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PREDICTION OF LIQUEFACTION OCCURRENCE OF
SANDY DEPOSITS DURING EARTHQUAKES
BY A STATISTICAL METHOD

By Kiichi Tanmioro* and Tsutomu Nopa**

1. INTRODUCTION

It is very important to predict the occurrence
of liquefaction of saturated sandy deposits during
an earthquake. Many researches have been made
on liquefaction phenomena and the method of
predicting the occurrence of liguefaction. As
the resuilts, proposed were the four types of
methods of using past experiences, standard
blasting, ground response analyses and laboratory
test procedures, and design acceleration level of
ground surface and laboratory test procedures.
Most of these methods are based on the mecha-
nism of liquefying process. On the other hand,
the method presented in this paper is derived
from a statistical treatment of only basic data of
earthquake and soil conditions, although the data
available are limited at present. In this method
the liquefaction potential, defined as a function
of some basic factors, expresses a measure of
susceptibility to liquefaction and makes it possible
to predict easily liquefaction occurrence at any
site for given soil conditions and assumed earth-
quake data. The merit of this method is neither
to request any assumptions in analyses nor to
include any errors which may be caused in labo-
ratory tests. Furthermore, this method is very
simple and considerably good in discrimination
between two categories of liguefaction and no
liquefaction, and is applicable to this branches
of problems.

2. BRIEF REVIEW

For discussing whether soil deposits under in-
vestigation will liquefy during an assumed earth-
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quake, it is desirable to establish a criterion
which can exactly predict the occurrence of lique-
faction. The predictive methods proposed for
recent years are as follows:

(1) The method of using past experiences

The effect of soil gradation, relative density
and effective overburden pressure on liquefaction
potential was studied based on the past experi-
ences of liquefaction occurrence. A criterion
chart for liquefaction potential was given by
Fig. 1,1:2»® which is simple and convenient for
practical use. However, because of no explicit
description of ground motion, it may be difficuilt
to predict liquefaction occurrence during any
particular earthquake.
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Fig. 1 Liquefaction criterion chart.

(2) The method of using standard blasting tests

Florin and Ivanov® proposed a method which
provided a measure of resistance to liquefaction
from the measurement of settlements of a test
soil deposit due to repeated blasting. Though
this is very practical, it may not be easy to cor-
relate the amplitude of the ground motion due
to blasting with that of earthquake motion likely
to be developed at the site,
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(3) The method of using response analyses and
laboratory test procedures

In this method proposed by Seed et al.,® the
prediction of liquefaction occurrence is done by
comparing the shear stresses induced within the
deposits during an assumed earthquake with the
shear stresses to cause liquefaction.

The response analyses are carried out to esti-
mate the shear stresses induced in soil element
by assuming shear wave propagating upwards
from bedrock, the motion of which is determined
by earthquake magnitude and epicentral distance.
By means of loboratory soil tests conducted under
various confining pressures, the stresses which
have to be developed to cause liquefaction in the
same number of stress cycles as that in response
analyses are determined. Cyclic loading triaxial
tests or, in direct means, cyclic loading simple
shear tests®»? are used for this purpose. Then,
by comparing the stresses induced during an
earthquake with those to cause liquefaction, the
depth where liquefaction occurs may be detex-
mined.

The method supplies a means for considering
the effects of ground motion during an earth-
quake, the in-situ soil conditions, the variation
of overburden pressure with depth and the level
of water table.

Although it is reported that this reasonable
method was successful in the analyses of the
Niigata® and the Santa Barbara®» earthquakes, a
few problems remain unsolved in some assump-
tions involved in the response analyses and the
similarity of soil samples to field soils.

(4) The method of using design acceleration
level of ground surface and laboratory test
procedures

Earthquake resistant design of structures is
often carried out by assuming acceleration level
of ground surface during an earthquake. There-
fore it is desirable for consistent design to evalu-
ate liquefaction potential using the acceleration
level of ground surface.

Seed and Idriss® investigated liquefaction oc-
currence and maximum acceleration of ground
surface in many past earthquakes, and proposed
a method of using design acceleration level of
ground surface and laboratory test procedures,
described in some detail later in 7, to estimate
critical penetration value which might be likely
to occur liquefaction at the design acceleration
level,

3. LIQUEFACTION POTENTIAL

The present study is concerned with statistical
approaches to predict whether any site under
investigation is likely to liquefy during an as-
sumed earthquake. Such approaches may be car-
ried out by statistically treating known data of
soil and earthquake conditions in past experi-
ences. To conduct discrimination among some
categories, it may be possible to use statistical
analyses, for example, quantification theory,
linear discriminant function!® and so on. In this
paper, the linear discriminant function is em-
ployed because of its simplicity and applicability
to such problems.

The predictive procedure with the linear dis-
criminant function was first introduced in the
previous paper'?) and let it be reviewed in detail
here. The comparison of shear stresses induced
during an earthquake and those required to cause
liquefaction will determine whether liquefaction
occurs at any depth within soil deposit. There-
fore the factors treated in the statistical method
should be related to two stresses in the above.

Liquefaction potential described herein is con-
sidered as a measure of susceptibility to lique-
faction. It is assumed that the liquefaction poten-
tial Z is a linear function of factors z; (i=1,2, .-,
k) which are closely related to the conditions of
liquefying soil deposits, for example, relative
density, earthquake magnitude, epicentral dis-
tance, as is explained in detail later.

Thus, the expression:

Z=l1$1—|—lz$2+ raw —]—lkxk .................. ( 1)

is assumed, where I; (i=1,2, ---, k) are coeffi-
cients to be properly determined.

A policy of determining [; is that the function
Z should be a good indication of susceptibility
to liquefaction based on past experiences. The
function Z consists of Z and Z®; ZW is for
the group of liquefaction and Z® is for the
group of no liquefaction. For good discrimina-
tion of two groups from each other, it may be
necessitated that (i) the mean values of Z® and
Z® are separated from each other as far as
possible and (ii) the variance of Z in each group
is as small as possible.

The above conditions are satisfied if a function:

G (ZD=ZSP ! (2)

n

}-_1 f(Zj(PJ—Z—W))Z
p=1 j=1

takes its maximum, where
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Z—CP) 4
ZJ(PJ K

mean value of Z® (p=1, 2),
value of Z for j-th case belonging to
group p (p=1,2),
np : number of cases belonging to group p
(p=1,2).
From eq. (1),
Z-(1>—Z~<”=(l15c§‘)+125§1)+ cor 4 LED)

= (LEP FLED 4 o0 +1EP)

=1(F(0 — )+ (B0 — BD)

+ e AREP=FP), en(3)
where #{#> is the mean value of i-th factor for
all cases belonging to the group p (p=1,2).

In the same manner,
Z}PJ—Z’(P>=11(x§§’>—5§P>)+lz(w§;’>—a‘cgp>)

4 e +lk($§£)—5§f)), (4)
where x{?> is the value of i-th factor for j-th
case belonging to the group p (p=1, 2).

The numerator of eq. (2), the square of so-

called Mahalanobis’ generalized distance, is trans-
formed into the expression:

(Zw-Zwp={ ¥ h(@P-a)]
ne=]

k 2 kK k
={ £ ool & £ lnbaod,
n=l m=1 n==l
.............................. (5)
where
dn=2P—%2 (n=1,2, -+, k). - (6)

Also, the denominator of eq. (2) can be re-
written as

2 "p -
= (Zj(p)_Z(:o))z
p=1j=1
2 Tp _ -
= %, X {afP—a») (o —3)
p=1j=
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where

2 p
Smn= 5 T (858~ BPNaP—75) . +(8)
p=1 f=

Substitution of egs. (5) and (7) into eq. (2) leads
to

k
Z Z lml'ndmdn
=1 M=l A
G=""‘,TT“-“—='?§—" """""" (9)
L X InluSmn
m=1 n=1

where A and B denote the numerator and the
denominator of the middle term of eq. (9), respec-
tively, and it is assumed that B is not zero.

To determine /; which make the function G
maximum, the partial derivatives of G with re-
spect to [; are put zero, i.e.,

pOA _ 4 9B
G _.___,‘?‘l_i_*____gz’i__..o (i=1, 2 k)
811; - 32 - = 4 y v
.............................. 10
or
0B 1 0A .
=G o (6=1,2, 0c0, k). oener 11)
It is easy to derive the relations:
0B

x

———=2(LSu+LSi+ o +lSin)=2 T InSin
al; n=1

(i:l, L ARERN k) s

k
'a“zi‘=2(lld1+lzdz+ e +lkdk)d1,=2di Z l'lbdn
ali n=1
(t—‘l) 2: * ’ k) .
.............................. (11)

Hence, eq. (11) becomes
x
LSu+LSk+ s+ lSi= Zl 1nSin
n=

(i=1,2,---, k),

where

1 1 %
e=—glhditldyt- - +lkdk)=—G-n§1 Indn

Since eq. (13) gives a set of solutions /; for any
value of ¢, the following simultaneous equations
for ¢=1 are adopted for the determination of /;.

S11ll+slzlz+ voe +Siplp=d, ,
Soli+Seals+ ¢+ +Sulp=d ,

Suids+Sugle 4+ + « » +Swds=dp .

4. COMPUTATION OF LIQUEFACTION
POTENTIAL-PROCEDURE 1

The most important point in calculating ligue-
faction potential may be in the selection of basic
factors x; and the input values for them. The
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basic factors, in the first trial, are employed as
follows:
2. position of water table below ground sur-
face (m),

x2: depth under study below ground surface

(m),

xs: penetration value at the depth under study,
and

xs: maximum acceleration of ground surface
(=)

and the input values are taken from the basic

data in Table 1, summarized by Seed and Idriss.?>

The solutions I; (i=1, 2, 3,4) of eq. (15) give

the expression of liquefaction potential:
Z=2--0.282:—1.092:4+0.3724 .

The vulues of Z calculated by eq. (16) for the
35 cases in Table 1 are plotted in Fig. 2, in which
the open circles and the solid circles show the
cases of liquefaction and no liquefaction in past
experiences, respectively.

T T ™
Liquefaction

No Liquefaction .

Zo=-9.7
Fig. 2 Results of the computation—Procedure 1.

The curves fi and f; in Fig. 2 are drawn by
normal curve approximation of the plots for lique-
faction and no liquefaction, respectively.

For the prediction of liquefaction occurrence,
it is assumed that a case with any value of Z
liquefies if Z is larger than Z,, a critical lique-
faction potential to be determined in the follow-
ing, and does not liquefy if Z is smaller than Z,.
Then, the ratio of successful discrimination P,
defined as the ratio of the number of cases pre-
dicted correctly to. the number of all cases, is
given by

A(Z)az
(P,-)uq. = _OOZO—,..._ ..................... (17)
S _A2yaz
for the group of liquefaction, and
Zy
S f(Z)dz
(Pr)no liq.=—_°°-—’*“ eeeunrresbaninioan (18)

\" @z

for the group of no liquefaction.

If the value of Z, is taken so as to give an
equal ratio of successful discrimination to each
group, i.e.,

(Prig, =(Prno liq. » wreerreseremromereresenns (19)

then Zy=—9.17 is obtained for the data in Fig. 2.
The ratio of successful discrimination with this
value of Z, is calculated as Pr=78.5%.

The results of the computation in the above
are somewhat unsatisfactory for a predictive
method, probably because the factors x: (i=1, 2,
3, 4) have different dimensions and variances from
one another.

5. COMPUTATION OF LIQUEFACTION
POTENTIAL WITH MODIFIED
FACTORS—PROCEDURE 2

To improve the computation, a new set of vari-
ables y; (i=1,2, -+, k) instead of x: (/=1,2, -,
k) are introduced to define a function:

L=l'ys+ Lyt oo+ e .

The variables y; are assumed to have its j-th
component given by the relation:

Zij— %4

Y=

where g j-th value of y; (¢6=1,2, -+, k)
zij:  j-th value of z; (¢=1,2, ---, k),
Z; : mean value of x; (:=1,2, --+, k) and
s; : standard deviation of »; (!=1, 2, ---,
ng
k) or si= Zl(xij—fii)z/(ni—l)y
]:‘—
where #; is number of cases.

The determination of the coefficients [,/ (=1,
2, «+-, k) can be conducted by the same procedure
as that of I; (i=1,2, -+, k).

(1) The expression with four factors

Four factors y; (i=1, 2, 3, 4) are taken from x;
(¢=1, 2, 3, 4) which are employed in the preceding
section 4. The results give the expression:

Table 2 Summary of factors.

Factors Ty Si

Position of water table below
o ground surface (m) 1.84 | 1.42

Depth under study below ground
T2 surface (m) 5.50 1.61

Penetration value at the depth
T3 under study 9.40 7.11

Maximum acceleration of ground
T4 surface (g 0.20 0.08

for the data
in Table 1
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L=y +4.05y,—31.93y;4-22.14y4 -------+(22)

and the mean values and standard deviations of
x; (i=1, 2, 3, 4) are shown in Table 2.

The values of L calculated from eq. (22) are
plotted in Fig. 3, from which Li=-2.36 and
Pr=80.5%.

L
=50 =10 =50 ] 0 100
Liquefaction
No Liquefactian
Lo=~2.36

Fig. 3 Results of the computation—the expres-
sion with four factors of Procedure 2.

(2) The expression with six factors

In the next trial, six factors y: (/=1,2, .-+, 6)
are taken from x; (i=1,2, -++, 6) listed in Table
3. The results are as follows:

L=y, —1.15y5-0.14ys—1.30y,
~4.39y5+5.37ys ,
Ly=-—-246, Pr=83.4%,
and the discrimination chart is given by Fig. 4.

cee(23)

Table 3 Summary of factors.

Factors Ty st
EN Magnitude of earthquake 7.57 0.81
Ty | Epicentral distance (km) 71.00 | 65.99
sq | Poglion of water gaple below | 151 | 12
z, D:E?gaggdé;)study below ground 5.50 1.61
zs Pinneé;?tisﬁﬁ \;alue at the depth 9.40 7.11
zg | Duration of ground motion (sec) 63.20 | 53.53

for the data
in Table 1

L
6148 -6 -4 -2 0 2 4 6 8 10 12 14
Liquefaction

No Liquefaction

Lo=~2.46

Fig. 4 Results of the computation—the expres-
sion with six factors of Procedure 2.

From the computation of Procedures 1 and 2
in the above, some expressions of liquefaction
potential and the ratios of successful discrimina-
tion by them have been presented. It is noted
from these results that the ratio of successful
discrimination is considered to depend on a com-

bination of factors employed and eq. (23) with
six modified factors gives the best ratio of suc-

The method of using

respons L\nlll}'SCS

and laboratory. test
Position ol procedures

% water table ‘J»
g Depth under

4 study

The case
with six factors

Il Eective
stress

Relative
densigy

gaPenctration |y__
value

Calcula-
tion of L

by cq. (23 BRI
s IoIiT
' X sfagnitude Ir Number of L
= SETONS
i cveles
Jlipicentral -
2 distance L ot aen
motion
@ x.Duration of
¢ shaking e
Response faboratory]
analyses tests
Average Shesr
equivalent [| stress
stress causing
liquefaction

The case
with four factors

The method of using
response analyses
and lahoratory test
procedures

Bffective
stress —

Depth under
2% study

@ x.= Penctration Relutive
3" value density

X,

Calcula-
tion of L
by eq. (22

Magnitude ]_§ Number o
stress
flax inum cycles
x, dcceleration |
4" of ground
surface Laboratory
tests
Average Shear stress
cquivalent) [causing
shear liquefaction
stress
Taw e

P

(b)
Fig. 5 Comparison of flow charts;
case with six factors and 2.(3),
the case with four factors and 2.(4).

(a) the
(b)
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cessful discrimination, as far as the basic data =
. . . =
given in Table 1 and the computations conductedd Z - v v o
- <
herein are concerned. % S 282222 S8
The comparison of the flow charts of the pre- 5
sent method with those of the methods (3) and
(4) in 2 is shown in Fig. 5 (a) and (b), respec- 5 w
tively. E5¥| R R R R R 8 'R R 8§
|- IS -Ad
[m] [
6. APPLICATION TO OTHER CASES T ¢
303
. 2y e U“ v - Ll
(1) The applicability of eqs. (22) and (23) to BEfp BB 238 2883
. . R -
other data in past experiences E0g
. . . - . = ®
Fig. 6 is the discrimination chart for the data A
in Table 4, summarized by Whitman!?, It is Su.:‘,’:
seen from this figure that the ratios of successful 8e53 2 @ =~ 9 @ n © o
P i 58
discrimination calculated by the number of indi- g%’,:g i
. U >
vidual cases are 66.6% (6/9) by eq. (22) and 88.9 &~
% (8/9) by eq. (23). This result also proves that Z
i =
eq. (23) is better one. S2e ]l o e 0w o w b e e
%5 E ~ W B L S o o o
(1)The case with four factors of Procedure 2 = QE
L
420 -0 80 _~60 " =40 20 O g z
Liquefaction = «..%
Cranemtcm = °E @
No Liquefaction =z e B B T T A i B B
™ . - = Ay 5 L T R e
_ Lo*-2.36 s | A%
(2)The case with six factors of Procedure 2 = =
20 s sO s 0 5 - 3
Liguefaction @ @ 3
0-0 e > g; - - - B oL
No Liguefaction = S 8§ o 8 ® [ 98 =
. £l 7 |235::2% % ==
: Lo=-2.46 g @ E Rk RO ERMMER &
Fig. 6 The discrimination chart of the data A
in Table 4. - Eg .
. 1] f=R ol o o o T~
L) gs g " oA v w v oo B
(1) The case with four factors of Procedure 2 = .E.Q %
[} hel
220-100-80:60:40-20 O 20 40 60 81 100 120 = L5
Liguefactio g
fuelaeran e é < < D 1 1B M W0 W @
No Liguefaction g © & S L S
I
Lo=-236 =
Fig. 7 The discrimination chart of the data 02 a
in Table 5. 2 = 8 8
- o 8§ 2 § ®
' 2 s 53 323 FE 2 2 4
Table 5 is the data summarized by Christian @ § ;E' g % % ‘f E ,E K
. =] R=R—— =]
and Swiger'®. Although the data are short of % G- B I R
some factors, only eq. (22) is available to the CReFAZzmEEX “
. . . . . . . . =]
application. The dxs.crlmmanon chart is given % g § § z § § § § 2 i
by Fig. 7, from which the ratio of successful a I T R g
. . . . . L
discrimination is 75% (3/4). E
(3] - - " o
= M -
(2) The applicability of eq. (22) to the evalu- 5 2223
. ips . s 8§ 8 =
ation of critical penetration value = o o §b ‘50 50 % S g ¥ g
) = = B o 3 § =% A =
The liquefaction potential evaluation charts for « 5§52 2%z €& |0
sands were proposed by Seed et al.® as shown “
in Fig. 8. The parameters used there are depth 08 g
o g’g e T R T B =R S - =3
below ground surface, position of ground water 3E& Z
table, maximum acceleration level of ground sur- =
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Liquefaction
No
Yes
No

of
shaking
(sec)

surface
@
.25
0.25
6.35
0.25

Max. ground { Duration
acceleration

Penetration
value at
epth under
study
35)
(35)
(@)

Depth

(m)®
9.0
22.5
16.5
6.0

3.9

water table { under study d
(m)?
3.0
16.5
3.5

Depth of

Nos. 1, 2 and 3 from G. Castro and 4 from Swiger.

Soil type

Epicentral
distance
km)2

Table 5 Summary of data (Christian and Swiger)

Magnitude

Site
Huachipano
Huachipano
Jensen Plant
Kern Station
( ) Estimated from relative density,

Date
1960
1960
1971
1952

Changed to meter unit,

Earthquake
Chile

Chile

San Francisco
Kern County

a

Case
number
1
2
Note:

face and critical penetration value. This corre-
sponds to eq. (22) with four factors.

Penetration value Penetration value
OO i0 20 30 40 S0 OO IO 20 30 40 50
[ - —— ¥
E o S Ve » S
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L [ kel
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Fig. 8 Liquefaction potential evaluation charts.

Two solid lines calculated from eq. (22) are
drawn in Fig. 8. The Lo, line shows the critical
condition and the 99% line is the line of no lique-
faction with probability of 99% which are calcu-
lated from the data in Table 1. The shaded
zones by Seed et al.® are generally a little wider
than the zones between the L, and 99% lines.
The ratio of successful discrimination in the
statistical method can be selected in accordance
with the importance of projects planed at any
site under investigation.

7. EXAMPLE OF EVALUATION OF
LIQUEFACTION POTENTIAL

Let us discuss whether a sandy deposit shown
in Fig. 9 will liquefy or not during an earthquake
of 0.2g, using a customarily used method and
eq. (22).

(1) Evaluation of liquefaction potential by a
customarily used method

To discuss the liquefaction potential of the
given deposit, we use the method (2.(4)) of using
design acceleration level and laborotory test pro-
cedures. This analysis is carried out in the fol-
lowing steps.

i) Determination of shear stresses developed in
soil deposit during an earthquake



Prediction of Liquefaction QOccurvence of Sandy Deposits During Earthquakes by a Statistical Method 81

Soil Penefration value
Q 10 20

ik

T

g
~Sf {
E Fo.

e [ Isat R\
B =19

(.4

a

Lt/
1o+ .

Fig. 9 Example soil profile.
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Fig. 10 Range of value C4 for different soil
profiles (Seed and Idriss).

The maximum shear stress Tmsx in soil ele-
ment at a depth below ground surface is given

by the equation Tmax:Igi'a”Cd, where « is

maximum acceleration of ground surface, g ac-
celeration by gravity, 7y unit weight of soil, Cq
stress reduction coefficient. The values of C; for
a wide variety of earthquake motions and soil
condition are given in Fig. 10. Since the actual
time-history of shear stress during an earthquake
has an irregular form, the average equivalent
uniform shear stress 74y is proposed to be about
65% of the maximum stress Tmax, i.€.,

Tav=0.65 rmaxzo.as-%z-a.cd RS (24)

ii) Determination of cyclic shear stresses causing
liquefaction
If shear stress and initial effective overburden
pressure on a horizontal plane of a soil element
are denoted by 7; and o/, respectively, the stress
ratio 7;/0»’ causing liquefaction is obtained from
corresponding triaxial test results, as follows:

T (Ga\ De o
oy’ —< 200 )50. 50 "G 25)
where ga4p is the cyclic deviator stress and oo is
the initial ambient pressure under which the
sample was consolidated in the triaxial test. D,
is relative density in percentage and C, is the
correction factor shown in Fig. 11.

/
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.

062640 60 80 10
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Fig. 11 Relationship between relative density
and the correction factor (Seed and
Idriss).

iii) Prediction of liquefaction occurrence

After the calculation of 74y and 7; by egs. (24)
and (25), it is predicted that the soil deposit
liquefies at depth where the condition Tg>7: is
satisfied.

In solving the example problem, we use rela-
tive density-penetration value correlation in Fig.
12, proposed by Gibbs and Holtz!¥. The term
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Fig. 12 Relationship between penetration

value, relative density and effective
overburden pressure (Gibbs and
Holtz).
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20y
number of cycles to cause liquefaction. If the
grain size of 50¢% passing is 0.4mm and the
number of cycles is 20 are assumed in this prob-

o
( 4p )o depends on grain size of soil and the
5

v, . . .
1em,< dp/> =0.23 is obtained from previous
200 /so

data®,1%,

The results of the calculation is shown in Fig.
18. It is noted from this figure that liquefaction
may occur at the depth between 4.2m and 10.5
m below the ground surface.

Sot) Penetration vaiue
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Fig. 13 Results of liquefaction potential e-
valuation by the method 2.(4).

{(2) Evaluation of liquefaction potential by eg.
(22)

For this example, eq. (22) with four factors
can be used. The results are shown as the L,
and the 99% lines in Fig. 14. The L, line shows
the critical condition with which 80.5% of the
cases in Table 1 can be discriminated successfully.
It is noted from the L, line that liquefaction
may occur at the depth between 4.0m and 9.5m
below the ground surface which is a similar re-

Soil Penetration value

O_,_O - 10 . 20

Y
-

!

i

O-O Penetration value
~— Critical penetration vaiue

Depth (m})

Fig. 14 Results of liquefaction potential e-
valuation by eq. (22).

sult to that in the above (1). The 99% line shows
the boundary by which no liquefaction is predicted
with the probability of 99%, as far as the basic
data are concerned.

8. CONCLUSIONS

A statistical analysis of known data for earth-
quakes during which liquefaction had occurred
was carried out to establish a predictive method
for the occurrence of liquefaction of sandy de-
posit. Liquefaction potential was defined herein
as a function of some factors related closely to
liquefaction process, and some combinations of
such factors were employed to find the best one.

As the results, it is made clear that eq. (23)
with six modified factors can well discriminate
the two groups of liquefaction and no liquefac-
tion in past experiences. Because of simplicity
and convenience in calculation, eq. (23) can be
used for a predictive method. Though less suc-
cessful in discrimination, eq. (22) with four modi-
fied factors is also practical and more convenient
to discuss the susceptibility to liquefaction if a
design acceleration level of ground surface is,
given.

However, the methods introduced in this paper
may have such problems as in the following.
The expression of liquefaction potential varies
with the combination of basic factors and input
data for them. Accordingly, egs. (22) and (23)
naturally change, if another combination of basic
factors is employed or some other data are added
to the basic data in Table 1. As for the basic
factors, the method of linear discriminant func-
tion easily allows the inclusion of the other fac-
tors, such as gradation and relative density of
soils, provided that the sufficient data are avail-
able. Since egs. (22) and (23) lack the term of
gradation, they should be applied to sandy soils
only, as seen in the basic data.

There may be another problem as to whether
or not the basic data are suitable for statistical
analysis. The data are not random samplings
from possible cases existing in nature. It is very
important to accumulate more informations to
add to the present limited data. In this stand-
point, the method in this paper is a temporary
one.

It is considered that a shortcoming of statistical
method is in its independency of the mechanism
of liquefying process. However, the method using
only basic and objective factors is, first of all,
simple and practical, and also makes it possible
to avoid theoretical assumptions and experimental
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errors which may exist in the study of the mecha-
nism.
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