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mong the causes of earthquake-induced ground failure is liquefaction of
rated cohesionless materials. Many failures of bridge piers, embankments,
rwalls, buildings, and slopes during past earthquakes have been attributed
m:tinn of foundation soils (9,15,17). Laboratory tests have led to a
ral understanding of the phenomenon: back-and-forth shearing causes excess
ssures that in turn cause a decrease in shearing resistance. The likelihood
action increases with increasing intensity and number of cycles of
d-forth shearing (16).

5 paper describes a procedure for estimating the overall probability of
ad failure at a site by liquefaction, taking into account both the probability
| earthquake occurring and the probability of that earthquake causing ground
¢ by liquefaction. For a given earthquake, the probability of liquefaction
e expressed very simply as
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he earthquake E occurs; and P [E] is the probability that the earthquake
8. The total overall probability of liguefaction at the site is obtained
g over all possible earthquakes:

le.— Discussion open until December 1, 1978, To extend the closing date one month,
request must be filed with the Editor of Technical Publications, ASCE. This
part of the copyrighted Journal of the Geotechnical Engineering Division,
g5 of the American Society of Civil Engineers, Vol. 104, No. GT7, July, 1978,
pt was submitted for review for possible publication on August 2, 1977,

ed at October 17-21, 1977, ASCE Annual Convention Exposition and Continuing
Program, held at San Francisco, Calif, (Preprint 2913),

8l. Prof. of Civ. Engrg., Northeastern Univ., Boston, Mass,

of. of Civ. Engrg., Massachusetts Inst. of Tech., Cambridge, Mass.

j a1



822 JULY 1878

PRI =S PIFUBIPIE] . vvevn e nnmnen e
E

The evaluation of P[E] falls into the professional discipline of smmolctgly,

while the evaluation of P [F, |E]—often referred to as a conditional probability

of liquefaction—involves geotechnical engineering. i
Tl'.lfate are a number of ways in which the earthquake may be charlam:nzed.

One common way is to describe the intensity of shaking atllh: site by the

peak acceleration A and duration D. Thus Eq. 2 would be rewritten as

PIF] =Y, PIFIA DT BIAPY oy saaininis « o0 0 = oiaieas v
A.D

is the conditional probability of liquefaction given F!'_iai
by A and D occurs; and P[4, D] is the Prcl_:ahn]uy
that the motion occurs. The summation is over aJllpoasihle ::umbmalmns of
A and D. P[A,D] might be evaluated by s:ismic_r}sk anaiya[s .“‘ﬁ} although
no procedure now exists for evaluating the probability of the ]'.Jm‘ cnc:un'@cc
of A and D. Eq. 3 may be expanded so as to evaluate P[4, D] in two steps:

in which P[F, |4,D]
a ground motion characterized

P[F.] =3 PIF.|4,D] P[A,DIM,R] P[M,R]

is an attenuation law giving the probability of =xp¢riﬂ;cmg
site given that an earthquake with magnitude
R to the site; and P [M, R] is the probability
the summation is over all possible
omits the intermediate

in which P [4,D|M, R]
a ground motion with 4 and D at the
M occurs with hypocentral distance
that an earthquake with M and R occurs. Now
combinations of M and R. An alternative procedure
step of the attenuation law:

P(F,) =3 PIF.|M.R] P[M.R]

in which P[F,|M,R] is the conditional pmbabi_.lil.y of liquefaction, g,iv:n an
earthquake with magnitude M at hypocentral distance R_I‘mm the suel._Thtl
uncertainty in the attenuation law now is incorporated into l'llle mnd:.tmnad
probability. Studies using Eqs. 3 or 4, where the earthquake is reprcs:ntc&
by the intensity of shaking at the site, will hereafter be n:l_‘crrr.d to as A e
D approaches. Studies using Eqg. 3, where the earthquake is represented by
the magnitude and hypocentral distance, will be callled M & R approaches. J
Relation to Conventional Practice.—In usual prnctm:.t,& and D are fixed, an
a site is investigated—and corrective aclicfl is takeln _|f necessary—to ensure
that P[F |4, D] is sufficiently small. Typu:_all;«.r tI}us is Hi:':hll:\fﬂli by adopl;lnE
a safety factor upon the resistance of the soil to !1qu:facl:on. Much work .3;1
gone into the development of theoretical and empirical p:IBI’.‘thl‘ES ?‘or evaluatio ;
of liguefaction potential at a site {4‘12‘]3‘].'3’2{?1' T‘msf mnvcm_mna.l p‘rmmd
is convenient from an administrative viewpoint: it permits the sglsmnloglsl ami:I
the geotechnical engineer to develop separale standards of practice for the wt
aspects of the problem. From the standpoint of balancing safety _and tl’.‘(}_lnﬂmffé
however, the separation is unfortunate. Frequently, both the 5:|f._rnuiug|51 an
the geotechnical engineer are conservative in their separate parts, with a resulting
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overall conservatism that is excessive. Sometimes P [4,D] and P [F,|4,D]
- are estimated for the specified 4 and D, and multiplied to give an estimate
of the overall risk—as in Eq. |. Such an estimate can, however, be very misleading
unless the risk is summed over all possible values of 4 and D—as in Eq.
3. For example, an earthquake shaking stronger than the shaking specified for
~design has a smaller probability of occurring but P[F, |4, D] will be larger,
~and their product may contribute to the overall risk.
With the present knowledge, neither P [F,|E] nor P[E] can be estimated
“accurately, and accurate estimates of the overall risk are not possible. Nonethe-
5, crude computations of risk have proved quite useful in assessing the relative
of earthquake-induced failure among various types of buildings and in
paring earthquake risks with risks from other natural disasters (21). There
‘are many potential benefits in describing the risk of ground failure by liquefaction
in this same way.

M & R Versus A & D Approaches.—The intensity of shaking at a site is
described by the magnitude and hypocentral distance of the design earthquake.
This is especially true for cases where a seismic risk analysis is performed
for the region around the site to arrive at some design earthquake intensity
at the site. In view of the fact that most current analyses for liquefaction employ
acceleration and duration, the need to estimate these design parameters from
the magnitude of the postulated earthquake for liquefaction studies becomes
ssential. The acceleration value is commonly estimated using an attenuation
and the magnitude and hypocentral distance of the chosen earthquake (8).
lhe duration of the earthquake shaking, which is usually expressed in terms
of the parameter N, referred to as the number of equivalent significant cycles,
i8 also estimated from the magnitude of the earthquake using some empirical
procedure (14).

‘It has been recognized that the use of acceleration and duration, to both
levelop an analysis for liquefaction and to study liquefaction potential employing
juch an analysis, involves uncertainties (5,22). An alternate method for study

of liquefaction potential is proposed herein, based on interpretation of field
ervations in terms of earthquake magnitude and hypocentral distance. The

nefits of choosing magnitude and distance to describe an earthquake intensity

i liquefaction studies are manifold. Use of earthquake magnitude in liquefaction

nalysis accounts for duration more directly than the empirical parameter N,

ich can only be used together with acceleration. The earthquake magnitude

hypocentral distance for a case history are more readily and accurately

Stimated than the acceleration level and its duration, expecially if the acceleration

| to be estimated using an attenuation law. Therefore, the use of magnitude

d distance creales greater opportunities for accumulating case histories. Sites

here liquefaction did occur but unfortunately no measures of the accelerations

available can be now included in the investigations. Also numerous sites

here liquefaction did not occur can now be considered in studies of case

Stories to develop a reliable criterion for soil liquefaction as it happens in

e field,
F y, & liguefaction analysis technigue that employs magnitude and distance
N be incorporated directly into a risk analysis yielding the total overall probability
liquefaction, as shown in Eq. 5, without the use of the highly uncertain
enuation law shown in Eq. 4.
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This paper presents a risk analysis forl estimating the likelihood of earthql.}f.ii;
induced ground failure by liguefaction. First, to exlraluatell’ [F. 1:’4{ rﬂl‘udmpll e
expression characterizing the resistance Clnf' a site to I1q1I1¢t‘acuon is ;vr. -:E
from observations of liquefaction and nnnhqu:fam?n dupn,g_ aqual caratl qua :e];s.
Then, using a simple procedure commonly Iused in seismic risk an lysis, me
conditional probability P[F,|M,R] is co;h'l'qm:sldl“:;th P[M,R] to estimate the

isk. An example is worked through in detail.
M:t ﬂr;l;:rabln risk :E:ualysis for liquefaction that employs the A &D aplg;n:cﬂ
previously described has also been developed. The results will be publishe

in a later paper.
M & R ApproacH TO INTERPRETATION OF Fiee Data

Having preferred to perform the liguefaction risk‘ :}m?l}rsis in terms of magmfiudn
and distance, it is necessary 1o develop a pmbab:]isulc mudnll lhatl also employs
these seismic parameters to yield the likelihood of llqulcfactmn given a c:rlacud'.
level of earthquake shaking. The model developed for this purpose and present
herein is based on the interpretation of case history data. 4 .

To interpret the field data, a parameter §_ was employed, having the form:

e™H

o (R+16)"5,
in which M is the earthquake magnitude on the Richter scale; R_is the h}fpnmrnlrlal
distance, in miles; H is the depth lo the pnmt of interest, in feet; aﬂ a'fl-:i
the vertical effective stress at this same point, In pnuml:ls per square inch. Thi
parameter is proportional to the ratio of canhg:ake—mducef_sheat slre:is l::ﬂ
vertical effective stress. Use of the gquantity e J(R + 16)° is i;ggeslel :.;
attenuation laws for ground motions (8,11). A range o!‘ values for the constan
a and b was chosen by examining proposed attenuation la_ws for awelr.ram:-:;
at bedrock, and studying theoretically the change in acceleration between bedroc
and ground surface. Several different seis of values were used to fit a m.n‘v:‘,i
such as Fig. 1, through field data. Finally it was concluded ?l'm a = 0.5 an
b = | were the most appropriate values, 50 that Eq. 6 became:

ED.iHH
" (R + 16)7, |
These parametric studies were alsoused to suggest suitable values for the vanance
in §_. 5

h i i . 7 was employed to interpret the case

The parameter S_ described in Eq :
histories reported earlier by Seed and Idriss (18), Castro (4), and a few Japanes::
sites where liquefaction was nol observed (10). The results of the study ar
presented in Fig. 1. The horizontal axis in this figure represents the SPT values
corrected for the overburden pressure using (4)

=

in which N is the number of blows per foot; and i, is the vertical effective

stress, in pounds per square inch.
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In Fig 1 the solid circles correspond to sites where liquefaction was observed
and conversely the open circles signify no liguefaction. The data in Fig. 1
appear to plot over the entire area bounded by the axes of the figure. This
should not be categorically considered as scatter. What it implies is that if
during an earthquake of a certain magnitude a sand deposit liquefied it would
have also liquefied during any other larger magnitude earthquake. To develop
a criterion for liquefaction as a function of soil density expressed in terms
of corrected blow counts N, it is necessary to define a boundary line separating,
with some confidence, the solid circles establishing a zone of probable liquefaction
from the open circles establishing a zone of no liquefaction. This problem is
commonly referred to in statistics as “‘pattern recognition.’” In short, the criterion
sought should be in the form of a plot that is defined ideally by the lowest
possible position that any solid circle would assume or the highest possible
position that any open circle would assume.

A number of techniques have been developed in statistics to study patterns
of different behaviors very similar to the problem described in the preceding
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FIG. 1.—Average Strength Parameter & _

agraph (2,5,19). However, a careful study revealed the inapplicability of
these techniques to the problemiof liquefaction versus no liquefaction, Therefore,
A rather simplified approach was developed to statistically determine the line
Separating the solid circles from the open circles of Fig. 1. The method is
lermed “‘least square of misclassified points.”” The method consists of locating
the boundary line such that the sum of the squares of the distances of the
misclassified points from the boundary line is a minimum. The misclassified
boints are the solid circles that plot below the line in the region of no liquefaction
nd the open circles that plot above the line in the region of liquefaction.

The process of establishing a criterion such as shown in Fig. 1 involves several
ources of uncertainties. An attempt was made to identify the major sources
I uncertainties, to guantify them, and finally to incorporate them into the
iance of jt. Some of the sources of uncertainties considered are: (1) Form
if the parameter 5. due to uncertainties in the values of the coefficients a
ind b; (2) location of the boundary line separating the solid circles from the
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open circles in Fig. 1 due to the simplified method used; and (3) parameters
M, R, and N’ for each case history.

Considering these sources of uncertainties, an average strength parameter,
§., defining liquefaction or no liquefaction and its variance were estimated.
Table | presents the variance of 5, for different values of N'. Fig. 1 shows
the average strength parameter 5.

In as much as most of the case histories studied herein corresponded to
soils characterized as uniformly graded, fine to medium sands and silty sands,
the plot of Fig. | and conclusions based on this plot are only valid for similar
types of soil. Also, since only a few case histories are available where liquefaction
did occur at large values of N', a caution is made about the reliability of
that portion of the plot in Fig. | where N' is greater than 30.

Conpmonal Prosasiumy of LioueracTion
For the sake of mathematical simplicity in the probabilistic analysis developed

herein, a new measure of liquefaction potential of a sand is defined, i.c.,
Liguefaction Potential Index (LPI). By definition, LPI is equal to the ratio

TABLE 1.—Variance of Strength Parameter §_

N Var [§.] k
(1) (2) (3)
10 0.025 0
20 0.025 0.01
25 0.025 0.03
30 0.025 0,06
35 0.031 0.10
40 0.031 0.14
45 0.031 0.18

of the shear siresses caused by an earthquake shaking to the resistance of
the sand to such shaking. Therefore

A (7). rihguake

LPI

(ﬂmu

Liquefaction failure of a sand deposit is expected to occur whenever the
earthquake-induced stresses are greater than the available shear strength of
the sand. Therefore:

LPI = 1.0 liquefaction expected

LPI = 1.0 ligquefaction not expected

Since the parameter §_ expressed in Eq. 7 is proportional to shear stresses
causing liquefaction, the plot of 5, shown in Fig. | is proportional to the average
shear strength of soils against liquefaction. Employing the definition of Liquefac-
tion Potential Index, the average LPI is
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R {Se }urthquk.e
LPI = _E—- T o A e e DY R B (12)

L

in which (S.)..nsquae iS given by Eq. 7 and 3, is given by the plot of Fig.
1. Substituting for the parameter o) R

Eﬂ.iHH
PI-—__(R+16 e R T T e SR LI S B (13)
Vo, 8§,
_ Eq._ I3 expresses the average computed LPI as a function of the earthquake
intensity and average soil strength parameter, §,. However, because of uncer-
tainties in the parameters that are used to compute LPI and especially uncertainty
. in the strength parameter §_, the actual LPI might be lower of higher than
the average computed LPI. Thus, accounting for these uncertainties, a statement
can be made regarding the probability of liquefaction at a site.

LIQUEFACTION POTENTIAL INDEX, LPI

B
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FIG. 2—Probability of Liquefaction with
Depth

FIG. 3. —Magnitude-Distance Relation-
ships for Water Table at Ground Surface
and for 50% Probability of Liquefaction

Liquf.!‘actinn potential of a sand deposit may therefore be described in a
probabilistic manner as the probability of having the actual LPI exceeding or
equal to 1.0;

P[F,|M,R] = P[LPI = 1.0|M, R] (14)

To compute this conditional probability of liquefaction one is required to
estimate the variance of LPI and then employ a probability density function
for LPL. The area under the probability density function for LPI = 1.0 will
yield the probability of liquefaction, Fig. 2 describes schematically the probability
of liquefaction computations for different depths assuming a lognormal distribu-
lio‘n for LPI. Benjamin and Cornell (3) describe the lognormal distribution as
being best to represent a phenomenon arising from multiplicative mechanisms
such as depicted in the expression for LPI. It is emphasized herein that the
assumption of lognormal distribution for LPI, while it may be reasonable for
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intermediate ranges of probability calculations, involves great uncertainties when
these calculations are made using the tail ends of the distribution.

Variance of LPI.—For a given earthquake intensity defined by magnitude
M and hypocentral distance R, the coefficient of variation of LPI can be
approximated by (3)

[v” [3.] Var[§,]]'"?
= - =
LM E!':. Si

The total variance of §, should include the variance of 5. from Table |
and the uncertainty in the corrected blow counts, N ‘. The total variance of
5_ can be approximated by
b R R e e R A e s el . (16)

in which Var[8,] .. is the variance of 5. given N'; and k is the slope of
the average strength curve of Fig. 1 plotted on an arithmetic scale. Values
of k for various values of N’ are presented in Table 1. Variance of the corrected
SPT value, N’ can also be approximated by

Var [N] VHF&,J}
+ ol p
NJ &1

w

Var[N'] = ﬁ"l[

To compute the conditional probability of liquefaction P [ F, | M, R], the value
of the standardized variable L' in terms of LPI is required:

m ==
e RGTT T ERE A AN S T ——— ] B, % S (18)
TiaLrr
m
o Ua——sn TR shN . L el T (19)
TinLri

in which o, and m,, . are standard deviation and the mean of In LPI,
respectively, and are

e T A T e U (20)
]
and m, =W LPI - ;uf.._p. ...................... (21)

Therefore, for a given average LPI and its coefficient of variation V.,
substituting Eqs. 20 and 21 into Egs. 18 and 19 to estimate U' and entering
standard normal tables, the conditional probability of liguefaction can be
determined.

Preumainany AnaLysis For Liauveracmion PoTeEnmAL

The strength plot of Fig. | can be employed to develop charts that might
be used to obtain preliminary estimates of the liguefaction potential at a site.
Employing the definition of average liquefaction potential index, LPI, magni-
tude-distance relationships can be developed to determine the liquefaction
potential at a site under average conditions. Referring to Eq. 13, the desired
magnitude-distance relationship can be expressed by

BRLEL L W b
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[(R+ 16]&,5,]
M=2h| ———=

Fig. 3 shows plots of earthquake magnitude versus distance to source of
energy release for a “‘typical’” site where the water table is at the ground surface.
The plots shown are only valid for an assumed total unit weight equal to 110
pef (1.75 x 10° kg/m"). For v, = 120 pef or 130 pef (1.92 x 10’ kg/m’
or 2.08 x 10° kg/m") the earthquake magnitude obtained from Fig. 3 should
be increased by 0.4 and 0.7, respectively.

The plots shown in Fig. 3 could be used for preliminary studies as follows.
As an example, consider a site where the water table is at the ground surface,
the average corrected blow counts N' = 25 and v, = 110 pef (1.75 x 10°
kg/m”). If the postulated earthquake is of a magnitude equal to 7.0 and the
hypocentral distance = 40 miles (64 km), there is greater than 50% chance
that liquefaction will occur during the postulated earthquake. However, if the
postulated earthquake is of M = 7.0 and R = 60 miles (%6 km), then there
is less than 50% chance that the site will liquefy.

Liaueracmion Risk Anavvsis

To determine the ground liquefaction potential at a site in terms of probability
of failure, an integrated risk analysis should be conducted. Such an analysis
will require, in addition to the conditional probabilities, the seismic history of
the region in which the site is located, the characteristics of the regional
earthquakes, and a probabilistic prediction about the future seismicity of the
region. The annual total overall probability of liquefaction at a site may be
obtained through such a risk analysis, involving the computation of the conditional
probability of liguefaction given an earthquake at a point and the integration
of it over all possible earthquakes and locations of foci. In mathematical form,
this integration may be expressed by

P[F.]/yr= S S P[F.|M.R,.E at i] f(M)

R T . A I MU R (23)

in which i is the location of the focus of a future earthquake; P[F, |M.R E
at i] is the conditional probability of liquefaction given that an earthquake
of magnitude M and hypocentral distance R, occurs at i; /(M) is the probability
density function of earthquake magnitude M; and P[E at i] is the annual

- probability of an earthquake occurring at i,

The probability expression of Eq. 23 is very general and valid for any type
of earthquake source. In general the double integration in Eq. 23 can be carried
out using any of the procedures employed in seismic risk analysis. In the following
section a simplified procedure will be presented for performing the double
integration in Eq. 23 assuming a *‘uniform’’ circular earthquake source area.

“Uniform" Circular Earthquake Source Area.—Fig. 4 shows a “‘uniform™
circular source area around a site. The characteristic of this source area is
that everywhere within the circle, the assumed maximum earthquake magnitude
M, the minimum earthquake magnitude M, the focal depths, d,, and the
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rate of occurrence of earthquakes are the same.

To introduce the required simplification to Eq. 23, it is assumed that the
circular source area consists of rings of infinitesimal thickness dr as shown
in Fig. 4. These rings extend to a distance r_,, away from the site beyond
which no earthquake of interest (M < M) has any significant contribution
to the probability of liguefaction at the site.

The computations for the total overall probability of liquefaction at the site
shown in Fig. 4 will be very much simplified if first the contribution to the
probability of liquefaction of a single ring, say ring { of thickness dr, is computed.
Within this ring, all potential earthquakes will have the same focal depth, 4,
and therefore, for all earthquakes, the distance from the focus to the site will
be

|-l o Sl L g o, st el h - oo st S L T (24)
Referring to Eq. 23, the total overall probability equation for the ring of

SITE

FIG. 4 —Circular “Uniform" Earthquake Source Area

radius r,, reduces to

My
PIF,]/yr= S P[F,|M,R,E at i] f(M)
ar, "
BEE ab-AldM. s v v ok o eRbEmt b s e i, (25)

The annual probability of an earthquake occurring within the circular ring
of radius r, can be estimated by

PUEE AT yORides it 1 050l o nl o be 1 SRR W e e (26)

in which A is the average annual rate of occurrence of earthquakes per unit
area of the uniform source. Also, Cornell and Vanmarcke (7) expressed the
probability density function of magnitude M by

A o KB e[ =ML )] he o i el e e isatne vadhs @n
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in which B is a magnitude-frequency parameter describing the fraction of
earthquakes exceeding a certain magnitude; and K, is normalizing factor given
by

Ro={l—cxp [-B(M, —MART 2 o5 e R e (28)

Substituting Eqs. 26 and 27 into Eq. 25:

P[F]/yt= S P[F,|M,R E at i] K, exp [-B(M — M,)]

g My
R M T o AT S Sy D TN (29)

The total overall annual probability of liquefaction is equal to the sum of
the contributions from all rings extending from r = 0 to r = r_,,. Therefore

Fmax My
PIF.]/vr= S S PI|F.|M.R,,E at i]
a sy
I Bexp [—BiW & M B R T e e e v (30)

The conditional probability in Eq. 30 is computed in terms of R,. Therefore,
it is also convenient to express Eq. 30 in terms of R, and not r,. Employing
Eq. 24, Eqg. 30 can be rewrillen as

R

mas My
I:S PIF. |M.R,.E at {]
dy My

P[F]/yr= S

K.Bexp [-B(M— M,)] dM] SR RIR i SR e s us (1)

The inner integral in Eq. 31 is the probability of liquefaction at a site per
earthquake per unit area at R miles from the site. Since the conditional probability
of liquefaction cannot be expressed in mathematically closed form, this inner
integral is best evaluated numerically:

MJ
inner integral = f(R,) = K, B z P[F, |M.R,E at i]
My

R e et oo ool ol ine i, Hoktron (32)

in which A M is a small interval of magnitude chosen for the summation. Usually,
acceplable accuracy is achieved by choosing AM = 0.1-0.2 on the Richter
scale.

The outer integral in Eq. 31 sums up the contributions of all the annular
source areas with radii varying from r = 0 (R = d ) tor = r ., (R = R_,.).
The upper limit of the integration, R_, . defines the maximum hypocentral
distance beyond which the conditional probability of liquefaction for earthquake
magnitudes ranging between M, and M, is insignificant.

Maximum Hypocentral Distance of Interest.—The criterion employed for esti-
mating R, is

REF |8 R Bt ] =000 . . L e et R (33)
Since LPIis assumed to be lognormally distributed, the value of the standardized
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variable can be evaluated from Eq. 18. For the criterion expressed in Eq. 33,
the value of I/ from normal tables is estimated to be equal to 3.09. Employing
this value of U/ and the definition of LPI and solving for R, :

exp {0.5M , +3.09 [In(¥2,, + )] *} H
i 'E'ys';fyirl"' BHR

Therefore, the value of R, , among other variables, is a function of ¥V, ,
the coefficient of variation of LPI. Fig. 5 presents plots of R _,, versus ¥V, .,
for different values of N' and for the case where the water table is at the
ground surface and the maximum credible earthquake magnitude, M, = 8.4,
From this figure, it can be seen that the denser the soil, the smaller the distance
beyond which earthquakes of magnitude equal to or less than 8.4 are of no
concern. Also for a given density, the larger the uncertainty in the soil conditions,
the largeris R,,,, . The line of minimum ¥, ,, in Fig. 5 corresponds to uncertainties
only due to the average strength parameter 5.

R

400 T T T T T

Wor a4
300 -
FLINE OF MININUM ¥, o,

WA, HYPOCENTRAL DISTARCE OF INTEREST MILES
3
L=

o il . 1 1 1
a @08 al oS @20 .25 3G
‘rLF'I . mrﬂ,‘i‘.‘j* p—_hd_y [ ‘]
o

FIG. 5—Maximum Hypocentral Distance Versus Coefficient of Variation of LPI for
Water Table at Ground Surface

Annual Probability of Liquefaction.—The following procedure is recommended
for calculating the total overall annual probability of liquefaction for a circular
““uniform’ source area around a site:

l. Establish the maximum probable earthquake magnitude, M, for the region
under study. Calculate R, using Eq. 34 and determine the region around
the site the seismicity of which is to be studied to estimate the rate of earthquake
occurrence, A, and the magnitude-frequency parameter, .

2. For various assumed probabilities of liquefaction ranging from =0% to
=100% read off the corresponding values of If from standard normal tables.

3. For each U, calculate LPI using Egs. 18 or 19.

4. For a specific R, and for each LPI, caleulated in Step 3, calculate M
by

(R, + 16)&,§_ LPI
M=2In

o
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and plot the probability of liquefaction as a fonction of M.

3. Repeat Step 4 for various values of R, ranging from dy-R .. to generate
conditional probabilities of liquefaction versus magnitude.

6. For each R,, evaluate the integral presented in Eq. 32 by discretizing
the plots generated in Step 4. Plot the values of the integral thus calculated
as a function of R,

7. To obtain the total overall annual probability of liguefaction, multiply the
plot from Step 6 by 2mwhR, and integrate numerically the resulting function
fromR, =d-R,=R,,..

The procedure described previously assumes a circular earthquake source
area extending from R = d.-R = R_,.. It is noteworthy herein that the same
procedure could be applied for any size of an annular source area provided
that the lower and upper limits of R are replaced by the adjusted (for focal
depth) inner and outer radii of the annular area, respectively. If the annular
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FIG. 6.—Subsurface Conditions at Ex- FIG. 7.—Seismic History from 1727-
ample Site 1966

source area is a fraction of a complete circle, the total probability computed
in Step 7 should be multiplied by that fraction to obtain the probability of
liquefaction corresponding to the annular source area.

Exampre

The soil profile considered herein is considered in Fig. 6, in which the silty
sand layer extending from El. —26 to El. —38 is identified as a potentially
liquefiable deposit and will therefore be the subject of this study. Inasmuch
as the sand deposit is identified by four borings encompassing a circular area
of about 30 ft (9.2 m) radius, the conclusions drawn from subsequent studies
will be strictly valid only for the sand deposit described.

The water-table elevation as observed in the boreholes, varied from location
to location. However, geophysical studies suggest that the water table is at
about EL. 0 + 2 fi,
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The density of the sand layer is moderately loose as indicated by the standard
penetration data. The average blow count within the layer is estimated to be
equal to 18 £ 2 blows/ft.

Seismicity of Region.—To estimate the seismic parameters, B and A, required
for the risk analysis previously presented, it is essential to define a region
around the site that is of seismic interest. Employing Eq. 15 the coefficient
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FIG. 8.—Probability of Liquefaction Versus Earthquake Magnitude and LPI
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FIG. 9.—Total Annual Probability of Lig-
uefaction Versus Magnitude-Frequency
Parameter

FIG. 10.—Influence of Coafficient of Var-
iation of LPI, ¥, ., on Computed Annual
Probabilities of Liquefaction

of variation of LPI is calculated to be equal to 0.15. Substituting the value
of Vyp into Eq. 34 and assuming M, = 8.4, R_, is estimated to be 130 miles
(210 km).

Fig. 7 shows the epicenters of some of the historic earthquakes of MMI
intensities greater than or equal to V located within 150 miles (242 km) from
the site. From this figure, it can be observed that during the period from 1727
to 1966, 16 earthquakes with epiceniral intensities greater than V have occurred,
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‘with epicenters located in the upper left quadrant of the 150-mile (242-km)
radius circle. Therefore, it will be assumed that the future seismic activity in
region will also be confined to this quadrant and the earthquake source
is characterized by a “‘uniform’ area with d, = 10 miles (16 km). Also,
“magnitude-frequency study of the 16 historic earthquakes yielded p values ranging
from 1.35-2.0 with an average value equal to 1.6. The rate of earthquake
pccurrence A is estimated to be equal to 4.0 x 10° earthquakes/yr/sq mile.
Finally, the minimum magnitude of future earthquakes of engineering interest
is assumed to be equal to 4.0 on the Richter scale.

- The procedure recommended previously for computing the total annual proba-
ty of liquefaction was followed, assuming several different values of B, ranging
m 1.0-2.0, and for different values of M, (8.4, 7.5, and 6.5). The conditional
probabilities of liquefaction are plotted in Fig. 8. Fig. 9 shows the total annual
obabilities of liquefaction for various values of p and M.

Discussion oF ResuLts

From Fig. & it can be seen that—for an earthquake of a given magnitude—the
larger the distance, R, the smaller the failure probability. Insofar as the M
& R approach is based on actual reported case histories, which include earthquake
‘magnitudes up to 8.4 on the Richter scale, extrapolation of the analysis to
hquake magnitudes larger than 8.4 was avoided.
Among the reasons for formulating the M & R approach to liquefaction analysis
s to account for duration of earthquake shaking more directly than do more
“conventional approaches. To verify this contention, superimposed on the plots
‘shown in Fig. # are contours of constant accelerations expressed in terms of
percentage of gravity. In order to plot these contours, the attenuation law proposed
Donovan (8) was assumed. Fig. B indicates that the M & R approach to
liguefaction analysis implicitly accounts for duration of earthquake shaking.
- For example, for a ground shaking corresponding to 0.15 g, the larger the
‘magnitude of the earthquake causing the acceleration, the larger the duration
“and the larger the probability of liquefaction. Also, from Fig. &, it can be observed
that a site may undergo different potential hazards depending upon the distance
R and magnitude M of an earthquake. A distant but large magnitude earthquake
~causing a certain level of acceleration may have a far more damaging effect
at a site as far as liquefaction is concerned than a close, but relatively smaller
earthquake causing the same ground acceleration. The larger probability of failure
- associated with a large magnitude, but distant earthquake is explained by the
long duration characteristic of large earthquakes.
The total overall annual probability results shown in Fig. 9 indicate that the
smaller the assumed maximum earthquake magnitude the smaller the annual
probability of liguefaction of the soil layer studied. For an average value for
"B of 1.6 at the site, the annual probability ranges between 2 x 107 and 8
- % 10 * depending upon M.
- The total annual probability of liquefaction at the entire site may be obtained
by summing the contributions of all the zones within the soil profile which
are likely to liquefy. Such a summation can be performed using an equation
‘Similar to Eq. 2.
The key to the risk analysis presented herein is the plot of Fig. 3, which
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describes the strength against liguefaction of the soil deposit under study.
Inasmuch as the resistance function of Fig. 1 is empirically determined using
limited field observations, uncertainties in the estimated strength S, for soils
of different densities are inevitable.

To determine the extent to which the computed total probabilities are sensitive
to the variance of the strength parameter, S_, and consequently the variance
of LI, the preceding calculations were repeated with the variance of LPI reduced
to zero. The results are plotted in Fig. 10. From this figure it can be observed
that the degree of influence that Var [5.] has on the total annual probability
of liguefaction varies depending on the assumed maximum earthquake magnitude
M. For the example studied herein, in which the average value of N' is equal
to 18, the contribution of Var [5,] (or Var [LPI]) to the probability of liquefaction
is significant when M, = 6.5 and is relatively unimportant when M, = 7.5
or &.4. However, it is important to note that for sites where the average value
of N’ is larger than 18, Var [S_] may have significant influence on the total
probability of liguefaction for assumed values of M, much greater than 6.5.

ConcLusIoNS

A methodology is proposed for studying the likelihood of ground failure by
liquefaction. A probabilistic model is developed based on a new empirical method
of analysis for liquefaction which employs earthquake magnitude and hypocentral
distance. The model is later incorporated into a risk analysis for liguefaction.
An example is included in which a risk analysis was conducted to evaluate
the total probability of liquefaction of a layer of saturated fine silty sand,

It is recommended herein that further efforts be made to improve the criterion
proposed and shown in Fig. 1 for liquefaction analysis based on the M & R
approach, Additional case histories where liquefaction did not occur should
be gathered and an improved statistical procedure should be devised which
in the process of pattern recognition considers the bias in the case histories.
Improvements in the criterion can also be introduced by considering the gradation
characteristics of the seils studied in different case histories. Moreover, if a
sufficiently large number of case histories is obtainable, the M & R approach
to the interpretation of field data can be repeatedly followed using data
corresponding to the same earthquake source type or from the same geographic
area, or both, resulling in more refined criteria valid for a particular earthquake
source mechanism or for a certain geographic region.

The methodology presented in this paper is an attempt to place analysis for
liquefaction in the proper perspective. It is hoped that such an attempt may
indicate the relative importance of the limitations or assumptions of the analysis
presently used in practice, and may lead to alternate and more realistic approaches
for the assessment of liqguefaction potential at a site.
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