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Chapter 1

INTRODUCTION

Incidents of ground failures by liquefaction have

been observed on numerous occasions. The phenomena of

liquefaction was dramatically illustrated in Niigata

during the 1964 Japanese earthquake.

Throughout the past decade, liquefaction has been the

subject of extensive studies (30). Considerable understand­

ing of liquefaction has evolved from laboratory studies.

In addition, various laboratory testing procedures have

been developed to supply soil parameters needed for

analytical techniques that predict liquefaction potential

at a site. Data from field observations of liquefaction

have been utilized to study the phenomenon as it occurs

in the field and to develop preliminary analyses for

liquefaction (2, 18, 29, 3R).

Among these empirical methods of liquefaction analysis

is the one presented by Seed ann Idriss (1971). With their

presentation, Seed and Idriss included a table entitled

"Site Conditions and Earthquake Data for Known Cases of

Liquefaction and Non-Liquefaction." This table, with

thirty-five case histories from earthquakes ranging between

the years 1802 and 1968, has been widely used by engineers

to develop procedures for analysis of liquefaction potential.
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Earlier studies of case histories were based on accele­

ration and in the context of the analysis techniques devel­

oped at the time of the study. Recent work has focused more

on empirical procedures. Different parameters are now being

used in the interpretation of field data. Interest in field

observations where liquefaction was not observed is increas­

ing. All these factors prompted the investigators of this

report to document the original case histories together with

newer ones in a detailed format suitable for use by various

people who are presently re-examining field performance and

developing empirical procedures for liquefaction.

Current analyses for liquefaction are typically limited

to the assessment of ground failure potential in terms of a

design level earthquake shaking without due regard to the

range of possible future earthquake intensities. Further­

more, most analytical procedures currently developed are de­

terministic and do not provide for the uncertainties in­

volved in the data and in the method of analysis.

Yegian and Whitman (1978) suggested that liquefaction

analysis for a site be integrated into an overall risk anal­

ysis that begins with a study of the seismicity of the sur­

rounding region and concludes with an estimated probability

of foundation failure due to liquefaction of underlying

soils. Such a risk analysis will require a probabilistic

model describing the strength of soils against liquefaction,

given a certain level of earthquake shaking. To develop
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such a model, the authors of this report evaluated the field

data compiled in this report and established a new criterion

for liquefaction analysis which employs earthquake magnitude

and hypocentral distance, describing the intensity of the

seismic event. Uncertainties present in this criterion were

quantified and a simple probabilistic model was developed

which provides estimates of the probability of liquefaction,

conditional to the occurrence of a seismic event.

This report presents the results of the various inves­

tigations made in this research. Specifically, the report

includes:

a. A new expanded list of case histories of liquefac­

tion;

b. A new criterion for liquefaction analysis;

c. A probability model for the evaluation of the con­

ditional probability of liquefaciton; and

d. Applications of the results presented.

3



Chapter 2

LIQUEFACTION CASE HISTORIES

Over the past decade, various researchers have devel­

oped empirical procedures for liquefaction analysis based on

field observations of liquefaction or non-liquefaction dur­

ing past earthquakes. The data has been drawn primarily

from the survey of case histories presented by Seed and

Idriss (1971). In the past few years, theneed for re-evalu­

ation and expansion of the currently used list to include

data obtained from more recent earthquakes has been apparent.

The authors of this report completed such an overall review

which has provided additional information for many of the

case histories as well as new field observations reported in

the recent literature. This new survey of case histories

includes a total of about 322 data points corresponding to

80 locations and 22 different earthquakes. Each data point

corresponds to a specific depth within a soil profile of in­

terest.

It should be noted that, for all cases studied, rele­

vant data recorded in the literature have been taken as ori­

ginally presented and are documented herein. There has been

no attempt to alter or adjust numbers or ranges of data

found, but rather, all case histories have been docuID.ented

in this chapter exactly as they were presented in the given

reference, and related soil boring logs, if found, have
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been made available in Appendix B for the scrutiny of the

reader.

2.1 Earthquake Data

Kuribayashi and Tatsuoka (1975) listed over 30 seismic

events in Japan during which incidents of liquefaction were

observed. Unfortunately, for most of these cases no geotech­

nical information is available and hence have not been in­

cluded in this investigation. The earthquakes considered

and documented in this report are those for which descrip­

tions of site conditions for associated cases of li1uefac­

tion or non-liquefaction could be found. In all, 21 earth­

quakes have been documented herein. In Appendix A detailed

reviews of 8 of the more important seismic events are pre­

sented. Table 2-1 presents the pertinent data for the 21

events. Note the difference in the reported magnitude and

in the magnitude scale for each seismic event listed in

Table 2-1.

2.2 Site Information

Table 2-2 presents the relevant information for sites

where liquefaction did or did not occur during the seismic

events listed in Table 2-1. The earthquake magnitudes

listed for each event are in Richter scale and were selected

by the authors based on the reported values listed in Table

2-1. The distances of the sites from the earthquake sources
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have been reported in the literature in different terms. In

Table 2-2 distinctions have been made between distance to

energy release (DER) , epicentral distance (EP) and hypocen­

tral distancy (RY). The column labelled '% Fines' refers to

percent by weight of the soil passing sieve #200. Note that

for each site or location, each data point corresponds to a

specific depth below the ground surface and that all units

are in the 51 system.

Table 2-3 summarizes the acceleration and duration for

each case history and at each location. The ground accele­

ration documented in Table 2-3 may not be a good indication

of the absolute maximum which occurred in the region. In

fact, in some of the cases cited here, the values listed

were not available from original references but rather from

secondary sources which clearly state that many of these

accelerations were not recorded values but were estimated

from attenuation laws.

In summary, in this chapter the results of the review

and re-evaluation of the case histories of liquefaction were

presented. In all, pertinent information from 21 earth­

quakes, 80 locations and 322 points within the soil profiles

investigated were presented. Appendix B includes the soil

profiles used in obtaining the information documented in

Table 2-2.
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Chapter 3

ANALYSIS FOR LIQUEFACTION

3.1 Field Data Interpretation

Employing the case history data presented in Chapter 2,

a criterion for liquefaction was developed expressed in

terms of earthquake magnitude and hypocentral distance. The

interpretation of case histories in terms of magnitude, M,

and distance, R, has many advantages over the more commonly

used methods which are based on ground acceleration and dura-

tion of motion. The use of M and R allowed for greater

opportunities in gathering case histories. Sites where liq­

uefaction had occurred but for which no measure of accele-

rations were available were included in these investiga-

tions, and numerous sites where liquefaction did not occur

were also considered.

For the evaluation of the criterion for liquefaction,

the parameter Liquefaction Potential Index, LPI, proposed

by Yegian and 1Nhitman (1976) was employed. LPI, which is

inversely related to factor of safety against liquefaction,

can be expressed as:

If

LPI =
stress parameter, S.. c
strength parameter, S

c
(3.1)

LPI > 1: liquefaction is likely to occur

LPI < 1: liquefaction is not likely to occur.
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In the investigation reported herein, the parameter LPI

was employed and an expression for it was developed as fol-

lows. The stress parameter was assumed to have the form

= (3.2)

where M is the earthquake magnitude in Richter scale, R is

the hypocentral distance in km, av is the total vertical

stress, ~v is the effective vertical stress, and c 1 and c 2

are constants. The form for the strength parameter was as-

surned to be:

= (3.3)

where Nc is the standard penetration test (SPT) value, cor­

rected for the overburden pressure as suggested by Seed

(1976) :

= N (1 - 1.25 log av (tsf)) (3.4)

where N is the SPT recorded in the field. Combining Eqs.

3.1, 3.2 and 3.3, LPI can be expressed as:

LPI = (3.5)

The values of the constants, c l ' c 2 ' c g and c 4 were evalua-

ted using simulation techniques and all the data points pre-

8



sented in Table 2-2 which had % fines content of less than

10%. A non-linear multiregression analysis following an

iterative approach was employed (5). The procedure involved

the calculations of difference, DIF, using Eq. 3.6 for each

case history and for an assumed set of values for the con-

stants, c.

DIF = In 8 - In 8c c
(3.6)

If this difference (DIF) for a case history was positive and

the case was a "no" liquefaction or negative and the case

was a "yes" liquefaction, then DIF for that case was squared

and saved; otherwise it was discarded. This procedure was

repeated for each case and the sum of the squared DIF's, 8 2
,

was computed. The best estimate of the constants, c, were

evaluated by minimizing the sum of these squared differences

(8 2
) for the entire case history list. The minimum value of

the sum of the squares (8 2
) is a measure of the uncertainty

in both the interpretation technique and the data.

A computer program was coded to perform this iterative

procedure for the evaluation of the constants, c. The re­

sults of these investigations show that the best estimates

of the values of the constants are:

c 1 = 0.2;

c 2 = - 0.4;

c 3 = 0.464; and

9



c~ = 0.4.

Hence, the mean value of In S is
c

= In 0.464 + 0.4 In Nc (3.7)

and the mean value of the S is
c

= ° 464 N O. 4 eO• S0lnS. c c (3.8)

where 0lnsc is the variance of lnSc as calculated from the

regression analysis. The maximum value of the variance com-

puted in this analysis was about 0.036. Thus, the maximum

value of eO.Salns will then be about 1.02. For practicalc

reasons, the mean value of the strength parameter can then

be estimated from

= (3.9)

Hence, the equation for the mean value of LPI can be written:

LPI =
eO. 2M (R + 25)-0.4

0.464 NcO. 4 (3.10)

Figure 3-1 shows the case history data plotted using the

values of the c constants obtained from the simulation nro-

cedure and shown in Eq. 3.10. The mean line corresponds to

Eq. 3.7. The solid circles indicate liquefaction cases; con-

versely, the open circles indicate non-liquefaction cases.
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The solid circles plotting below the mean line or the open

circles plotting above the mean line are referred to as mis-

classified points and are the data points which contribute to

the sum of the squares of the differences (S2). The number

of misclassified points will change from one iteration to

the other depending upon the assumed values of the constants,

c. For the converged values of the constants c shown in Eq.

3.10, the number of misclassified points, also shown in Fig.

3-1, was 77.

The results presented in Figure 3.1 and Eq. 3.10 are

based on standard penetration test values corrected employ­

ing Seed's (1976) recommendation. The investigations de­

scribed above were repeated using blow counts corrected as

proposed by Gibbs and Holtz (8)

= SON
a (PSI) + 10v

(3.11)

The results from this second investigation yielded conclu­

sions similar to what the previous results shown in Eq. 3.10

indicate. To substantiate this, a comparison is made in

Fig. 3-2 between the two criteria obtained using Seed, and

Gibbs and Holtz equations for N. From this figure it canc

be observed that the results from Gibbs and Holtz (normalized

and plotted on the same axis as Nc obtained from Seed) yield

approximately the same values of the strength parameter as

those obtained from using corrected blow counts as proposed

by Seed.
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In conclusion, the equations proposed by Seed, and Gibbs

and Holtz for correction of the blow count, result in iden­

tical criterion for liquefaction. For purposes of consis-

tency, since Seed suggested Eq. 3.4 in his state-of-the-art

paper, Eq. 3.10, which employs blow counts corrected accord­

ing to Seed is recommended herein for the evaluation of liq­

uefaction potential at a site.

3.2 Conditional Probability
of Liquefaction

Eq. 3.10 for LPI can be used for a particular site to

deterministically evaluate the liquefaction potential: when

the computed LPI is greater than 1, liquefaction is "expect­

ed" to occur. However, an analysis of liquefaction poten­

tial involves many uncertainties. Quantification and incor-

poration of these uncertainties in the analysis are essen-

tial for a realistic assessment of the likelihood of lique-

faction. Thus, Eq. 3.10 yields the mean value of LPI using

mean or "expected" values of the parameters which define LPI.

In addition, it is necessary to compute the coefficient of

variation of LPI in order to make nredictions of the proba-

bility of liquefaction.

The variance of LPI can be computed from (1)

Var LPI = ( 3 . 12)

in which x. 's are the variables defining LPI. The coeffi­
1
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cient of variation of LPI (VLP1) can then be evaluated from

=
1::

(Var LPI) 2

LPI (3.13)

Assuming that the earthquake parameters, M and R, are speci­

fied, the coefficient of variation of LPI can be computed

from Eqs. 3.12 and 3.13

= V2 + 0 16 Var ~B. +
~ lInN . N2

c C

y
+ (_W)2 Var dw

°v
(3.14)

is based on the results of the multiregres-

where Vs I N is the coefficient of variation of the
c c

strength paramter Sc given the corrected blow count Nc .

Var.N, Var.y and Var.dw are the variances of the blow counts,

total unit weight and the depth of the water table, respec­

tively, and yw is the unit weight of water. The determina-

tion of V'S IN
c c

sion analysis performed for the evaluation of the strength

parameter Sc.

(3.15)

The variance of

=

lnSc(Oins
c

) can be determined from (5)

(InN - I'Il'fr ) 2

1 c. c
+ l }n- ~(lnN -lnNc ) 2

p c i

where: np is the number of misclassified points (77 in this

investigation); Nc is the corrected blow count and lnNc is

the average value of the 1nNi where i varies from 1 to 77

13



and S2 is the sum of the squares of DIF (Eq. 3.16) obtained

from the regression analysis. The coefficient of variation

of Sc (Vs IN ) can be evaluated from
c c

2

Vs [N
c c

=

2
Q" -lnS- c

e - 1 (3.16)

Table 3-1 represents values of Vs IN as a function of Ncc c
determined from the regression analysis. This table illus-

trates that the coefficient of variation of S. does not sig­
l

nificantly change with Nc ' In this investigation, a value
2

of 0.035 was assumed for Vs IN' Thus,
c c

=

y
+ (_W)2 Var.dw

Q"v
(3.17)

The constant term in Eq. 3.17 is due to the uncertainty

in the 'c' parameters which define the equation for LPI (Eq.

3.10). The rest of the terms in Eq. 3.17 describe the uncer­

tainties in the soil parameters used in the liquefaction

analysis procedure which is proposed herein. The use of

VLP1 together with the mean value of LPI computed from Eq.

3.10 can provide an estimate of the conditional probability

of liquefaction, defined as

P [LIQ. 1M and RJ = P[LPI>ll M and RJ

14
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The evaluation of P[LIQJ requires an assumption regarding

the probability density function. Yegian and Whitman (1978)

suggested the lognormal distribution for LPI. The form of

LPI as given in Eq. 3.10 is very similar to that of peak

ground acceleration. Donovan (1973) has shown that measured

ground acceleration is lognormally distributed. Thus, LPI

is also assumed to be lognormally distributed. The condi­

tional probability of liquefaction is then determined by com­

puting the standardized variable U:

U =

where

(3.19)

and

=

=

2
lnLPI - 0.5 crlnLPI

In(V~PI + 1)

(3.20)

(3.21)

Using the computed U and the normal tables, the condition­

al probability P[LIQ. 1M and R] can be determined.

3.3 Evaluation of Seed's (1976)
Criteria for Liquefaction

In his state-of-the-art paper, Seed (1976) proposed a

criterion for liquefaction which employs ground acceleration

15



to describe the earthquake-induced shear stress. An evalua­

tion of this criterion was made in light of the expanded data

set presented in Table 2-2. Figure 3-3 shows the data plot-

ted in the same manner as was ~one by Seed.

The solid line in Fig. 3-3 defines the criterion as was

originally proposed by Seed (1976). Considering the new da-

ta set Seed's criterion is still valid except for two "liq-

uefaction" data points which plot only slightly below the

solid line. These two points correspond to the Niigata and

Alaska case histories, which have all the rest of their li­

quefaction data points plotting above the solid line.

3.4 Comparison of Proposed Criterion
with the Criterion Presented by
Kuribayashi and Tatsuoka

Kuribayashi and Tatsuoka (1975), in their review of li­

quefaction during Japanese earthquakes, chose to study case

histories (where liquefaction was observed) in terms of

earthquake magnitude and epicentral distance. Based on 32

observations, they plotted earthquake magnitude versus the

maximum epicentra1 distance at which liquefaction was ob-

served. Figure 3-4 presents the criterion they proposed to

relate earthquake magnitude to maximum epicentra1 distance

beyond which liquefaction is unlikely to occur. In the fol­

lowing section, the validity of this criterion established

without considering the site conditions for the case his to-

ries used will be investigated employing the results of the

16



research reported herein.

It is important to recognize that, at a particular site,

the looser the sand is, the larger will be the maximum dis-

tance at which the sand might liquefy during a particular

seismic event. In theory, if one assumes that the looser

the sand, the smaller its resistance against liquefaction

and that there is no minimum strength which medium. to fine

sands have, there should be no limit to the distance at

which liquefaction can occur in extremely loose sands.

The observation that the 32 data points from Japanese

earthquakes define a limiting distance for liquefaction lead

to the conclusion that either

a. There is a minimum strength against liquefaction

which sands have (regardless of density) which

limits the distance at which liquefaction can

occur during earthquakes; and/or

b. During the seismic events considered there were

no sites beyond the maximum distances reported

which had very loose sands or looser than within

the limiting bound observed.

To evaluate these two possibilities, the results of the

present research were utilized. Referring to Fig. 3-1, it

is observed that all liquefaction data points (solid cir­

cles) plot at a strength value greater than 0.8 regardless

of the value of N. This may suggest that all sands have ac

minimum strength against liquefaction, or, possible the data

17



set used is insufficient and is deficient in case histories

of liquefaction with very small blow counts. Assuming that

the minimum strength against liquefaction is 0.8, and using

the LPI equation, a plot of earthquake magnitude and maximum

hypocentral distance was generated and is shown in Fig. 3-4,

together with the criterion proposed by Kuribayashi and Tat­

suoka. From this figure it is concluded that the criterion

based on the 32 case histories from Japan does not necessari­

ly correspond to the minimum strength of sands against lique­

faction.

The alternate explanation to the existence of a limiting

distance, as suggested by the Japanese data, is that the

maximum distance to liquefaction reported during each seis­

mic event corresponded to a site condition which may not

necessarily be the loosest possible. For example, during a

small (M = 5) seismic event, the zone of influence around

the epicenter will be smaller than during a much larger

event. Thus, it is more likely that during large events,

looser soils will be encountered then during smaller events.

Hence, the segment of Kuribayashi and Tatsuoka's criterion

at large magnitudes may correspond to looser soils than

those corresponding to the small magnitude portion of the

plot.

Figure 3-5 shows a comparison between the magnitude­

distance plots obtained from this research with the Japanese

criterion. From this figure it is concluded that, based on

18



world-wide data and depending upon the SPT, liquefaction is

likely to occur beyond the maximum distance given by the

Japanese criterion. It appears that during the seismic

events causing magnitudes 6 to 7, loose (Nc < 15 blows(

ft) sand deposits were not present in the region of the

earthquake beyond 30-50 km from the epicenters. In fact,

Niigata sands have corrected blow counts of about 20 blows/

ft. During the larger events having larger zones of influ­

ence, looser soils (Nc = 10-15) were encountered as indica­

ted from the comparison made in Fig. 3-5.

In conclusion, the results of this research indicate

that whereas the criterion proposed by Kuribayashi and Tat­

suoka may be valid for certain regions in Japan, it should

not be indiscriminately used in engineering practice. This

criterion is not valid for sands with the Nc less than 15.

Kubo et al. (1977) presented a case history from the 1977

Rumanian earthquake which plotted to the right of the Japa­

nese criterion, confirming the conclusion made herein.
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Chapter 4

APPLICATIONS

In this chapter, a number of applications of the pro­

posed method of liquefaction analysis will be presented.

4.1 Preliminary Liquefaction Analysis

Eq. 3.10 for LPI can be used to deterministically eva1-

uate the liquefaction potential at a particular site. To

estimate the conditional probability of liquefaction P[LIQ.

1M and R], the coefficient of variation of LPI (Eq. 3.14) is

used together with the Normal tables for probability density

function. Fig. 4-1 shows results of probability calcula­

tions made assuming the typical range 0.2 to 0.5 for the

coefficient of variation of LPI, VLPI ' This plot can be

used in engineering practice in preliminary studies of lique­

faction for selected design seismic events. Note that the

curve corresponding to VLPI = 0.0 describes a deterministic

analysis of liquefaction.

The conditional probabilities shown in Fig. 4-1 can be

used to compute the overall probability of ground failure by

liquefaction, P[LIQ.], which is given by:

P[LIQ. ] = L; P[LIQ. IM and R] • P [M, R]
M,R

(4.1)

where P[LIQ.\M and R] is the probability of liquefaction con-

20



ditioned upon the occurrence of a seismic event of magnitude

M and distance Rand P[M,R] is the probability of that event

occurring. The overall probability of liquefaction is ob­

tained by summing the contributions of all possible earth-

quakes (M and R) to this probability.

4.2 Pore Pressure Prediction

Procedures currently used for the estimation of pore

pressures in sands are based on the earthquake-induced shear

stresses obtained from the application of the one-dimension­

al shear wave propagation theory, and on the laboratory pore

pressure data on cyclically-loaded specimens of sands. Such

procedures for pore pressure prediction involve many uncer-

tainties, and are complicated and expensive to apply. Ye-

gian (1980) proposed an empirically developed model for the

prediction of pore pressures in loose, saturated sands. The

model employs LPI to define a threshold event causing 100%

pore pressure response with normalized laboratory cyclic be-

havior curves, in order to predict the excess pore pressure

generated during events smaller than the event causing lique­

faction. The pore pressure response, r u ' is defined as:

= (4.2)

in which ~u is the excess pore water pressure for level

ground conditions. Thus, a pore pressure response of 100%

(ru = 1) indicates that the sand under study has liquefied.
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In engineering practice, common analysis of liquefaction in­

volves the determination of whether or not the pore pressure

response is greater than 1 for a given seismic event. Thus,

a computed LPI less than 1 may indicate that the sand is not

likely to liquefy, but does not indicate the level of excess

pore pressure below levels that might still be generated dur-

ing that particular event. Such increases in excess pore

pressure below levels causing liquefaction may be of such

magnitude as to reduce the effective stresses in the soil to

levels consequential to the dynamic response of the deposit,

and to the settlement of a structure founded on the deposit.

The liquefaction analysis procedure described in this

report can be used to develop such a model for excess pore

pressure prediction as a function of earthquake magnitude

and distance. Yegian (1980) showed that the pore pressure

response parameter, r u ' can be related to LPI as:

= 2- arc sin
1I

1

(LPI) 2.<XS, LPI < 1. 0 (4.3)

where <X is a curve-fitting parameter used to relate labor­

atory pore pressure data for a particular soil to the ratio

of the number of equivalent cycles of stress application to

the number of cycles causing the parameter, r u ' to be equal

to 1. The parameter S is the slope of the laboratory

strength data when plotted on log-log paper. Definition of

possible ranges for these parameters was attempted on the

basis of published laboratory strength and pore pressure da-
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tao Values of /3 were estimated from laboratory strength

curves suggested by various investigators for different

types of tests and sands. Based on this review, values of

/3 ranged between 0.10 and 0.25, with an average value of

0.19. A similar study of published data on excess pore pres­

sure plotted against the normalized number of cycles yielded

a range of values for (l between 0.5 and 1. O. Seed and Book­

er (1977) recommended a typical value of 0.7.

Using the ranges for (l and /3 given above, together

with the equation for LPI (Eq. 3.10), plots of pore pressure

response versus earthquake magnitude, distance and soil

strength are generated as shown in Fig. 4-2. This plot can

be used in preliminary studies to determine expected buildup

of excess pore pressure in a particular sand deposit during

a given seismic event. Fig. 4-2 demonstrates that while an

LPI of 0.8 (factor of safety of 1.25) may imply safety

against liquefaction, there may be a pore uressure response

of up to 50%.

Thus, the model described enables quick evaluation of

pore pressures for preliminary studies and provides an op­

portunity to combine future field data and laboratory data

on pore pressures in a simple, logical and consistent manner.

4.3 Liquefaction Risk Analysis

Probabilistic seismic hazard analysis has received in­

creased attention in the past decade. Computer programs are
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now available to compute annual probability of a certain

seismic parameter exceeding a specified value. The input

information to such an analysis includes the seismic source

data and an attenuation law relating the seismic parameter

of interest to earthquake magnitude and distance. The de­

tails of such an analysis are beyond the scope of this re­

port and are reviewed by Yegian (1979). These computer pro-

grams can also be used to evaluate an overall annual proba­

bility of liquefaction at a site. The attenuation law spe­

cified in seismic hazard analysis is usually of the form:

(4.4)

where k 1 , k 2 and k 3 are constants.

The output of the analysis is the annual probability of

'~ exceeding a certain value 'a'. In a similar way, 1ique-

faction risk analysis can be performed since the equation

for LPI has the same form as the attentuation law used in

seismic hazard analysis. For a given sand deposit, LPI will

be given by

(4.5)

where

1=
0.464 N O•

4

C
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k 2 = 0.2 and

k 3 = -0.4.

Using these parameters to define the attenuation law in

the computer program, one can compute the annual probability

of LPI exceeding a certain value. If the value to be exceed­

ed is assigned as 1.0 in the analysis, the output is the an­

nual probability of liquefaction.

Liquefaction risk analysis can provide information en­

abling comparisons between the various factors contributing

to the overall seismic risk to a constructed facility. The

analysis can also be used to study the degrees of influence

of the various parameters involved to identify the major

factors contributing to the likelihood of liquefaction at a

site.
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Chapter 5

SlJM}tL\RY

A comprehensive reivew of all liquefaction case his­

tories was made and an expanded data set was prepared. This

report presented the newly compiled field data together

with a criterion for liquefaction which is based on the

field observations of liquefaction and non-liquefaction. A

simple probability model was presented to calculate the

probability of liquefaction conditional to the occurrence of

a particular seismic event.

Applications of the proposed criterion and the proba­

bility model were discussed and comparisons were made be­

tween the results of this research and those previously pub­

lished by other investigators.

It is concluded that liquefaction analysis procedures,

which are to some extent invariably based on field observa­

tions, include significant uncertainties because of the un­

certain and erratic nature of the data used. Hence, caution

is made herein when such procedures are used in a determin­

istic manner using average values of the parameters involved.

To make reliable predictions of liquefaction potential,

proper evaluations of these uncertainties should be made.

The probability model presented in this report enables such

an evaluation to be made easily. The importance and signi­

ficance of these uncertainties to the overall safety consi-
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derations for a constructed facility can be determined by

incorporating the liquefaction study into an overall risk

study for the facility.
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Table 2-1 Earthquake Data

EARTflQUAKE DATE LOCATION FOCAL LAT. & LONG. MAGNITUDF, REFERENCE
DE,PTR OF

(KM) EPICEnTER

E-l 1802 Sado Island 37.8N, 138.4E 6.6 K 12, 27
12/9 Japan

E-2 1887 Koshigun 37, IN, 139.0E 6.1K 12, 18, n
7/22 Japan

E-3 1891 Mino-Owari 35,6N, 136.6F 8.4 K 14, 18, 27
10/28 JaDan 37

E-4 1906 San Francisco 25 38. lN, 122.810/ 8.3 R 19, 24, 28,
4/18 California 38. ON, 123.01') 8.2 U ld~ , 1,9

8.2 R
8.3 U
8.25 R

E-5 1925 Santa Barbara 34.3lI, 119.8W 6.3 R 19, 24, 29
6/29 California 6.2 ilL

6.25 R

E-6 1933 Los Angeles 16 33. 6n, 118.01' 6.3 U 19, 24, /jl
3/ 1J. Long Beach 6.3 R
3/10 California 6.25 R

E-7 1944 Tohnankai 25 33. 7N, 116 2E B.3 R 11. , 18, 19,
12/7 Japan 33.8N, 116 OE P..' U 24, 37

8.0 JIIA
8.0 R

E-8 194R Fukui 20 36. lN, 136 2E 7.3 U 14, 18, 19,
6/28 Japan 36 5N, 136 OE 7.3 JIIA 24, n, 29

7.2 R
7.2 U
7.3 R

E-9 1955 San Francis co 5.4 R 41.
Concord Bay Area

California

E-l0 1957 San Fra.ncisco 37. 7N, 122.5\07 5.3 R 19, 29, 37,
3/22 Daly City 5.3 11L L,l, 49

California 5.5 R

E-ll 1960 Chile 39.55, 7lL SH 8.4 U 19, 29, 37
5/22 8,4 R

8,5 U
8.75 U

E-12 1964 Niigata 30 38.4N, 139.2E 7.5 U 10, 11, 18,
6/16 Japan 40 7.5 R 28, 29,

7.5 ~ 37, 45
7.3 U
7.7 U
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Table 2-1 (cont'd)

E-13 1964 Alaska 20 61. ON, 1l,·7. 711 8.3 U 19, 29, 36,
3/27 33 8.3 M8 37, /,9.
3/28 8.4 R

8.5 U
8.4 -
8.6 U

8.5 U

E-14 1965 San Francisco 3~.ON, 121. 8\I 4.9 lIP 19
9/10 Concord Ray Area 4.9 ML

California

E-15 1963 Ebino 3~.ON, 130.7E 5.7, 1.1, 39.
2/21 Japan 0 6.1 K
2/7.2 0 5.6 U
3/25 10 5.7,

5.4 U
6.1 R

E-16 1968 Tokachi-Oki 20 /,0.7N, 143.6E 7.9 U 13, 20, 29.
5/16 Japan 7.8 R

E-17 1968 Saitama 50 36.0N, 139.4E 6.1 JI1A 33
7/1 Japan

E-18 1970 Gediz 37 .IN. 30.5E 7.1 R 41
3/28 Turkey

E-19 1971 San Fernando 13 34.4N, 118 -',II 6.611L 19. 32, 36,
2/9 California 8 6.6 R 41, 49.

6.4 U
6.2 I1B
6.5 U
6.5 118
6./, R
6.4 HL

E-20 1972 Yokohama 7.3 JllA 33

E-21 1978 Hiyagiken-Oki 40 18. 2N, '.42.2E 7.4 JHA 16
6/12 Japan 25 38. 2N, 142. IE 7./, U

JMA = Japan Meteorological Agency magnitune scale
K = Kawasumi magnitude scale
MB = Body Wave magnitude
ML = Local magnitude
MS = Surface Have magnitude
R = Richter magnitude
U = unspecified
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Table 2-2 List of Case Histories

STAllDARD
PENETRA-

EARTlI- RICHTER WATER TION SOIL
OUAKE SITE lIAGNI- DISTANCE TABLE DEPTH TEST % LIQUE- REFER-

(E) LOCATION TUDE (I<M) (Meter) (I1eterl VALUE ,N FINES FACTION ENCES

E-l Niigata 6,6 39/DER (Same as in E-12) No 12,29
Japan

E- 2 Niigata 6.1 47/DER (Same as in E- 12) No 12,29
Japan 29,37

E-3 Ogaki City 8.4 30/EP 0.B 5.0 4 8 Yes 14,29
Japan 10,0 20 5 Yes 29, 37

11. 0 16 3 Yes
12.0 17 4 Yes
13,0 17 5 Yes
14.0 17 10 Yes
15.0 16 7 Yes
16,0 11., 7 Yes
17.0 12 7 Yes

Ogase Pond 30/EP 2.4 4.0 11 10 Yes
Japan 5.0 12 5 Yes

6.0 15 4 Yes
7.0 19 3 Yes

10.0 20 Yes
11. C 17 4 Yes
12.0 /,5 1 Yes

Unuma Town 30/EP 1.9 1.0 15 /, No
Japan 4.0 16 3 No

5.0 19 2 No
6.0 17 3 No
7.0 19 6 No
R.O 20 3 No
9.0 16 5 No

Ginan W. P, S. 30/EP 2.0 7.,0 5 6 Yes
Japan 1.0 1 8 Yes

4.0 10 5 Yes
5.0 8 3 Yes
6,0 8 5 Yes
7.0 11 5 Yes
R.O B 7 Yes
9,0 10 5 Yes

10.0 11 2 Yes
11. 0 12 1 Yes
12.0 16 1 Yes
11.0 23 1 Yes
14,0 21 1 Yes
15.0 19 1 Yes
16,0 19 2 Yes

E-4 Foot of 8,3 15/HY 2,4 4.6 16 Yes 41
Market Zone, 7.6 16 Yes
San Francisco
California

South of Market l3/HY 1.5 If, 6 21, Yes
California

E-5 Sheffield 6,1 ll/DER 4.6 7." 14 1 Yes 29
Dam, Santa
Barbara

California

E-6 Western 6.3 16/HY 3.1 6.1 13 No 41
LNG. Terminal 7.9 10 No
Los Angeles 11. 0 20 No

California 5.5 7,1 20 No
11.0 8 No
13,4 13 No
16.5 21 No

30



Table 2-2 (cant'd)

3.1 6.1 14 No
7.3 7 No
9.5 15 No
6.4 13 No

E-7 Kernei Town 8.3 165/FP 2.0 3.5 3 10 Yes 14
Japan ~.O 7 6 Yes

5.0 7 9 Yes
6.0 10 11 Yes
R.O 26 7 No
9.0 37 8 No

10.0 38 6 No
11.0 1,3 8 No
12.0 40 6 No
13.0 39 9 No
14.0 45 10 No

I1eiko Street 165/EP 0.5 3.5 2 12 Yes 14
Japan 10.0 32 10 No

11.0 49 5 No
13. a 1.1. 5 No
1/,.0 28 8 No
15. a 37 3 No

Ienaea Shinden 165/EP 2.5 1.1'.0 2h 1.0 No 14
Japan 1.5.0 25 10 No

16.0 36 1J. No

E-8 Takaya Town 7.3 5/EP 0.8 6.0 26 5 No 1.4
Japan 7.0 27 4 No

8.0 29 3 No
9.0 29 2 No

1.0.0 31 5 No

Takaya Town 5/EP 3.7 4.2 12 I,. Yes 1.4
Japan 5.2 14 3 Yes

6.2 19 5 Yes
7.2 1.9 2 Yes
8.2 17 2 Yes
9.0 22 6 Yes

10.1 15 6 Yes
11.1 17 4 Yes
1.9.0 31. 7 No

Shonai Temple 5/EP 1.2 1.5 5 Yes 14
Japan 2.5 3 Yes

3.1 'l Yes
4.0 7 Yes
4.5 18 No
5.5 20 a No

10.0 5 Yes
11. 0 7 Yes
12. (1 35 No
14.0 38 No
18.0 32 No

Agr. Union 5fE.P 0.9 ~.1. 6 a Yes 14
Japan 7.0 9 a Yes

7.5 1.9 0 No
R.5 28 a No
9.0 24 15 No

10.5 10 5 Yes
1.6. a 25 0 Yes
16.5 1,0 0 No
17.0 44 0 No

E- 9 Joaquin Aq. 5.4 40/HY 2.t, 17. ' 22 No 41
San Francisco

California
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Table 2-2 (cont1d)

E-lO 5.3
San Francisco
California

St. Francis Cir. ll!HY 4.6 6.1 4 No 41

Lake Merced 7!DER 2.', 3.1 7 Yes 29

Duboce Ave. & 10/HY 3.7 4.0 14 No 41
Sanchez St.

Foot of Market Zone 16/HY 2.4 4.6 16 No 41
7.6 16 No

4.9 6.1 52 No

South of Market Zone 13/HY 1.5 1,.6 24 No 41

Hission Creek ll/HY 1.5 6.1 6 No H

Polk & Golden 16/HY 4.6 6.1 20 No 41
Gate Ave.

Polk & Market St. 16/HY 2.4 1,.6 20 No 41

t'lelden near ll/HY 0.9 1.2 I, No 41
Barneveloe St. 3.2 6 No

1.2 3.7 6 No
4.3 6 No

Mission St. & 16/HY 3.1 3.7 11 110 41
Spear St. 4.0 10

Alameda
California

Park St. & 24/HY 1.8 5.R 12 No 41
Otis Dr. 1.2 5.R 16 No

Singleton Ave. 24/HY 1.R 1.7 10 No 41

Treasure Island 20/HY 2.4 7.6 3 No ',1
9.1 5 No

1.8 5.R 7 No
5.8 5 No

3.1 9 No
I., (-, 5 No
4.6 B No
4.6 5 No
1,.6 15 No

hr. 5th St. & Ave.D 22/HY 1.8 3.1 3 No 41
2.1 2.7 7 No

Westline Ave. 22/HY 0.6 1.5 13 No 41

Emeryville 26/HY 1.2 4.3 7 No 41

t.J'estline M.e. 20/HY 1.2 4.6 5 No 41
3.7 12 No

E-11 Puerto Montt 8.4 112/DER 3.7 1,.. 6 6 Yes 29
Chile LL6 8 Yes

6.1 18 No

E-12 Nippon Fire 7.5 5l1EP 0.9 4.0 4 Yes 11
& Marine Ins. 5.0 5 Yes
Niigata 6.0 6 Yes

Japan 7.0 3 Yes
8.0 15 No
9.0 10 0-10 Yes

10.0 7 Yes
11.0 12 No
12.0 21 No
13.0 12 No

Tribune p. S. 51/EP 0.9 5.0 2 Yes 11
Japan 6.0 2 Yes

7.0 3 Yes
8.0 1 Yes
9.0 2 0-10 Yes

10.0 3 Yes
11.0 30 No
1".0 17 No
15.0 2 Yes
16.0 20 No
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Table 2-2 (cont'd)

Benten-cho 51/EP 0.9 4.R 10 Yes 47
Japan 4.8 10 No

5.4 8 Yes
6.4 10 Yes
7.4 6 0-10 Yes
8.4 12 Yes
9.4 11 Yes

10.4 6 Yes
11. 0 15 Yes
11.0 15 No

Benten-cho 51/EP 0.9 3.6 6 Yes 47
Japan 3.6 6 No

4.5 8 Yes
5.5 10 Yes
6.5 7 Yes
7.5 8 No
8.5 10 0-10 Yes
9.5 12 Yes

11.5 6 Yes
12.0 20 Yes
12.0 20 No
14.4 32 No
15.4 30 No
17.0 34 No

From Ohsaki (1966) 51/EP 0.9 1.4 3 Yes 22
Fig. 34 2. I, 2 Yes

4.4 5 Yes
5. 1, 2 Yes
6.0 4 Yes
6.0 ~ No
6.4 7 No
7.1+ 9 0-10 No

1O. L, 15 No
11. 4 25 No
12.4 32 No
13.4 17 No
11,.4 19 No
15.0 19 No
15.1, 18 Yes
16.1: 26 Yes

£-13 Snow River- 8.4 142/EP 0.0 3.1 5 10 Yes 25
B605A 7.lJ 5 10 Yes

Alaska

Snow River- 142/EP 2.4 R.5 .g 10 Yes 25
B605 0.0 3.1 5 10 Yes

Alaska 7.6 5 10 Yes
P.2 5 10 Yes

Quartz Creek 1/,5/EP 3.1 11.7 1,2 No 25
B676 16.8 % No

Alaska

Scott G. -8348 126/EP 0.0 3.7 9 10 Yes 25
Alaska 15.7 11 10 Yes

Valdez Dock 72/HY 2.1 3.5 9 Yes 3
Alaska 6./' 11 Yes

1.5 5.0 15 Yes
6.6 10 Yes

1.4 1.7 7 Yes
4.7 15 Yes
6.4 10 Yes

E-14 Joaquin Aq. 4.9 2L,/HY 2.4 17.1 22 No 41
Concord
California

E-15 Ebino Town 6.3 8/EP 1.8 3.0 7 10-20 Yes 39
Japan 4.0 7 10-20 Yes

Yoshimatsu Town R/EP 1.4 3.0 7 20 Yes 39
Japan 4.0 7 20 Yes

5.0 7 20 Yes
6.0 7 20 Yes
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Table 2-2 (cant'd)

E-16 Hachinoe 7.8 160/EP 1.0 1.5 12 110 23
Japan 2.5 12 No
(P1) 3.5 16 No

t~. 5 30 No
5.5 40 5-10 No
6.5 57 No
7.5 50 No
8.5 40 No

(P2) 160/EP 1.5 2.5 15 No 23
3.5 33 No
i,.5 27 No
5.5 27 No
6. " 2i, 5-10 No
7.5 29 No
8.5 26 No

10.0 32 No

(P4) 160/EP 1.3 1.5 10 No 23
2.5 12 No
3.5 16 No
4.5 25 No
5.5 35 5-10 No
6.5 35 No
7.5 15 No
8.5 24 No
9.5 17 No

(P5) 160/EP 1.5 2.5 12 No 23
3.5 37 t~o

4.5 35 No
5.S 35 5-10 No
6.5 32 No
7.5 37 No

(P6) 160/EP 1.5 2.0 1 Yes 23
3.0 2 Yes
4.0 2 Yes
5.0 3 5-10 Yes
6.0 4 Yes
7.0 n No
8.0 32 No
9.0 27 No

Hachinoe Plant 160/EP 1.0 2.0 2 10 Yes 20
Japan 3.0 2 10 Yes

1,.0 2 10 Yes

Hachinoe Ace. 160/EP 1.3 2.5 5 No 20
Japan 3.5 27 No

4.5 25 No
5.5 2~ 5-10 No
6.5 23 !-!o
7.5 26 No
8.5 22 No

Nanaehama Beach 160/DER 1.0 2.0 6 10-20 Yes 15
Hakodate 3.0 4 10-20 Yes

Japan 5.0 6 10-20 Yes
6.0 7 20 Yes
7.0 10 20 Yes

E-17 Saitama 6.1 69/HY 8.0 J.O.O 14 tio 33
Japan 16.0 20 No
101-2 23.0 32 No

28.0 42 No
32.0 24 No
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Table 2-2 (cant'd)

105-2 69/HY 8. a 10. a 47 No 33

119 69/HY 2.0 6.3 10 No 33

121 69/HY 2. a ~.5 6 No 33
6.0 I, No

33.0 42 No

130 69/HY 3.5 6.5 5 110 33
7.5 20 No

11.5 25 No

602 79/HY 3. a 3. R 5 No 33
5. a 6 110

E-18 Bursa. 7. I 130/HY 3.7 7.0 12 No 41
Turkey

E-19 Jensen F. Plant 6. l~ 24/HY 1R.3 19.8 15 No 41
San Fernando 25.9 32 No
California 14.3 18.1 42 No

1.1) I" 6 R Yes
16.8 19. R 21 Yes

E-20 Yokohama 7.3 280/HY 3.1 6.1 4 No 26
Japan 12.2 6 No

E-21 Arahama 7.4 119/EP 2.0 1;.0 9 Yes 47
Japan 5.0 10 Yes

6.0 10 Yes
7.0 9 0-5 Yes
R.O 10 Yes
g.O 9 Yes

10.0 8 Yes

Yuriage 1l5/EP 2. a I,. a 22 No 47
Japan 6. a 25 No

8.0 26 No
10. G 2·3 0-5 No
12. a 2B No
14. a 36 No

lcalculated from relative density of 40h
DER = Distance to Energy Release
EP = Epicentral Distance
HY = Bypocentral Distance
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Table 2-3 Acceleration and Duration Data

EARTHQUAKE DATE SITE RICHTER ACCEL- DURATIml REFERENCES
(E) LOCATION MAGNITUJ:lE ERATION (sec)

(%g)

E-1 1802 Niigata 6.6 0.12 20 29
12/9 Japan

E-2 1887 Niigata 6.1 0.08 12 29, 37
Japan 0.12 12

E-3 1891 Ogaki City 8.4 0.35 75 28, 37
10/28 Ogase Pond 0.35 75

Unuma Town 0.35 75
Ginan H. P.;'. 0.35 75

Japan

E-5 1925 Sheffield Dall' 6.3 0.20 15 29
Santa Barbara

California

E-7 1944 Komei Town 8.3 0.08 70 29, 27
12/7 Meiko Street 0.08 70

Japan

E-8 1948 Takaya Town 7.3 0.30 30 29, 37
6/28 Shonai Temple 0.30 30

Agr. Union 0.30 30
Japan

E-10 1957 Lake Merced 5.3 0.18 18 29, 37
3/22 California

E-11 1960 Puerto Montt 8.4 0.15 75 29, 37
5/22 Chile

E-12 1964 Niigata 7.5 0.16 40 29, 37
6/16 Japan

E-13 1964 Snow River 8.4 O. IS 180 29, 37
3/27 Quartz Creek 0.12 180
3/28 Scott Glacier 0.16 180

Valdez 0.25 180
Alaska

E-16 1968 Hachinohe 7.8 . 0.21 45 29
5/16 Hokadate 0.18 !~5

Japan

E-19 1971 Jensen Plant 6.4 0.40 NR 35, 37
2/9 San Fernando 0.35 15

California

E-21 1978 Arahama 7.4 0.24 NR 47
6/2 Yuriage 0.29 NR

Japan
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Table 3.1

Nc
Corrected
Blow Count

5

10
20

30

40

50
60

Coefficient of Variation
of the Strength Parameter S ,

c

Vs INc c

0.0346

0.0333

0.0335

0.0342

0.0350

0.0358

0.0365
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Nc from Seed

Nc from

Gibbs and Holtz
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Mino-Owari (189l)(E3);
Tohnankai, (1944)(E7);
Fukui (1948) (E8)

The earthquakes occurring at Mino-Owari, Tohnankai and

Fukui, with magnitudes of 8.4, 8.3 and 7.2, respectively,

were the subject of Kishida's investigation into the occur­

rence of liquefaction. Based on the field behavior of sands

taken from case histories, presented by Yokoo and the Geo-

graphical Survey Institute (1949, printed in Japanese), Ki­

shida (1970) proposed criterion for assessing liquefaction

potential of a level deposit of soil during an earthquake.

In his paper, Kishida presents the results of field investi-

gations at the places where sand volcanoes were formed and

eruption of water and soil was observed during these earth­

quakes. The soil strata which were presumed to have lique­

fied were identified on the basis of previous studies and

compared with the observed phenomena during the earthquakes.

The results indicate that the eruption of water and soil dur-

ing the earthquakes was not necessarily associated with a

complete liquefaction of sand of the type observed during

the Niigata earthquake of 1964. Included within the paper

are microscopic photographs of sands which were presumed to

have liquefied. Seed and Idriss (1971), in their documenta-

tion of results, have also presumed these deposits to have

liquefied.

Borings were taken at the places where sand volcanoes
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and the eruption of water and soil occurred. Borings were

also made for comparison at the places where such phenomena

was not observed. Kishida (1970) has, with the aid of Stan-

dard Penetration Tests carried out in the field and the re-

suIts of lab tests, attempted to identify the liquefied zone

of the soil on the basis of his own previous research and

has checked his results with the case histories presented by

Yokoo and the Institute.

In all, 9 sites are taken from this study of these

earthquakes for documentation by Seed and Idriss (1971) in

their presentation. These nine cases, plus two additional

ones, are documented in this report along with the corre-

sponding soil profile and Standard Penetration Test results,

for the scrutiny of the reader,

Chile (1960) (Ell)

The 1960 Chilean earthqake, with a main shock of 8.4

on the Richter scale, caused extensive damage to structures.

The extreme importance of foundation soils in resistance to

failure was clearly evidenced. Substantial settlements,

rotations and displacements were the results of soil fail­

ure. One such incident of foundation failure was reported

by Steinbrugge and Clough (1960):

"A building which experienced liquefaction of its
foundation materials was the reinforced concrete
hotel Perez Rosales on the Puerto Montt waterfront.
This hotel, almost completed at the time of the
earthquake, had a 5 story center section with one
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and two story wings on either side. Footings were
the reinforced concrete spread type. During the
earthquake the building sank, with the waterfront
side settling approximately 15 inches more than
did the opposite side. The smaller wings did not
settle as much as did the main building. The re­
sult was differential settlement between the main
structure and its wings which caused spectacular
structural damage."

As in the case just cited, many cases of liquefaction

of loose sandy soil occurred and were the apparent cause of

a substantial number of failures. Considerable field evi-

dence suggests that certain soils had been temporarily ren­

dered "semi-liquid" by the earthquake, indicating liquefac-

tiona

The soils of interest have been formed by the usual

processes in the region of heavy rainfall, influenced by the

deposition of volcanic ash and by glaciation. The soil that

formed the foundation of structures in many cases consisted

of morraines or glacial outwash.

Puerto Montt proved to be one of the most interesting

locations for soil investigation. The topography of the

city drops rapidly by 107 meters, from glacial terraces at

the northerly edge of the city, to low flat land along the

waterfront. The entire length of the waterfront consists

of a surface soil of artificial fill, primarily gravel, mud

and sand (6). The disastrous damage to structures supported

by or retaining this material is considered to be due large­

ly to liquefaction, as a result of the earthquake motion.

The hydraulic fill of the harbor proper and the dumped fill
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in the naval base area behaved in a manner so as to produce

almost total damage. These loose sandy soils were so af­

fected by the earthquake motion that they lost essentially

all of their shear strength. In many cases along the water-

front, total devastation was evident.

Boring data for a site of a gravity quay wall on the

Puerto Montt waterfront revealed the following about the

backfill and lower strata:

Elevation, m Description

+9.5to +4.5 Hydraulic fill of fine
sand with silt and
clay.

+4.5 to -6.0 Fine sand and coarse
particles

-6.0to -10.5 Gravel

Standard
Penetration
blows/foot

5

30

Too hard to
measure

-10.5 to -15. 5 Consolidated soft ma­
terial with coarse
sand

The upper backfill was very loose, almost in a quick condi-

tion when inspected one month later.

A very heavy rain had fallen prior to the earthquake

even though the rain season still lay in the future. This

helped account for the high degree of saturation of the

soils.
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Qualitatively, this earthquake has proven to be quite

instructive as to foundation failures; however, quantita­

tively, it has proven less so. Seed and Idriss (1971) in­

cluded three cases in their paper, all of which are taken

from the Puerto Montt area. These are apparently the re­

sults of private con~unicati6n with Lee as noted in their

paper. Unfortunately, this earthquake, with such extensive

occurrence of liquefaction, has not been better studied in

a quantitative manner.

Niigata (1964) (E12)

The Niigata earthquake of 1964 occurred with a magni­

tude of 7.5 on the Richter scale. Its focus, considered to

lie within an old structure, was at a depth of approximately

40 km. The epicenter of the earthquake, according to the

Japan Meteorological Agency, fell at 38.40 N. Lat. and

139.20 E. Long. The Building Research Institute had in­

stalled an SMAC type strong motion seismograph in the base­

ment and a D.C. type strong motion seismograph on the 4th

floor of an apartment building at Kawagishi-cho, Niigata

City (the next apartment building overturned during the

earthquake). These instruments recorded a maximum accelera­

tion of 0.19 g in the basement location (10).

The site condition prior to the earthquake has proven

to be of great significance to the occurrence of such wide­

spread liquefaction of saturated sands during the earthquake.
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In the years 'previous, the Niigata area had suffered intense

ground subsidence. Through the years 1957-1959, the largest

rate of settlement was observed at as much as 56 cm during

one year. Investigation confirmed that the subsidence re­

sulted from an excess pumping up of underground water mainly

for the natural gas industries. The rate of settlement had

been controlled by the year 1963 to be as low as 6 cm per

year (9).

It has been a unanimous opinion that the earthquake

damage in the Niigata area was characterized by the subsoil

condition, that is, the damage was aggravated by the occur­

rence of liquefaction (9).

For the purpose of investigation of subsoil-related

damage and corresponding intensities, Niigata was divided

into three areas:

Area A - where no damage or only slight damage to
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buildings occurred.

Area B - where buildings suffered intermediate

damage.

Area C - where buildings were damaged very heavily.

After the earthquake, much effort was expended to ex­

plore the subsoil condition in these three zones. Fortunate~

ly, due to the history of subsidence in the city and plain

area, there existed many records of boring data along with

test results of soils samples. One striking feature of Nii­

gata sand being found from this data is that its grain-size

distribution is extremely uniform. Coefficients of uniform-

ity are generally smaller than 5 (21). Extremely small dam-

age in "A" Zone as compared to nB" Zone may be attributed to
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the fact that "A" Zone consists mainly of sand dune with the

g't1ound water located at a deep level, while in "B" Zone the

ground surface is flat and low with ground water at a depth

less than 0.5 m. Loose sand, with extremely low blow count

and almost ground surface ground water in Zone "C" probably

is the cause of such heavy damage.

In those areas of Niigata City where structural damage

was appreciable, there were numerous sand craters indicating

the presence of excess pore water pressure within the sand,

which is a prime characteristic of liquefaction in sands.

Comprehensive analysis indicates that the ejected sand ori­

ginated from depths not exceeding 10 m (10).

Again, it should be emphasized that, in the usual case,

extent of damage is expressed by means of damage to the

superstructure; however, as far as the Niigata earthquake

concerns, there was little damage to the superstructure.

Rather, the majority of damage was due to soil liquefaction.

In all,S sites were documented for this case study. The

soil information for each site are summarized in Table 2-2

and the soil profiles are included in Appendix B.

Alaska (1964) (E13)

The Alaskan earthquake of 1964 has been recorded at

Richter scale readings varying from 8,3 to 8.6 (34), The

focal depth was recorded to be between 20 to 30 km, It oc­

curred with such intensity that a large amount of territory
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was affected, including Valdez and Anchorage with surround­

ing areas. Bridge structures, land slopes, railroad embank­

ments and other buildings were damaged by the quake.

Soil condition was found to be an integral part of the

cause of damage (25). Many of the bridge structures tra­

versed rivers with banks consisting mainly of sands, with

some silts, in a saturated condition. Leaning of piers and

slumping of banks indicate liquefaction in many places (25).

In the Valdez area, slumping of the waterfront soils

was determined to be caused by liquefaction (3). The land

slopes to the sea from the north end of Valdez. Slides

which occurred to the North of Valdez have not been labeled

as having been triggered by liquefaction, but slides which

had occurred at the dock area were. The soil at Valdez was

found to contain horizontal continuity and vertical uniform­

ity (3).

The geologic environment in Valdez provides optimum con­

ditions for the phenomena of liquefaction and bears many

similarities to other liquefaction flow sites (3).

Ebino (1968) (E15)

Beginning on February 21, 1968 a series of earthquakes

occurred in the zone of Ebino Town, commonly referred to as

"the 1968 Ebino earthquakes'~. The magnitude of the second

and greatest of the earthquakes was registered at 6.3 on the
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Richter scale. The epicenter occurred approximately 8 km to

south of Ebino Town with a focal depth of not more than a

few kilometers (39).

Much damage resulted, involving buildings, various

slopes, embankments, bridges and highways. Most of the dam­

age can be attributed to the sediment of a volcanic product

referred to as "Shirasu".

Some question has arisen as to whether the Ebino earth~

quakes are volcanic or structural in origin. The Ebino dis~

trict lies, when seen from the viewpoint of geological struc­

ture, right on the markedly volcanic structure line of the

Kirishima volcano and the Kakuto formation group (39). At

some parts, however, the geology is extremely folded with

minor faults and at other parts the beds are disturbed. The

axis of syncline and anticline presents an are, with its hol­

low part directed toward Mt. Iimori, approximately 7.8 km to

the south of the center of Ebino Town (39).

The so-called Shirasu (white sand) is a Pleistocene

volcanic product in terms of geological age, and in origin

it is classified with the unwelded part of pumice falls and

their secondary deposits. In its natural state, it presents

loose rock texture, but when disturbed is merely a sandy

granular material. Shirasu mass mainly consists of pumi­

ceous fragments or flakes of the size ranging from very fine

grain to fist size. The effective unit weight when sub­

merged is very small because the specific gravity of Shirasu
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particles is small and the void ratio is compartively large.

The grading of the Shirasu of the Ebino district is fine and

uniform.

The results of investigation made on the soil where sand

boils occurred at the time of the earthquake show that Shira­

su that lay accumulated under the barley fields at about 3.0

meters deep was ejected above the common sand that had sedi~

mented over it. The depth of the ground water was approxi~

mately 1.0 meter. At another location, the Shirasu lying

3.0 meters below the surface with ground water at 1.75 m

depths was ejected. The blow counts recorded indicate a

maximum of approximately 7 (SPT results).

Shirasu is much different from common sand in that li~

quefaction does not occur with common sand, generally, if

density is high. but with Shirasu liquefaction will ocCUr

even at 100% relative density (39). Shirasu is much more

susceptible to liquefaction than other sands (40). However,

according to research by Yamanouchi and Mori (1970). "undis ..

turbedll samples of alluvial Shirasu including silt obtained

in Kagoshima City, could not be liquefied. By this fact,

they pointed out, liquefaction of Shirasu is a problem of

primarily "clean" Shirasu.

The areas where sand boils occurred with Shirasu were

studied and two borings are included in the tables with all

available data.
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Tokachioki (May 16, 1968} (E16)

The Tokachioki earthquake of May 16, 1968 occurred off

the Pacific coast of northern Japan with an epicenter, as

reported by the Japan Meteorological Agency, at 40.70 N. lat.

and 143.70 E. long. and a focal depth of approximately 20 km.

The magnitude as recorded on the Richter scale wad 7.8 (20).

The earthquake was responsible for extensive damage to

buildings, natural slopes, embankments, earth dams, port

facilities and for the liquefaction and subsidence of sandy

ground at several locations. Complete liquefaction of level

sandy ground (saturated) took place in recent hydraulic

fills, loose backfills and in swampy lowlands. In some

cases loose backfills of sand above ground water level, sub­

sided considerably due to dens.ification, indicating no li­

quefaction. Damage in many cases could be attributed to the

heavy rains which preaeeded the earthquake, producing a high

ground water level. Also cited as an important cause of

damage was the long duration of the strong ground motion

registered at about 2-3 minutes.

Many field investigations were carried out following

the earthquake and in the cases where it proved possible,

comparison was made with available records from before the

earthquake. A few of those cases are now cited in the fol­

lowing:

Field studies to clarify the characteristics of lique-
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faction of level sandy ground were carried out at Nanaehama

Beach near Hakodate in northern Japan. The hydraulic fills

underwent complete liquefaction during the earthquake. Re­

clamation was made by hydraulic fills approximately three

years before the earthquake. 'Hater and soils began to spout

out from the ground surface soon after the beginning of the

earthquake. Many sand volcanoes were found (15). The re­

sults of analysis of the liquefaction of saturated sands

based on Kishida's criteria (14) and on the observed pheno­

mena indicated that the soil stratum which lay between about

1 and 5 meters deep had a high potential for liquefaction.

The grain composition and the roundness of soil particles in

the soil stratum shows good agreement with the soil found in

the sand volcanoes. This corresponds with the hydraulic

fill (15).

Another site of sandy ground showed a variety of damage

features due to liquefaction. A portion of the ground con­

sisted of loose sand and the other part was of dense sand,

the latter suffering little damage. The denser portion had

been compacted by means of vibroflotation, which demonstrated

in this case its effectiveness for preventing liquefaction.

The site studied was a paper manufacturing plant located in

the city of Hachinohe which lies in northern Japan, 560 km

north of Tokyo. The ground consists of sands almostentire~

ly down to a depth of more than 20 meters erom the ground sur­

face. The top 5 meters had been excavated and backfilled

with waste sand, this occurring over the majority of the
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site. From the experience obtained from the earthquake at

Niigata 1964, recognition of the liquefaction problem led to

the adoption of a pile foundation and the use of the compac­

tion technique of vibroflotation. This application proved

successful and while excavated and backfilled ground lique­

fied almost allover the site cuasing subsidence and cracking

with eruption of sand and water, compacted portions of the

ground remained intact. Many structures and facilities were

damaged severely. Comparison was made of before and after

soil boring data at three locations and documented in this

report (23).

Almost all of liquefaction occurrences took place in

the districts where loose saturated sands had sedimented at

about 40 meters thick. Soil profiles and associated blow

count data for these cases just cited and others are in­

cluded within the context of this report.
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APPENDIX B

SOIL PROFILES

65



Earthquake:
Location: Mino-Dwari, Japan (1891) (E3)

Ogaki City

Site Condition (23):

Liquefaction

Area was in an artesian condition and artesian wells
were used.

"Eruption of water and soil was observed. It is not
clear whether the eruption of water resulted from a
liquefied condition or from an artesian condition."

x­... ~
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Earthquake:
Location:

Mino-Dwari, Japan (1891) (E3)
Ogase Pond

Liquefaction

1<232
0.178

Site Condition (14):

"Located near small hills and might be in an artesian
condition."

"Cracks were found and white mixture of soil and water
came out from ground."
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Earthquake:
Location:

Mino-Owari, Japan (1891) (£3)
Unuma Town

No Liquefaction

Site Condition (14):

"Located near small hills and these areas might be in
and artesian condition."
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Liquefaction

Earthquake:
Location:

Mino-Owari, Japan (1891) (E3)
Ginan West Primary School

Site Condition (14):

"Many sand volcanoes occurred during earthquake."
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Liquefaction

Earthquake:
Location:

Tohnankai, Japan (1944) (E7)
Komei Town

Site Condition (14) :

Subsidence of the ground and extensive damage to houses
occurred as a result of liquefaction of the sand. A
temple which was supported on piles did not show any
settlement but the ground around the temple subsided
~40 cm and water erupted during the earthquake.
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Earthquake:
Location:

Tohnankai, Japan (1944) (E7)
Meiko Street

Liquefaction

SiteConditions (14):

Very fine soil came out from the ground and houses
settled as much as about 1. 00 meter 0
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Earthquake:
Location:

Fukui, Japan (1948) (E8)
Takaya ToWn 2-168

Site Condition {14}:

No Liquefacti0TI;,

-+-

Old village where the ground level is about 1,00 m
higher than the surrounding paddy field.

"No eruption of water and sand volcanoes werefound.
n
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Earthquake:
Location:

Fukui, Japan (1948) (E8)
Takaya ToWIl 45-35

Site .Condition (14):

Liquefaction

Paddy field which drains rapidly when the irrigation
pump stops.

Sand volcanoes were recognized--sand volcanoes
approximately parallel with the Kuzuryu River.
eruption of waters.
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Liqu.efaction

Earthquake:
Location:

Fukui ,Japan(1948) (E8)
Shonenji Temple

Site Gondit'ion(14);

Eruption of water and sand volcanoes were quite promi­
nent and the main building of the temple settled 0.30 m
asa result of the liquefaction of the sands.

20
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Earthquake:
Location:

Fukui, Japan (1948) (E8)
Agricultural Union

No Liq:uefaction

fOO
(mml .

Site Condition (1"4):

Located in center of old village~the ground level of
which is a little higher than the surrounding paddy
field.

"No eruption of water and sand volcanoes, n
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Lique£action

Earthquake:
Location:

Niigata, Japan (1964) (E12)
Nippon Fire and Marinelnsurance, Niigata

S:LteGonditlon(ll) :

Concrete Bui1ding........, nThe grai,n si,zedistribution curves
of mater:Lals in the ground which liquefied are shown
below. Liquefaction I may have \. occurred in coarser ma­
terialsas well as in medium-,fine. n

It is supposed that the change of values of "N" is not
caused by the quake of ground, but by the liquefaction
and sedimentation of sand due to the earthquake. Fur­
ther, the sand layer was estimated to be liquefied to
the depth of -16 ID.
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Ea.rthquake:
Location:

Liguefac·tlon

Niigata, Japan (1964) (E12)
Iribune Primary School, Niigata City

Site Gon.dition (IT):

liThe soil around the 'Diles 6.0 m. long was in quick
condition and the building settled about 1.00 m. all
over the covered area. Bui,lding tilted about 2 de ...
grees in short span direction. \1
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Earthquake:
Location:

Niigata, Japan (1964) (E12)
Benten-cho (13)

Liquefaction

o ~.~ 0

~

E ::.:.i 10 .. ,

Q

[0 20
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Earthquake:
Location:

Niigata, Japan (1964) (EI2)
Beriten... cho (13)

Liquef.action



Earthquake:
Location:

Niigata, Japan (1964) (E12)
Figure 34, Ohsaki (1966)

Liquefaction

!II) son Sland. penettest oomber of N
10 20 30 40 50 60

::'t:\'/B M.S ~. Before eorlhq.
"5~,;;'·i;"i.":.::,+'-:.:.:.~·"':"i~· ---l-I.i;:;o;.jo~ 0 Aller earthq-+--t-~

: ~

M.S

•-
M.S

'\...

Fig. 34
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Liquefaction

Earthquake:
Location:

Alaska (1964) (E13)
Snow River Bridge605A

Site Condition .(25) :

"From the comments of first hand observers and from the
behavior of the Bridge Foundation, it is clear that li­
quefaction of cohesionless soils did occur in this re­
gion. Reports mentioned1mud' oozed up in cracks and
that the 10' high road embankment was reduced to the
level of the flood plain downstream movement of the
footings and upstream tilts of the pier shafts indicate
liquefaction at a depth below footing level."

re'OXI'"S
"STU ~ASCE KOla

Emu
Sflt 'Ilat,,·!.
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.(... ~.. ~~'\; ..?~~...:..
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Earthquake:
Location:

Alaska (1964). (EI3)
Snow River Bridge 605

Liquefaction

Earthqu.ake InfOrmation (3):

I!Faulting~ Thrusting of the continent over the ocean
floor along a plane dipping 50_150 North or Ww or with
Downwardslip of the continent along a near vertical
plane-in either case the strike of the fault is NE in
the vicinity of Kodak Island. Reverse faulting on a
fault with strike N620-720E and a steep dip to the SE."

Site Condition (25):

Bridge structure-flat ground surface.

No specific comment on liquefaction for this bridge.
"Abutments moved toward one another. tl
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Earthquake:
Locati,on:

Alaska (1964) (E13)
Quartz Creek Bridge 676

No Liquefaction

Site Condition (25):

Bridge structure..... flat ground sU1;'face,

tlDamage minor, n
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Liquefaction

Earthquake:
Location:

Alaska (1964) eE13)
Scott Glacier Bridge 348

Site Condition -C2S) :

Bridge structure over stream~-flat grQund surface
founded on piles,

nIn all these cases it seems likely that the major cause
of damage was the liquefaction of the sandy and silty
soils into which the pile foundations were driven. Evi­
dence that liquefaction did occur: building settled ",2'
into the ground and ground cracks up to several inches
wide and several feet deep were observed near building
site, small mounds of fine sand were noted alongside
the fissures. ll

-80
0102030
--;;;;---

20

o

-40

-20

-60

--.". _!I!. ~_!=.-

. ,~

\ StPOfl'i«!

):I~ ~~.
... CI.,.,.~"..

: \11 wllI'I0r9Of"'Cl

}20
\. i..~~

Sandt. ond SH,.
MrtI 0rQanIa.
N_9to20

o-'tMitllIlTI~

Md ..II~tlpl

-,­!5-piIe bent,-,",
c:rou - brUClng and
~1R.C.COCM

tlMl.OItorP*"l.
but -.rthout twuelng.

:.rma:..~~
~.. on OOwnslt"tonl....
BridQe type and sol conditions typeol for westerty five Scott srreams I to 5
00rnaQe typical "" rtweo bndQo. -Ie.. severe or other rwo

En'Ibof*metll.: fll~ frc:mo Stwwdon OUIWOafl

20

-80

-20

-60

FIG. 17.-BRIDGE NO. 348-SCOTT GLACIER STREAM 1
Centerline Section Looking Upstream, Natural Scale

84



Earthquake:
Location:

Ebino, Japan (1968) (E15)
Ebino·Towll

Liqu.efaction

Earthquake Information (39) :

No definite opinion yet whether or not the Eb;i,no earth­
quakes are volcanic or structural or if they have to do
with 1968 Hyuga-Nadaearthquake (Mag. 7.7)

Site Condition (39) :

Shirasu (white sand)-sandy granular material lies 3.0 m
below surface.

Sand boilsoccurred-Shirasu ejected. Since Shirasu is
much different from common sand, such as found in Niigata
in its granular properties~ it was not known whether li­
quefaction could easily occur. Liquefaction does not
occur with common sand if density is high but with Shir­
asu it occurs even at 100% relative density.

/
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Fig. 7. Grading curves of ejected Shirasu in Ebino Eartbquake
(Yamanoucbi et aJ.)
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Liquefaction

Earthquake:
Location:

Ebino, Japan (1968)(EI5)
Yoshimatsu Town

SiteCondit'ion (39) :

Barley fields ........,Shirasu lies accumulated 2.95 m deep.

Shirasu ejected above the common sand that had sedi­
mented over it. What is noticeable about Shirasu is
that it was more susceptible to liquefaction than other
sands as evidenced in laboratory tests.
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No Liquefaction

Earthquake:
Location:

Tokachi""oki. ~Japan (1968) (E16)
Hachinohe P-l

Site Gohditioh (23) :

"The loose sands down to a depth of 5 to 6 m. had been
compacted by means of vi.bro;f;'lotation,H

LOCATION p. J
!'I-VALUE

(, X. oG.8 f,~

--'- .

, ~j • I.... d

__ ORIGINAL

__ ._ ... AFTER COMPACTION

--- AFTER EARTHQUAKE

I
I I

!

5 10

I I
I I

; II ,

i j

'/1
I

Fig_ 6. Grain-Size Distribution of LOose Sands in the Site
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Earthquake:
Location:

Tokachi-Oki, Japan (1968) (E16)
Hachinohe P-2

No Liquefaction

Site Condition (23):

HSite located in the wood at the central part of boring
site where fairly dense sand had not been disturbed by
excavation or backfilling."

"There occurred no liquefaction during the earthquake. H

LOCATION p·z
N-VALUE
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Fig. 6. Grain-Size J;>istnbution of Loose Sands in the Site
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Earthquake:
Location:

Tokachi-Oki, Japan (1968)(E16)
Hachinohe P-4

No Liquefaction

Site Condition (23):

"The loose sands down to a depth of 5 to 6 m. had been
compacted by means of vibroflotation."

I;
16·- :
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Fig. 6. Grain-Size Distribution of Loose Sands in the Site
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No Liquefaction

Earthquake:
Location:

Tokachi-Oki, Japan (1968)(E16)
Hachinohe P-S

Site Condition (23):

IlLocated in the wood at the central part of the site
where fairly dense sand had not been disturbed by ex­
cavation or backfilling."

"There occurred no liquefaction during the earthquake."
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Liquefaction

Earthquake:
Location:

Tokachi-Oki, Japan (l968)(El6)
Hachinohe P-6

Site Condition (23):

"Flat sandy beach fronting on Pacific Ocean, Sands al­
most entirely down to a depth of more than 20 m. Top
5 m. had once been excavated and backfilled with waste
sand-this was done allover the site."

"At this location the ground was apparently liquefied.
N values of the SPT which had been extremely small be­
fore the quake increased to considerable values--indi~

eating that the loose sands were liquefied, consolida­
ted and as a result were compacted by the earthquake
motion."
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Liquefaction

Earthquake:
Location;

Tokachi~Oki, Japan (1968) (E16)
Hachinohe Plant

Site Condition (46) ;

"Building site located on backfilled sand .... prior to
construction, loose sand was densified by vibroflotation­
pile supported. n

"Unimproved backfilled area underwent complete liquefac­
tion causing many structures to tilt, settle or float up."
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No: Liquefaction

Ea'rthquake:
Location:

Tokachi.. Oki 1 Japan (1968} (E16)
HachinoheAccelerometer

S'ite:Conditiou' (46') :

"300 meters from shoreline and mounte.d an a hollow con.­
crete block on 4- timber piles 4. m, long, n

J
All dimensionst ~ in em.,,"I Wooden I

11, plies j

"
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Fig. 5. Foundation and soil profile for the
accelerometer at Hachinohe (Ref. 6)
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Earthquake:
Location;

Tokach;i,-Oki., Japan (1968) (E16)
Nanaehama Beach Hakodate

Liquefaction

Cjll 0.1 1,0 100

GRAIN SIZE OF SOlls(mm)

SiteConditiort (46);

"Level sandy ground .. beach ~aces Hakodate Bay and the
liquefaction of the soil occurred at the place where re­
clamation \Vas made by hydraulic fills ~3 years before
quake ."

"The water and the soils began to spout out from the
ground surface soon after the beginning of the Earthquake
and continued for about 1 hour. The reclaimed area was
liquefied completely from the ground surface to some depth,
soils were so soft that people had trouble walking up to
week after quake. There were many sand volcanoes."

STANDARD PENETRATION TEST RESULTS
( Nl!i-ABER OF BLOWS)

00 10 20 30 40 50

jQff :G~f,~om :~O,;ol
5' ._- ...... BORING NO.1-

~ "- (MAY 3-7)
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Earthquake:
Location:

Saitama, Japan (1968) (E17)
Site. 101-2 (33)

GEO LOG JCA L FORMAT 10 tl

No Liquefaction

DEPTH GEOLOGICA L NAME N VALUE

10 20 30 1.0
( EXCA VA. TID 1'4)
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. 5.0 .........-... -.~ .. -.... -.........-..... _...-

i

~L\' j "1\
I
I

-10.0 F1NE SAND I

~I LOAM ~AND
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i t>i-SILT SAND
I

- 25.0 I
I !

FINE SAND

~ I I
I

I SILT SAND

l}I <;AN-O rT l>.Y

! FINE SAND

_ 30.0 L-SANO CLAY I
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SAND C.LAY i I

I I

iI

GLAVn i
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Earthquake:
Location:

Saitama, Japan (1968)(E17)
Site 105-2 (33)

No Liquefaction

GEOLOGICA L FORi'1ATION

DEPTH GEOLOG1CAL NAME N VALUE

10 20 3 a 40

RECLAli'1ED I
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- 5.0
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!
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I !
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r- I
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No Liquefaction

Earthquake:
Location:

Saitama, Japan (1968) (E17)
Site ·119, (33)

1
1

I/AlUE

30 4 0

1'4GEOlOICAl NAME
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Earthquake:Saitama, Japan (1968)(E17)
Location: Site 121 (33)

GEOLOGICAL FORMATION

No Liquefaction

DEPTH GEOLOGICAL ~~AME N VALUE

~i= -s IM.f" ROffi/(j f-.
10 20 30 '0

CLAY!:: Y LOAM

SILT CLAY ;\
- 5.0

FINE SAN 0 ,/ I

- 10.0

I

ISILT CLAY
I
I

-15·0 I

I
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\ I

I

i S I L T

-2SnL~~~
~

i
t
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I

\
. ~ANC I(~

- 35.0 \ lI SA ND

I

NI GRAVEL MIXTURE I
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Earthquake:
Location:

No Liquefaction

Saitama, Japan (1968) (E17)
Site 130 (33)

GEOLOGICAL FORMATr()N

DEPTH GEOLOGICAL NAME N VALUE

-5.0 l
j

SAN D 7!.. l ' I
FINE SAND l., ,- --I!---l I

~ F 1 Nt S A NO ! I !~~ !
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- 20.0 ~-------.r---f--r---r---+-f~
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No' Liquefaction

Earthquake:
Location:

Saitama, Japan (1968)(E17)
Site 602 (33)

GEOLOGICAL FORMATION

DEPTH GE-cn.OGICAl. NAME I N VA LUE

30 '-020

I

1\
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Liquefaction

~arthquakc: Miyn~ikcn-Oki, Japan (1978)(~21)
Location: Arahama, (Site a)(47)
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No Liquefaction

Earthquake: Miyagiken-Oki, Japan (1978)(E21)
Location: Yuriage, (Site c)(47)

SPT N -VALUE

o 20 40

Site· @

100
.-0:

w ... 80
~x
b.£! 60
... l&J
z~

40w
u)-
G: m 20wa.

0
0.4 I 20.1

GRAIN SIZE (mm)

102


