake on the San 

Andreas fault equals 

IAFS - C 
A 

C 
dA 

0.219FS = 
A 

0.326 

FS = 0 67
A . 

FS resulting from an Ms=7.0 earthquake on the San 

Jacinto fault equals 

C
IJFS =J 

C
dJ 

0.255FS  = 
J 

0.391 

FS = 0.65J 

and FS resulting from an Ms=6.75 earthquake on the 

Cucamonga fault equals 

CIA 
FSc =C 

dA 

0.266 
FSc = 

0.228 

FS = 1.17 
c 

Thus, for W 1 equal to 20 ft, the materials tested 

at this hypothetical site would be likely to liq-

uefy during a Ms=8.0 earthquake on the San Andreas 

fault and a M =7.0 earthquake on the San Jacinto 
s 

fault, but not during a M =6.75 earthquake on the 

Cucamonga fault. s 
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Figure 1.--Map showing location of the study area, San Bernardino 
valley and vicinity, southern California. 
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Figure 2.--Curves showing the attenuation of peak 
horizontal bedrock acceleration (Amax) with distance from— 
the causative earthquake. Modified from fig. 17 of Seed 
and Idriss (1982). 
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underlain by surficial sedimentary materials. Modified from fig. 19 
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Figure 4.--Curves showing the range of rd values for 

different sedimentary materials (modified from Seed and Idriss, 

1982, fig. 40). Short dashes represent average values suggested 

by Seed and Idriss; long dashes represent our extrapolation of 

that average curve to deeper subsurface depths. 
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Figure 5.--Chart used to obtain the correction factor (CN) applied 
to field penetration resistance (N) in order to determine the modified 
penetration resistance (N1) applicable for overburden pressure normalized 
to 2000 lbs/ft pro, (2] . Dashed curves are extrapolations used in our 
investigation. 
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Figure 6.--Curves showing the relationship between modified pene— 
tration resistance (N1) and the cyclic—stress ratio (C1) required to 
cause liquefaction for specific earthquakes. Modified from Seed and 
Idriss, 1982, fig. 57. Curves with long dashes represent extrapolations 
used in our investigation. 
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Figure 7.--Chart used for obtaining correction factors that are 
applied to C1 values obtained using fig. 6 when effective overburden 
pressure 5f0'(2)] is greater than about 3,380 lbs/ft2 (1.5 kg/cm2). 
Unpublished chart provided by H. Bolton Seed (pers. commun., 4/84). 
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Figure 9.--Graph comparing liquefaction—susceptibility curves 
proposed by Seed and Idriss (1982, fig. 57) and Seed and others (1982, 
fig. 6). See text for discussion. 
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Figure 10.--Diagram illustrating relations between the water 
table, a liquefied layer having and a nonliquefied surface 
mantle overlying the water table (from Ishihara, 1985, fig. 84). 
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Figure 11.--Speculative diagram correlating ground-failure potential 
at specific sites with thickness of nonliquefied surface layer, thickness 
of liquefied layer, and peak ground acceleration (from Ishihara, 1985, 
fig. 88). 
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Figure 12.--Tentative relationship between cyclic-stress ratio, 
modified penetration resistance (N1)60, and limiting strains for 
natural deposits of clean sand (from Seed and others, 1985, fig. 8). 
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5 0 5 10 15 20 25 30 Kilometers 

CONTOUR INTERVAL 200 FEET 

HIGH GROUND-FAILURE POTENTIAL.--For the ground-shaking conditions specified 
in this report, the possibility of liquefaction-induced ground failures 
is consistent with the H to MH susceptibility of sediments within the zone. 

MODERATELY HIGH TO MODERATE GROUND-FAILURE POTENTIAL.--For the ground-shaking 
conditions specified in this report, the possibility of liquefaction-
induced ground failures is consistent with the MH to M susceptibility of 
sediments within the zone. 

MODERATE TO LOW GROUND-FAILURE POTENTIAL.--For the ground-shaking conditions 
specified in this report, the possibility of liquefaction-induced ground 
failures is uncertain due to the thickness (30 ft or greater) of the over-
lying unliquefied mantle. 

10 GROUND-WATER CONTOUR, SHOWING DEPTH IN FEET 

FAULT--Dotted where inferred; arrows show direction of relative movement 

Figure 13.--Preliminary estimate of liquefaction-induced 
ground-failure potential for the San Bernardino valley and vicinity, 
southern California. See text for discussion. 



	 	
 

		
			

	 	

				 	

	

	
	 	

	 	

	

	
	 	

	 	

	

	
	 	

		 	

		

	
	 	

		

		 	

		

	

	 		 	

		
	

	

		 		 	

TABLE 1.--SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL 
SAN ANDREAS FAULT (FAULT-DISTANCE INTERVAL = 0 TO 4 MILES) 

Qh2 Qh2 + Oh lQ h1 

Ground- OVERALL 

Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 

Interval RATING 

100: 0 91: 9 96: 4 100:0 100:0 100:0 100:0 94: 6 92: 8 85:15 97: 3 
0' to 10' H H H H H H H H H H 

N=16 N=11 N=27 59:41 N=1 N=2 N=3 33:67 N=17 N=13 N=30 57:43 

100:0 50:50 81:19 100:0 50:50 80:20 100:0 90:10 50:50 89:11 81:19 
10' to 20' H M H H M H H M H 

N=26 N=16 N=42 62:38 N=3 N=2 N=5 60:40 N=29 N=18 N=47 62:38 
H 

89:11 60:40 85:15 75:25 0:100 60:40 88:12 88:12 50:50 83:17 82:18 
20' to 30' H MH H MH-M L MN H H H 

N=28 N=5 N=33 85:15 N=4 N=1 N=5 80:20 N=32 N=6 N=38 84:16 

87:13 100:0 88:12 100:0 0:100 50:50 87:13 97: 3 67:33 67:33 85:15 
30' to 40' H H H H L M H MH H 

N=30 N=2 N=32 94: 6 N=1 N=1 N=2 50:50 N=31 N=3 N=34 91: 9 
H 

96: 4 50:50 93: 7 96: 4 100:0 50:50 100:0 93:7 
40' TO 50' H M H H M H 

N=28 N=2 N=30 93: 7 N=28 N=2 N=30 93: 7 

128 36 164 9 6 15 137 42 179Total 
N values1 477 15 179 

susceptible:nonsusceptible ratio susceptible:nonsusceptihle ratio Qh2 :Qh1 ratio 

60:40 46:57 45: 4 
H susceptibility rating H susceptibility rating 

!N=30 N=345 50:50 

number of N1 values number of N I values sand:silt ratio 



	 	  

 

		
	 	

	

	

	

		 	

	

	
	 	

	 	

	

	
	 	

	 	

	

	
	 	

	 	

	

	
	 		

	 	

	

	

	 	 	

	

	

		 		 	

TABLE 2.--SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
SAN ANDREAS FAULT (FAULT-DISTANCE INTERVAL = 4 TO 8 MILES) 

Qh2 Qh2 + Qh1Qh1 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND , SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

94: 6 90:10 92: 8 92: 8 76:24 85:15 93: 7 36:68 82:18 46:54 87:13 
0' to 10' H H H H MH H H H H H 

N=34 N=50 N=84 40:60 N=73 N=58 N=131 56:44 N=107 N=108 N=215 50:50 

67:33 76:24 70:30 68:32 58:42 65:35 68:32 49:51 67:33 50:50 68:32 
10' to 20' H M H H M H H M H 

N=79 11=38 N=117 68:32 N=82 N=38 N=120 68:32 N=161 11=76 N=237 68:32 
MH-M 

41:59 54:46 45:55 66:34 18:82 50:50 51:49 62:38 40:60 62:38 47:53 
20' to 30' M M PI MH L M M M M 

N=58 N=28 N=86 67:33 N=35 N=17 N=52 67:33 N=93 N=45 N=138 67:33 

46:54 48:52 46:54 67:33 14:86 54:46 51:49 73:27 39:61 75:25 48:52 
30' to 40' M M PI NH L M M M M 

N=57 N=21 N=78 73:27 N=21 N=7 N=28 75:25 N=78 N=28 N=106 74:26 
M 

44:56 0:100 34:66 53:47 0:100 50:50 48:52 64:36 0:100 89:11 39:61 
40' TO 50' M L M M L M M L M 

N=27 N=8 N=35 77:23 N=15 N=1 N=16 94: 6 N=42 N=9 N=51 82:18 

255 145 400 226 121 347 481 266 747Total 
N I values 400 347 747 

susceptible:nonsusceptible ratio susceptible:nonsusceptihle ratio Qh 2 :Qh1 ratio 

60:40 46:57 45:54 
H susceptibility rating H susceptibility rating 

N=30 N=345 50:50 

number of Ni values number of N I values sand:silt ratio 

1 



	 	
 

	

	 		 		
		 	 	

	 	

	 	
	 	

	 	

	 	
	 	

	 	

	 	
	 	

	 	

	 	 		
	 	

	 	

	

	

		

	

	

TABLE 3. - -SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
SAN JACINTO FAULT (FAULT-DISTANCE INTERVAL - 0 TO 4 MILES) 

Qh2 Qh1 Qh2 + Qh1 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

96: 4 72:28 82:18 94: 6 69:31 82:18 95: 5 40:60 70:30 50:50 82:18 
0' to 10' H MH H H MH H H MH H , H 

N=44 N=57 N=101 44:56 N=65 N=58 N=123 53:47 N=109 N=115 N=224 49:51 

70:30 73:27 71:29 61:39 58:42 60:40 66:34 54:46 66:34 54:46 66:34 
10' to 20' MH MH MH MH M NH NH MH MH 

N=91 N=44 N=135 67:33 N=77 N=38 N=115 67:33 N=168 N=82 N=250 67:33 
MH-M 

56:44 65:35 59:41 66:34 25:75 53:47 59:41 67:33 49:51 59:41 57:43 
20' to 30' M MH M MH L M M M M 

N=71 N=23 N=94 76:24 N=35 N=16 N=51 69:31 N=106 N=39 N=145 73:27 

55:45 50:50 54:46 62:38 20:80 48:52 57:43 77:23 40:60 67:33 52:48 
30' to 40' M M M MH L M M M M 

N=71 N=20 N=91 78:22 N=21 N=10 N=31 68:32 N=92 N=30 N=122 75:25 
Pl 

59:41 10:90 50:50 53:47 0:100 50:50 57:43 75:25 9 :91 91: 9 50:50 
40' TO 50' M L M M L M M L M 

N=46 N=10 N=56 82:18 N=15 N=1 N=16 94: 6 N=61 N=11 N=72 85:15 

-- '-
323 154 477 213 123 336 536 277 813Total 

NI values 477 336 813 

susceptible:nonsusceptible ratio susceptible:nonsusceptible ratio Qh :phi ratio 

60:40 46:57 45:54 
H susceptibility rating H susceptibility rating 

N=30 N=345 50.50 

number of N1 values number of NI values sand:silt ratio 



	 	
 

		
	

	 	

	 		 	

	

	
	 	

	 	

	

	
	 	

		

	

	

	

	

	

		 	

		

		

	

		

		

		

	

	 		 	

	
	

	

		 		 	

TABLE 4.--SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
SAN JACINTO FAULT (FAULT-DISTANCE INTERVAL = 4 TO 8 MILES) 

Qh2 Qh2 + Qh1Qh1 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

100:0 86:14 94: 6 100:0 100:0 100:0 100:0 59:41 92: 8 58:42 97: 3 
0' to 10' H H H H H H H H H H 

N=10 N=7 N=17 59:41 N=7 N=5 N=12 58:42 N=17 N=12 N=29 59:41 

, 
56:44 36:64 48:52 78:22 0:100 64:36 64:36 64:36 31:69 85:15 53:47 

10' to 20' M M M MH L MH MH M M 
N=16 N=11 N=27 59:41 N=9 N=2 N=11 82:18 N=25 N=13 N=38 66:34 

M 
63:37 50:50 60:40 60:40 0:100 50:50 62:38 76:24 40:60 80:20 58:42 

20' to 30' MH M MH MH L M MH M M 
N=16 N=4 N=20 80:20 N=5 N=1 N=6 83:17 N=21 N=5 N=26 81:19 

87:13 0:100 81:19 33:67 33:67 78:22 83:17 0:100 100:0 74:26 
30' to 40' H L . H M M MH L NH 

N=15 N=1 N=16 94: 6 N=3 N=0 N=3 100:0 N=18 N=1 N=19 95: 5 
M-L 

69:31 0:100 64:36 69:31 100:0 0:100 100:0 64:36 
40' TO 50' NH L MH MH L MH 

N=13 N=1 N=14 93: 7 N=0 N=0 N=0 N=13 N=1 N=14 93: 7 

, . 
70 24 94 24 8 32 94 32 126Total 

N1 values 94 32 126 

susceptible:nonsusceptible ratio susceptible:nonsusceptible ratio Q :Oh' ratio 

60:40 46:57 45:54 
H susceptibility rating H susceptibility rating 

N=30 N=345 50:50 

number of NI values number of N1 values sand:silt ratio 



	 	
 

	

		
	 	

	

	

	
	 	

	 	

	

	
	 	

	 	

	

	
	 	

	 	

	

	
	

	

	

	 	 		

	

	
	

 	 	

TABLE 5.--SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
CUCAMONGA FAULT (FAULT-DISTANCE INTERVAL = 4 TO 8 MILES) 

Qh2 Qh1 Qh2 + Qh1 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

- . 

100:0 100:0 100:0 100:0 100:0 20:80 100:0 
0' to 10' H H H H H H H 

N=1 N=0 N=1 100:0 N=4 N=0 N=4 100:0 N=5 N=0 N=5 100:0 

0:100 0:100 0:100 0:100 0:100 0:100 0:100 0:100 50:50 0:100 
10' to 20' L L L L L L L L 

N=0 N=1 N=1 0:100 N=2 N=1 N=3 67:33 N=2 N=2 N=4 50:50 
M-L 

100:0 100:0 0:100 0:100 0:100 0:100 100:0 100:0 50:50 
20' to 30' H H L L L H M 

N=0 N=1 N=1 0:100 N=1 N=0 N=1 100:0 N=1 N=1 N=2 50:50 

25:75 100:0 40:60 0:100 0:100 20:80 80:20 100:0 100:0 33:67 
30' to 40' L H PI L L L H M 

N=4 N=1 N=5 80:20 N=1 N=0 N=1 100:0 N=5 N=1 N=6 83:17 
M-L 

50:50 50:50 • 50:50 100:0 50:50 
40' TO 50' M M M M 

N=4 N=0 N=4 100:0 N=0 N=0 N=0 N=4 N=0 N=4 100:0 

9 3 12 8 1 9 17 4 21Total 

N1 values 12 9 21 

susceptible:nonsusceptible ratio• susceptible:nonsusceptihle ratio Q :Oh'ratio 

60:40 46:57 45:54 
H susceptibility rating H susceptibility rating 

=30 N=345 50:50 

number of NIvalues 1 number of N1val ues sand:silt ratio 



	 	
 

	

	 		
		 	

	 	 	

		 	
	 	

	 	

		 	 	
	 	

	 	

	 	 	 	
	 	

	 	

	 	
	 	

	

	

	

		

		

 	 	

TABLE 6.--SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
CUCAMONGA (FAULT-DISTANCE INTERVAL 8 TO 15 MILES) 

Qh2 Qh2 + Qh1Qh1 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

. , 

88:12 68:32 77:23 100:0 53:47 54:46 88:12 98: 2 62:38 61:39 71:29 
0' to 10' H MH MH H M M H Pei MH • MH 

N=50 N=63 N=113 44:56 N=1 N=40 N=41 2 :98 N=51 N=103 N=154 33:67 

33:67 25:75 31:69 26:74 9 :91 19:81 32:68 74:26 18:82 59:41 27:73 
10' to 20' M L PI L L L M L L 

N=112 N=48 N=160 70:30 N=40 N=34 N=74 54:46 N=152 N=82 N=234 65:35 
L 

17:83 14:86 16:84 13:87 0:100 9 :91 16:84 74:26 9 :91 64:36 14:86 
20' to 30' L L L L L L L L L 

N=84 N=28 N=112 75:25 N=30 N=16 N=46 65:35 N=114 N=44 N=158 72:28 

26:74 13:87 23:77 17:83 0:100 9 :91 25:72 88:12 9 :91 71:29 21:79 
30' to 40' L L L L L L L L L 

N=87 N=24 N=111 78:22 N=12 N=10 N=22 55:45 N=99 N=34 N=133 74:26 
L 

35:65 0:100 30:70 0:100 0:100 0:100 29:71 82:18 0:100 90:10 25:75 
40' TO 50' L L L L L L L L L 

N=51 N=9 N=60 85:15 N=11 N=1 N=12 92: 8 N=62 N=10 N=72 86:14 

384 172 556 94 101 195 478 273 751Total 
N1 values 576 195 751 

susceptible:nonsusceptible ratio susceptible:nonsusceptible ratio Q :Qh1 ratio 

60:40 46:57 45: 4 
H susceptibility rating H susceptibility rating 

N=30 N=345 50:50 

number of N1values number of N1 values sand:silt ratio 



	 	
 

			 	
		 	

			 		 	 	
	

	 	 		 		
	

	 	
	

	
	

	

		

	
	

	

	

TABLE 7. - -SUSCEPTIBILITY RATINGS FOR VARIOUS COMBINATIONS OF GEOLOGIC UNIT, SEDIMENT TYPE, AND GROUND-WATER INTERVAL, 
CUCAMONGA FAULT (FAULT-DISTANCE INTERVAL > 15 MILES) 

Qh2 Qh2 + Qh1Qh1 
• 

Ground- OVERALL 
Water SAND SILT SAND + SILT SAND SILT SAND + SILT SAND SILT SAND + SILT SUSCEPTIBILITY 
Interval RATING 

100:0 0:100 50:50 77:23 59:41 73:27 78:22 3: 97 54:56 8: 92 72:28 
0' to 10' H L M MH M MH NH M MH , MH 

N=2 N=2 N=4 50:50 N=62 N=22 N=84 74:26 N=64 N=24 N=88 73:27 

0:100 0:100 0:100 4 :96 0:100 4 :96 4 :96 4 :96 0:100 44:56 3 :97 
10' to 20' L L L L L L L L L 

N=2 N=4 N=6 33:67 N=47 N=5 N=52 ' 90:10 N=49 N=9 N=58 84:16 
L 

0:100 0:100 8 :92 0:100 8 :92 8 :92 0:100 0:100 80:20 6 :94 
20' to 30' L L L L L L L L 

N=0 N=4 N=4 0:100 N=12 N=1 N=13 92: 8 N=12 N=5 N=17 71:29 
- , 

0:100 0:100 0:100 0:100 0:100 0:100 0:100 100:0 0:100 
30' to 40' L L L L L L L 

N=0 N=2 N=2 0:100 N=8 N=0 N=R 100:0 N=8 N=2 N=10 80:20 
L 

0:100 0:100 0:100 0:100 0:100 
40' TO 50' L L L L 

N=0 N=0 N=0 N=6 N=0 N=6 100:0 N=6 N=0 N=6 100:0 

, . . --
4 12 16 135 28 163 139 40 179Total 

NI values 16 163 179 

susceptible:nonsusceptible ratio susceptible:nonsusceptible ratio Q :Ohl ratio 

60:40 46:57 45:54 
H sdsceptibility rating H susceptibility rating 

N=30 N=345 50:50 

number of N1 values number of NI values sand:silt ratio 
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TABLE 8.--Parameters used to evaluate liquefaction susceptibility for SPT samples collected by the U.S. Geological Survey (Carson and others, 1986). Tabulated data include C1 values and factors 
of safety calculated using the revised susceptibility curves proposed by Seed and others (1985) 

Factor of Factor of C1 corrected 
SPT Correction Ground ,, Safety using curves 

Borehole Geologic SPT for '1110 Ju g (1982)1 Amax water uo (1-1:v• dev (C 1 2 (-110. liq (1985)3 (C1 / Cd)2 for fines" 

a V av 

Sampling CN NI 1 ' / Cd) afety 
unit depth N silt _ depth (lbs/ft2) 

(ft) SAF SJF CF SAF SJF CF (111) SAF SJF CF SAF SJF CF SAF SJF CF SAF SJF CF 15% 35% 

DRQ-02 Oh' 8 7 1.5 -- 7.8 .072 .082 .086 .55 .45 .25 0' 541 .688 .563 .313 .11 .15 .28 .084 .094 .099 .12 .174 .32 -- --
00-02 Oh' 13 19 1.2 -- 22.8 .219 .255 .266 .55 .45 .25 10' 1,253 .390 .319 .177 .56 .80 1.50 .253 .285 .300 .65 .89 1.70 -- --
014)-02 Qh1 27 27 0.9 -- 24.3 .240 .281 .293 .55 .45 .25 20' 2,573 .397 .325 .181 .60 .86 1.62 .269 .303 .32n .68 .93 1.77 -- --
DRQ-02 Qh1 32 36 0.8 -- 28.8 .286 .337 .356 .55 .45 .25 30' 3,285 .334 .273 .152 .86* 1.23 >2.0 .388 .437 .461 1.16* 1.60 >2.0 -- --
USN-02 Ohl 4.5 5 1.9 7.5 14.6 .138 .159 .167 .60 .50 .35 n' 304 .750 .675 .438 .18 .25 .38 .150 .169 .179 .20 .?7 .41 -- --
I)SN-03 5 3 1.8 -- 4.1 .040 .046 .049 .65 .45 .35 0' 338 .813 .563 .438 .nc .08 .11 .043 .048 .051 .05 .09 .12 -- --02 
OSN-03 Ohl 9.5 11 1.4 7.5 19.1 .188 .215 .225 .65 .45 .35 n' 642 .813 .563 .438 .23 .38 .51 .201 .2.?7 .240 .25 .4n .55 -- --
OSS-01 Qh1 6 14 1.7 7.5 25.4 .250 .294 .301 .50 .65 .30 0' 405 .675 .813 .375 .4n .36 .82 .280 .316 .333 .45 .39 .89 -- .314 
OSS-01 01 17.5 23 1.0 -- 23 .230 .268 .280 .5n .65 .30 In' 1,557 .402 .572 .241 .57 .51 1.16 .247 .278 .294 .61 .53 1.73 -- --
DSS-01 Ohl 28.5 76 0.9 6.5 74.4 Not obtainable .50 .65 .30 20' 2,674 .370 .481 .222 >2.0 >2.0 >2.0 Not obtainable >2.0 >2.0 >2.0 -- --
DSS-01 Qh1 33.5 74 0.8 -- 59.2 Not obtainable .50 .65 .30 30' 3,387 .374 .487 .725 >2.0 >2.0 >2.0 Not obtainable >2.0 >2.0 >2.n -- --
DSS-02 Qh2 25 29 0.9 7.5 33.6 .359* .448* .508* .50 .65 .3n 20' 2,438 .348 .453 .209 1.03 .99* >2.0 Not obtainable >2.0 >7.0 >2.0 N.0.* N.0.* 
OSS-02 Qh2 28.5 40 0.9 4.5 40.5 .680* N.n. N.O. .50 .65 .3n 20' 2,674 .370 .481 .22? 1.84 >2.0 >2.0 Not obtainable >2.0 >2.0 >2.0 N.O. N.O. 
MS-02 02 32 33 0.8 7.5 33.9 .359 .448* .508* .50 .65 .30 30' 3,285 .304 .395 .18? 1.18 1.14 >2.0 Not obtainable >2.0 >2.0 >2.0 N.O. N.O. 
DSS-02 Qh2 42 45 0.8 -- 36 .405* .599* .950* .50 .65 .30 40' 4,335 .284 .369 .170 1.42 1.6? >2.0 Not obtainable >2.0 >2.0 >2.0 -- --
DSS-03 Qh2 11.5 34 1.1 -- 37.4 .464 .770* N.O. .50 .65 .35 10' 1,557 .402 .522 .281 1.16 1.47 >2.0 Not obtainable >2.0 >2.0 >7.0 -- --
OSS-03 02 34 30 0.9 -- 27 .259 .305 .321 .50 .65 .35 30' 2,420 .314 .408 .83 1.46 1 .99 .86 1.68 --.220 .75 .311.350 1.370 --
DSS-04 Ohl 11 17 1.3 7.5 29.6 .299 .355 .376 .50 .65 .35 10' 1,118 .343 .446 .240 .81* .80* 1.57 .412 1 .464 1 .490 1.2* 1.04 >2.0 -- N.0.* 
MS-04 Qh1 21 34 1.0 7.5 41.5 Not obtainable .50 .65 .35 20' 2,168 .318 .413 .22? >2.0 >2.0 >2.0 Not obtainable >2.0 >2.0 >2.0 -- N.O. 
USS-04 Qh1 31 11 0.8 7.5 21.1 .209 .242 .253 .50 .65 .35 30' 3,218 .298 .388 .209 .70 .62 1.21 .224 .253 .267 .75 .65 1.2R .202 .233 
DSS-05 Qh1 12.5 12 1.2 0.5 14.9 .138 .159 .167 .55 .55 .30 10' 1,219 .383 .383 .209 .36 .42 .80 .156 .176 .185 .41 .46 .89 .208 --
USS-05 Ohl 21.5 24 0.9 -- 21.6 .209 .242 .253 .55 .55 .30 20' 2,201 .354 .354 .193 .59 .68 1.31 .230 .259 .274 .65 .13 1.42 -- --
USS-05 Qh1 29.5 33 0.8 -- 26.4 .261 .307 .322 .55 .55 .30 20' 2,742 .391 .391 .213 .67 .78 1.50 .31)0 .338 .357 .77 .87 1.68 -- --
DSS-05 32 42 0.8 5.0 38.6 .510* N.O. N.O. .55 .55 .30 30' 3,285 .334 .334 .182 1.53 >2.0 >2.0 Not obtainable >2.0 >2.0 >2.0 N.O. N.O.°I 
DSS-06 Qh2 4 4 2.0 0.5 6.5 .061 .070 .074 .45 .65 .30 0' 270 .563 .813 .375 .12 .n9 .20 .071 .080 .085 .13 .10 .23 .113 .140 
MS-07 Qh2 9 12 1.5 3.0 16.5 .157 .181 .190 .50 .60 .30 0' 608 .625 .750 .375 .25 .24 .51 .173 .195 .206 .28 .26 .55 .202 --
DSS-07 Qh2 29.5 11 1.0 -- 11 .109 .121 .133 .50 .60 .30 20' 2.742 .356 .427 .213 .31 .30 .62 .116 .131 .138 .33 .31 .65 -- --
DSS-08 Qh2 18.5 27 1.1 -- 29.7 .299 .355 .376 .50 .60 .30 10' 1,624 .410 .492 .246 .73 .73 1.53 .406 .458 .484 .99 .93 1.97 -- --

02DSS-09 3.5 12 2.0 -- 18 .177 .203 .213 .55 .50 .30 0' 237 .688 .625 .375 .26 .3? .57 .190 .214 .226 .28 .34 .60 -- --
OSS-09 Qh2 8.5 13 1.5 6.0 20.6 .198 .22R .238 .55 .50 .30 0' 574 .688 .625 .375 .29 .36 .63 .218 .245 .259 .32 .39 .69 .212 --
055-10 Ohl 5 26 1.8 7.5 42.6 Not obtainable .50 .60 .30 0' 338 .625 .750 .375 1.6 >7.0 >2.0 Not obtainable >2.0 >2.0 >2.0 N.O. --
OSS-10 01 15 15 1.1 7.5 74 .240 .281 .293 .50 .60 .30 10' 1,388 .378 .454 .227 .63 .62 1.29 .761 .294 .311 .69 .65 1.37 .236 __ 
DSS-10 01 35 23 0.8 -- 18.4 .168 .193 .202 .50 .6n .30 30' 3,488 .319 .382 .191 .53 .50 1.06 .194 .218 .231 .61 .57 1.21 --
DSS-Il 02 6 10 1.7 5.0 17.8 .167 .192 .201 .50 .55 .3n 0' 405 .625 .688 .375 .27 .28 .54 .186 .210 .22? .30 .31 .59 .192 .220 

02055-11 15 20 1.1 6.5 28.5 .286 .337 .356 .50 .55 .30 10' 1,388 .378 .416 .227 .76 .81 1.57 .353 .398 .420 .93 .96 1.85 .335 --
OSS-11 Qh2 32 14 0.8 -- 11.2 .109 .127 .133 .50 .55 .30 30' 3,285 .304 .334 .182 .36 .38 .73 .122 .137 .145 .4n .41 .8n -- --



 		 	  

	

  	  

	

 	
 	
 	
 	

	
 	

	
  	
 	
 	
 	
 

	
 

	 	
 	
 	
 	
 	
 	
 	
 	

	 				 		

		 		 	
							 						

	 				

	 	 	
	 		 	

TABLE 8 (Continued).--Parameters used to evaluate liquefaction susceptibility for SPT samples collected by the U.S. Geological Survey (Carson and others, 1986). Tabulated data include C 1 values 
and factors of safety calculated using the revised susceptibility curves proposed by Sped and others (1985) 

Factor of I Factor of C1 corrected 
SPT Correction Ground . Safety using curves 

Borehole Geologic SPT for NI (11lig (1982) 1 Amax water uo do e / Cd)2 cloi s ( a / Cd)2 for fines" 

(fav) av 

Sampling CN do dev (CI 'liq (1985) 3 l fe" 
unit depth N silt depth (lbs/ft2 ) 

(ft) SAF SJF CF SAF SJF CF (U1) SAF SJF CF SAF SJF CF SAF SJF CF SAF SJF CF 15% 35% 

DSS-12 Qh2 3 4 2.0 -- 6 .061 .070 .074 .50 .60 .30 0' 203 .625 .750 .375 .10 .09 .20 .067 .075 .079 .11 .10 .21 -- --
USS-12 Qh2 13 22 1.2 -- 26.4 .261 .307 .322 .50 .60 .30 10' 1,253 .355 .426 .213 .74 .72 1.51 .301 .339 .358 .85 .80 1.68 -- --
DSS-12 Qh2 19 39 1.0 3.5 42.5 N.O. N.O. N.O. .50 .60 .30 in' 1,658 .413 .496 .248 >2.0 >2.0 >2.0 N.O. N.n. N.n. >2.0 >2.n >2.0 N.O. __ 
DSS-12 Qh2 22 28 1.0 2.0 30 .313 .375 .399 .50 .60 .30 20' 2,235 .326 .391 .196 .96* .96* >2.0 .442 .498 .526 1.36* 1.27* >2.0 -- --
OSS-13 7 3 1.6 7.5 11.1 .109 .127 .133 .50 .60 .30 0' 473 .625 .750 .375 .11 .17 .35 .119 .134 .141 .19 .1R .38 -- .11302
DSS-13 Qh2 12 18 1.2 -- 21.6 .209 .242 .253 .5n .6n .30 In' 1,185 .359 .431 .216 .58 .56 1.17 .232 .261 .276 .65 .61 1.28 -- --
DSS-14 5 6 1.8 7.5 15.6 .148 .170 .179 .50 .60 .30 0' 338 .625 .750 .375 .24 .23 .48 .163 .184 .194 .26 .25 .52 -- .16302
USS-14 Qh2 21 34 1.0 6.0 40 .680., N.O. N.O. .50 .60 .30 20' 2,168 .318 .381 .191 >2.n >2.n >2.0 N.O. N.O. N.O. >2.0 >2.0 >2.0 N.O. --
DSS-15 Ohl 3 8 2.0 7.5 19.5 .188 .215 .225 .45 .65 .30 0' 703 .563 .813 .375 .33 .26 .60 .204 .230 .243 .36 .2R .65 -- .210 
MS-15 Ohl 9.5 11 1.4 4.5 16.1 .157 .181 .190 .45 .65 .30 0' 642 .563 .813 .375 .28 .22 .51 .169 .191 .201 .30 .24 .54 .176 .205 
DSS-15 Ohl 13 13 1.3 7.5 24.4 .240 .281 .293 .45 .65 .3n In' 1,253 .319 .461 .213 .75 .61 1.38 .266 .300 .316 .83 .65 1.48 .240 .290 
1)55-15 Ohl 24 22 1.0 7.5 29.5 .299 .355 .376 .45 .65 .30 20' 2,370 .307 .444 .205 .97* .80* 1.84 .399 .449 .475 1.30* 1.01* >2.0 .332* N.0.* 
05S-15 Qiii 29 29 0.9 7.5 33.6 .359 .448* .508* .45 .65 .30 20' 2,708 .336 .485 .224 1.07 .92* >2.n N.n. N.O. N.O. >2.0 >2.0* >2.0 -- N.O. 
DSS-15 Ohl 32.5 21 0.9 6.0 30.3 .313 .375 .399 .45 .65 .30 30' 3,319 .276 .398 .184 1.14 .94* >2.0 N.O. N.O. N.O. >2.0 >2.0* >2.0 .453* --
DSS-16 OP 18.5 12 1.0 7.5 . 19.5 .188 .215 .225 .50 .65 .3n 10' 1.624 .410 .533 .246 .46 .40 .92 .204 .230 .243 .50 .43 .99 -- .210 
DSS-17 02 6.5 9 1.1 7.5 18.9 .177 .203 .213 .45 .65 .25 0' 439 .563 .813 .313 .31 .25 .68 .200 .225 .237 .36 .28 .76 -- .205 
055-17 Qh2 11.5 11 1.3 7.5 29.6 .299 .355 .376 .45 .65 .25 10' 1,151 .316 .457 .176 .95* .78* >2.0 .409 .460 .486 1.29* 1.01* >2.0 -- N.O. 
DSS-20 Qh1 11 12 1.1 -- 13.2 .129 .148 .156 .50 .60 .30 10' 1,523 .391 .477 .238 .32 .31 .65 .141 .158 .167 .36 .33 .70 -- --
DSS-20 Wil 20 14 1.0 7.5 21.5 .209 .242 .253 .50 .60 .30 20' 2,100 .309 .371 .185 .68 .65 1.37 .228 .257 .271 .74 .69 1.47 .196 .228 
055-21 Qh2 4 9 2.0 4.5 18 .177 .203 .213 .50 .60 .30 0' 270 .625 .750 .375 .28 .27 .57 .190 .214 .226 .30 .29 .60 .198 .232 
055-21 Qh2 8 6 1.5 6.5 13.3 .129 .148 .156 .50 .60 .30 0' 541 .625 .750 .315 .21 .20 .42 .141 .158 .167 .23 .21 .45 .120 .147 
DSS-21 02 11.5 8 1.3 7.5 17.9 .167 .192 .201 .50 .60 .30 10' 1,151 .351 .422 .211 .48 .46 .95* .190 .214 .226 .54 .51 1.01* -- --

_ 

1 CI values determined using susceptibility curves of Seed and Idriss (1982). N.O., value not obtainable because NItoo high; *, value obtained using extended susceptibility curves. 

2*, FS value determined to be susceptible using 1982 curves, hut nonsusceptihle using 1985 curves; >2.0, factor of safety greater than 2.n 

3Values obtained by a two-stage procedure: (1) CI value for a M.7.5 earthquake first was determined from figure 5 of Seed and others (1985); (2) this value then was converted to CI values for 
scenario earthquakes of this report using correction factors obtained from table 4 of Seed and others (1985): C1 for N.s.n . (0.95) • (C 1 for M.7.5); CI for m.7.0 . (1.07) • (C 1 for M.7.5); 
CI for M.6.75 . (1.13) • (C 1 for M.7.5). 

4C I values listed here are for a M.7.5 earthquake determined from figure 6 of Seed and others (1985). Equivalent CI values for ii=6.75, 7.0. and s.n earthquakes can he derived using correction 
factors described in footnote 3. *, value yields nonsusceptible FS ratio in contrast with susceptible FS value obtained using 1982 susceptibility curves and correction to NI for silt. 
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