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ABSTRACT
The current simplified methods for assessing soil liquefaction potential use a
deterministic safety factor to judge whether liquefaction will occur or not. However,
these methods are unable to determine the liquefaction probability related to a safety
factor. An answer to this problem can be found by reliability analysis. This paper
presents a reliability analysis method based on the popular Seed’85 liquefaction
analysis method. This method uses the empirical acceleration attenuation law in the
Taiwan area to derive the probability density distribution function (PDF) and the
statistics for the earthquake-induced cyclic shear stress ratio (CSR). The PDF and the
statistics for cyclic resistance ratio (CRR) can be deduced from some probabilistic
cyclic resistance curves. These curves are produced by the regression of the
liquefaction and non-liquefaction data from the Chi-Chi and other earthquakes around
the world, using with minor modifications of the logistic model proposed by Liao et
al. (1988). The CSR and CRR statistics are used with the first-order and second
moment simplified method to calculate the relation of the liquefaction probability
with the safety factor and the reliability index. Based on the proposed method, the
liquefaction probability related to a safety factor can be easily calculated. The

influence of some of soil parameters on the liquefaction probability can be

quantitatively evaluated.
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INTRODUCTION

Civil engineers usually use a factor of safety (FS) to evaluate the safeness of a

structure. The safety factor is defined as the strength of a member divided by the load

applied to it. Most design codes require a member’s calculated safety factor should be

greater than a specified safety factor, a value larger than one, to ensure the safety of

the designed structure. The specified safety factor is largely determined by experience,

there has been no rational way to determine such a factor up to now. Because the

safety factor-based design method does not consider the variability of the member

strength or the applied loading, the probability that the structure will fail can not be

known. Engineering design methods based on reliability analysis has been born

against this background. The method requires a detailed investigation of the member

strength and applied loading data from which statistical indices such as the mean

value and variance can be derived. Then, using the first-order and second moment

method [1], the relationships between the failure probability, the reliability index and

the safety factor can be deduced. As science and technology progress, more data about

member strength and loading are collected, making engineering reliability analysis

more feasible. These developments have led to the gradual evolution of design codes

in various countries [2,3,4], from safety factor-based methods to reliability-based



ones.

There has been some research on reliability analysis in liquefaction areas.

Haldar and Tang (1979)[5], Fardis and Veneziano(1982)[6], and Chameau and Clough

(1983)[7] used the same linear first order and second moment method to assess the

variability of the major parameters that influence soil liquefaction and to set up

probability models for liquefaction evaluation. However, these models have adopted

the early simplified methods for liquefaction evaluation; the soil parameters they used

are rarely used now. Moreover, the rationality of the reliability analysis results largely

depends on the amount and quality of the collected data used to for deduce the

statistics of cyclic earthquake stress and cyclic soil strength. Liao et al.(1988)[8]

collected data for 289 liquefaction and non-liquefaction cases around the world, then

employed the logistic regression model to establish probabilistic cyclic strength

curves. Since that effort, this methodology has drawn great attention, and similar

probabilistic cyclic resistance curves based on the SPT-N, CPT-q., and Vs parameters

have been proposed by Youd and Nobel(1997)[9], Toprak et al.(1999)[10], and

Andrus et al.(2001)[11] respectively. These models only consider the variability of the

soil cyclic strength but do not take into consideration the wvariability of the

earthquake-induced cyclic shear stress. Juang et al.(2000a,2000b)[12,13] proposed a



limit state curve which separates the states of liquefaction and non-liquefaction by

using an artificial neural network, and developed a reliability-based method for

assessing the liquefaction potential by introducing the Bayes’ mapping theorem. This

method has a useful discussion on the relation of the safety factor and the liquefaction

probability, which has led to a notable advancement in the state of the art for

liquefaction evaluation. Nevertheless, the neural network used with its hidden

variables, did not have a clear physical meaning, so that practicing engineers are not

very familiar with its use.

In this study, a practical reliability-based method is developed for assessing the

soil liquefaction potential. The proposed approach, based on conventional probability

theory, enables the earthquake-induced cyclic stress ratio (CSR) and soil cyclic

resistance ratio (CRR) statistics to be clearly derived. On the basis of the simplified

SPT-N method proposed by Seed et al. (1985)[14], the probability density function

(PDF) can be deduced for the earthquake-induced cyclic stress ratio, by means of

the empirical peak ground acceleration attenuation law and its statistics which are

regressed for Taiwan’s earthquake data. We used a revised version of the logistic

model proposed by Liao et al. (1988)[8] to regress the probabilistic cyclic strength

curves from cases where liquefaction and non-liquefaction occurred during the



Chi-Chi and other earthquakes around the world. The PDF of the soil cyclic resistance

ratio is then derived from these curves. Using the CSR and CRR statistics, it becomes

very simple to calculate the relationship of the liquefaction probability and reliability

index to a safety factor by way of the first-order and second moment method. A

summary of the proposed reliability model, the calculated results, discussion and an

application example are given below.

RELIABILITY MODEL FOR SOIL LIQUEFACTION

The first step in engineering reliability analysis is to define the performance

function of a structure. If the performance function values of some parts of the whole

structure exceed a specified value under a given load, it is thought that the structure

will fail satisfy the required function. This specified value (state) is called the limit

state of the performance function of the structure. In the simplified liquefaction

potential assessment methods, if CSR is denoted as S, and CRR is denoted as R,

we can define the performance function for liquefaction as Z=R-S . If

Z=R-S<0 , the performance state is “failure”, i.e., liquefaction occurs. If

Z=R-S>0, the performance state is “safe”, i.e., no liquefaction occurs. If

Z=R-S=0, the performance state is on a “limit state”, i.e., on the boundary

between liquefaction and non-liquefaction states. Since there are some inherent



uncertainties in estimating CSR and CRR, we can treat R and S as random

variables, hence the liquefaction performance function will also be a random variable.

Therefore, the above three performance states can only be assessed to occur with

some probability.

The liquefaction probability is the probability that the above inequality will hold.
However, an exact calculation of this probability is not easy. In reality, it is difficult to
accurately find the PDFsof random variables, R and S . Moreover, the calculation
of the probability of the inequality needs multiple integration over the R and
S domains, which is a complicated and tedious process.

A simplified calculation method, the first-order and second moment method, has
been developed against this background. The method uses statistics for the basic
independent random variables, such as R and S, to calculate the approximate
statistics of the performance function variable, Z in this case, so as to bypass the
complicated integration process. According to the principle of statistics, the
performance function Z=R-S is also a normal distribution random variable, if
both R and S are independent random variables under normal distribution. If the

probability density function (PDF) and cumulative probability function (CPF) of Z are

denoted as f,(z) and F,(z), respectively. The liquefaction probability P, then



equals the probability of Z=R—-S <0. Hence

P =P(Z<0)=[ f,(2)dz=F,(0) (1)

This is shown in Figure 1. If the mean values and standard deviations of

RandS are ug,u andog,o, according to the first-order and second moment
method, the mean value g, , the standard deviation o, , and the covariance

coefficient &, of Z can be derived as follows.

Hz = Hr — Hs (2)
o = ol 10! 3)
5. = o; \/GFZQ-FGSZ

L =—Z%
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By equations (2), (3) and (4), the statistics for the performance function Z can
be simply calculated, using the statistics for the basic variables R andS . This shows

the advantage of the first order and second moment method. A reliability index g is
defined as the inverse of the covariance coefficient of J,, to measure the reliability

of the liquefaction evaluation results. S is expressed as

1 p, _ He = Hs

f=—=t2r - ER_ s (5)
0, o0, Joi+ol

m, = po, ©)

In Figure 1 the liquefaction probability is shown by the shaded tail areas of the

PDF f,(z) of the performance functionZ . Since u, = fo,, the larger the £, the



greater the mean value 4,, and the smaller the shaded area and the liquefaction

probability P, . This means that f has a unique relation with P; and can be used
as an index to measure the reliability of the liquefaction evaluation.
Assuming that RandS are independent variables with a normal distribution,

then, Z=R-S is also in a normal distribution of Z ~ (u,,5’). By placing the

PDF of Z into Equation (1), we obtain the following liquefaction probability P, .

,l(i)z

e’ 7 dz. (7)

P, :jio f.(2)dz :j_ow \/%6

The above equation can be rewritten as

Y M o Z—
P=——=| e 2dz=D(--%) ; t=——2, (8)
f \/27zJ.‘°0 o, o,

where @ is the cumulative probability function for a standard normal distribution.
Since f=u,/o,,hence
P, =®(-f)=1.0-D(p). 9)

The probability distribution of the basic engineering variables are usually
slightly skewed, so they can’t be reasonably modeled by a normal distribution
function. It has been found that most of the basic variables in engineering areas can be
much better described by a log-normal distribution model, such as that proposed by
Rosenblueth and Estra (1972)[15]. In this research we also assume that RandS are

log-normal distributions. Based on this assumption, the reliability index fand the



liquefaction probability P, can be expressed as

s2+1)"
n ﬂ( J
Hz _ Hiwr = Hins Hs \Og +1

_ Mz _ 10
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P =®(-p)=1.0-D(p) (11)

According to the safety factor-based design method, the safety factor FS for

liquefaction is defined as the ratio of the mean values of R andS . Hence
Fs= s (12)
Hg

By putting (12) into (10), we can obtain a one to one relation of reliability index

por liquefaction probability P, with a safety factor FS for the given coefficients
of variance d; and J;. Thus, the liquefaction probability P, corresponding to any

given safety factor FS can be derived.

PROBABILITY DENSITY FUNCTION OF CYCLIC STRESS RATIO
The most widely used simplified SPT-N method is that proposed by Seed et al.
(1985), hereafter, referred to as the Seed’85 method. This method calculates the

earthquake-induced cyclic stress ratio in a soil layer via the simplified equation below.

1
Oy

CSR=0.65-—~%-rd(z)/MSF(M), (13)

where oy,0, are the effective and total vertical overburden pressures at some



specified depth; A__ is the peak horizontal ground acceleration; r,(z)is the stress

reduction factor at depth z, MSF (M )is a magnitude scaling factor that considers the

duration effect of different earthquake magnitudes. In equation (13), oy, ,o, are

directly computed from boring log and laboratory test data, and can therefore be

regarded as deterministic values with no variance; The r,(z) and MSF(M) vary

with the depth z and the earthquake magnitude M . Both these values have significant

variability, however, reliable statistics have not yet been obtained. Hence, at present

we can only calculate the r;(z)and MSF(M) factors from the deterministic chart

and table suggested by Seed and Idriss(1982)[16]. The greatest uncertainty in the

CSR is primarily governed by the uncertainty involved in estimating the peak ground

acceleration A for a given earthquake event with a magnitude M . Therefore,

A, .. is the dominant factor producing the CSR variance.

The A, can usually be estimated by the so called empirical acceleration

attenuation formula, which shows the attenuated relation of the peak ground

acceleration A_, with the epicentral or hypocenter distance R, for an earthquake with

a given magnitude M . These attenuation formulae are usually regressed from the

measured seismic data for A, ,M,R in some functional forms. Jean(1996)[17]

adopted the attenuation formulae that suggested by Campbell(1981)[18] to regress

seismic data collected in Taiwan as follows:

10



A, =0.0278exp(1.999M )[R +0.1413 exp(0.6918M )] 7 (14)

Cin, = 0.5389, (15)

where A _,_ = horizontal peak ground acceleration (g)
R = hypocentral distance (km)

M= local Richter magnitude.

Equation (13) shows that CSR is a linear function of A, . Therefore,
Equation (13) can be simplified as CSR=a- A_, . This means that the statistics for

CSR can be calculated using the A, statistics as follows:

CSR=0.65- TP _a.p (16a)
o, 9

Hes =8+ (16b)

Ocsk = O Amax (16¢)

O = \/ eXP(Tiyia,,)) ~ 1 (16d)

sy = /I8 +1) (16¢)

Hinesry = IN(liese) = 0.50 0 cor) (161)

where u,,0, and o, are the mean value, the coefficient of variance and standard
deviation of variable X ; g ,0,x, and o, are the mean value, the
coefficient of covariance and the standard deviation of variable In(X). If we assume

that CSR is a log-normal probability distribution, its density function can be written

as

11



In(CSR) - Hin(csr) )2]

] 1
fer (CSR) = exp[——(
R V270, csn, - CSR 2 e

»0<x< o (17)

Figure 2 shows an example of a probability density function calculated for a soil layer

at a depth of 10 meters.

PROBABILITY DENSITY FUNCTION OF CYCLIC RESISTANCE RATIO

In the conventional simplified methods, an empirical cyclic resistance curve has
been wused with some normalized penetration parameters, such as
(N,)¢ andCPT —q., to estimate CRR. It is not known how much variability the
estimated CRR will have. Based on the liquefaction and non-liquefaction cases
collected for this study, we modify Liao et al.s logistic model (1988) to achieve the
regression of the CRR probability density function. The authors collected a total of
699 sets of data which included 397 sets of data reported by Loertscher and Youd
(1994)[19] and 302 sets of data published by Hwang and Yang (2001)[20].

The logistic model is an important regression method in common use for binary
data, such as for liquefaction or non-liquefaction. It was Liao et al. (1988) who
pioneered the use of a logistic model for the treatment of liquefaction and

non-liquefaction data and established a series of probabilistic cyclic resistance curves.

12



Such curves are valuable for providing probability information about the
estimated CRR, however, they can not reveal more rigorously statistical information,
such as the mean value and variance, so that they can not be directly used in a
reliability analysis.

According to Hwang and Yang (2001)[20], the empirical relation of CRRand
(N, 1.e., the empirical cyclic resistance curve, can be better expressed by an
exponential function. Thus, in this study the following probabilistic curves are used to

regress the collected data:

1
P = -
l+exp{—[ﬂ0 +ﬂl(Nl)6O +182(N1)60 +:Bs ln(CSR)]}

(18)

where P, is the liquefaction probability under a set of (N,),, and CSR, and
B, B, By, P, are the parameters to be regressed. Seed et al. (1985) have found that
for a given (N,),,, CRR increases as fines content increases. They suggest an
empirical curve for correcting the (N,),, of a silty sand to an equivalent standard
penetration resistance (N,),cs for clean sand. We use this correction curve to

convert (N,),, to (N,)scs for our data. The regression results from equation (18)

are shown in Table 1 and Figure 3. We can rewrite equation (18) as

—ln(l/P,_ =D =By = B (N gocs _ﬂz(NJéocs
[ ; ]

Equation (19) can be interpreted as for a soil with a given(N,)cs; P, is the

CSR =exp (19)

probability that the CRR will be smaller than the CSR induced by an earthquake.

13



P_ is the liquefaction probability. Also, P, can be regarded as the cumulative
probability that CRR will be less than a specified CSR. Hence

P, = F(CRR) = F(CRR <CSR), (20)
where F(CRR)is the cumulative probability function of CRR. Thus, the derivative
of equation (20) gives the probability density function of the CRR for a soil with a

given (N,).,cs - The probability density function is

dF(CRR) _  ab(CRR)""

FCRR="1cRR ~ (11 aCRR)’ (212)
a=exp[-f, _151(N1)60cs_:52(N1)2005] (21b)
b=- 25 21c)

where f(CRR)is the probability density function of CRR, An example of the

distribution is shown in Figure 4. It indicates that the distribution is near the

log-normal one. The mean value and the deviation of the distribution increase as the

(N,)¢, value increases. This indicates that the estimated CRR is more uncertain for a

soil with a high(N, ), value.

The mean and median values are the two indices used in statistics to show the

centralized trend of the sample space. The following equations (22) and (23) show the

CRR mean and medium curves respectively. Equation (23) is derived from equation

(19) by putting P, =0.5. The difference between these two curves is shown in Figure

5 (calculated by the Mathematica software). If the curve of equation (19) is compared

14



to the P, =0.6 curve, it can be seen that this curve almost coincides with the mean
curve of the CRR. This means that the probability distribution function of CRR is

skew to the right:

mean : E(CRR) = [CRR x f (CRR)ACRR 22)
L By B 5, >
dium : CRR = exp[= 2% — ZL(N ) os — 22 (N2es]  (PL=0.5 23
medium exp| 5 p ) ﬂ3( Jeocs]  (P=0.5) (23)
_ In(1/0.6-1) B, B B, 2
P :06 . CRR = - — Nl 60CS A Nl 60CS 24
L exp[ 7. 5. p. ) 5. (NDsocs]  (24)

The mean value and the variance coefficient are the two statistical parameters needed
in the first-order and second moment method. However, the numerical integration
necessary to calculate the mean value of the CRRas in equation (22), is rather
complicated for practical use. In this study, we can use the simpler equation (24), i.e.
the probabilistic cyclic resistance cure of P, = 0.6, to approximate the mean value of
the CRR with only negligibe error. Although the variance in the CRR increases
with the mean, as shown in Figure 4, the calculated variance coefficient d.z; is a
constant value of 0.604. The 95% confidence interval ranges within 0.206 ~
1.579CRR. The CRR can be calculated with equation (24).
LIQUEFACTION PROBABILITY AND SAFETY FACTOR

The largest advantage of a reliability-based liquefaction evaluation analysis is

that the liquefaction probability behind a specified safety factor can be quantitatively

15



evaluated. The relation of the liquefaction probability and the safety factor to

liquefaction, can be calculated by the simple equation (25) below. Equation (25) is

derived by utilizing the statistics for CRR and CSR( see Table 2) in equations

(10),(11) and (12).
(]|
S R +
__ A 2~ 0,013+ 2F5) (252)
[in(52 +1)(52 +1)] 0.7758
Pr = @O(-4)=1.0- O(5) (25b)

The whole procedure is outlined in the flow chart in Figure 6. Figure 7

shows the calculated liquefaction probability related to the safety factor, subject to

different variance coefficients. It shows that, for the same safety factor, if FS <1.0,

the greater the coefficient of variance, the higher the liquefaction probability.

However, if FS >1.0, the greater the coefficient of variance, the lower the

liquefaction probability. Therefore, to assess the potential for liquefaction, the

variances of CRR and CSR are the more important factors of influence in

probability analysis.

The empirical critical cyclic resistance curve, as suggested by the simplified

Seed’85 method, usually has some degree of conservativeness. How much is implied

by the empirical curve, can be quantified by the proposed probability model. Figure 8

16



shows a comparison of the probabilistic cyclic resistance curves of P =0.2, 0.5 and

0.6 with the empirical curve of the Seed’85 method. We find that each point on the

empirical curve has a different liquefaction probability. For reference and comparison,

several points on the empirical curve are marked with their corresponding liquefaction

probability (calculated using the proposed model). To get the liquefaction probability

of the safety factor calculated with the well known Seed’85 method, we denote the

safety factor as FSg,.,, and develop the relation between FSg,, and FS, as defined

with reliability analysis below:

Cr-
FS = ﬂ = HR seed =Cr HR seed =Cr- FSSeed (263)
Hs Hs Hs
Cr— Hr , (26b)
/uR,Seed

where  fig o 18 the CRR computed by the Seed’85 method and 4 is the mean
value of the CRR computed with Equation (24). C, is the ratio of s t0 g gpeq -
When the value of (N,),, is between 8§~30, C, is within the range of 1.18~1.55,
with an average value of 1.3, as is shown in Figure 8. The relation of the liquefaction
probability P, with the FSg,,, based on the proposed model, is compared with that
suggested by Juang et al. (2002)[21]. See Figure 9. It is found that if FSg,, =1.0, the
P_ is not 50%, but has a value of 26%~43%. When compared with Juang’s relation,

we find that, in this study if FSg,, <1.0, the P, is higher than Juang’s. On the other

17



hand, if FSg,,>1.0, the P, in this study is lower than Juang’s. This difference is due

to the different sources for seismic and soil data on which these two methods are

based. One notable difference is that the coefficient of variance of the CSR

calculated by Taiwan’s acceleration attenuation formula, is larger than that used by

Juang et al.(2002).

To reach a preliminary understanding of the influence of some of the important

parameters on P, the (N,),,, fines content FC(%), and the ground water table

(G.W.T.) aree chosen for conducting a sensitivity study. Figure 10 shows P,

variations in a soil layer at a depth of 8m, resulting from variations in the above

mentioned parameters. Figure 10(a) indicates that P, decreases significantly as

(N,), increases. Figure 10(b) shows that P, decreases slightly as fines content

increases for the range of (N,),, between 10~30. Figure 10(c) indicates that P,

decreases significantly as the ground water table becomes lower, especially in the

range of (N,),, <20.

AN APPLICATION EXAMPLE

An important construction site is planned in Tainan county, the second largest

county in south Taiwan. However, the site is located near an active fault, the Hsinhwa
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fault, which had 12km of surface rupture during the 1946 Tainan earthquake. The

Tainan earthquake had a magnitude of M =6.3 and caused extensive liquefaction in

area surrounding fault. Therefore, a careful assessment of the liquefaction potential of

the site is required.

A simplified geological profile is shown in Figure 11. In the profile, there are

only two liquefiable sandy soil layers, located at GL.-8~-14.5m and

G.L.-16.5~-19.5m. The water table is 5.3 m below the ground surface. The design

earthquake, assessed by seismologists, should be M| =6.8, which will create a peak

horizontal acceleration of 0.28 g at the site. The soil parameters and the results of the

liquefaction analysis are shown in Table 3 and Figure 11. They indicate that FSg,, =

0.8 only for soil at a depth near 15m, the safety factors of the other soil layers are all

greater than 1.2. Based on the proposed model, the liquefaction probability P, is 62%

for the soil , where FSg,,=0.8, and ranges from 6% ~35% for the other soil layers ,

where FS,, >1.2.

SUMMARY AND DISCUSSION

This paper presents a practical reliability-based method for liquefaction analysis.

The proposed method is simple and clear. On the basis of the popular Seed’85 method,

the authors use the empirical acceleration attenuation law to derive the probability

density distribution function (PDF) and statistics for the earthquake-induced cyclic
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shear stress ratio (CSR) in Taiwan area. They also collected liquefaction and

non-liquefaction data from Chi-Chi and other earthquakes around the world, then,

used the logistic model proposed by Liao et al. (1986) to derive the PDF and statistics

for cyclic resistance ratio (CRR). With these statistics, the first-order and second

moment method can be used to calculate the relation of the liquefaction probability to

the safety factors and the reliability index. The whole proposed computation

procedure is summarized in a flow chart, to facilitate its use by engineers. Finally, an

analysis assessing the liquefaction potential at a real construction site, is presented, to

demonstrate its use.

In the application example, it is found that even with a safety factor of 1.2, the

soil still has a liquefaction probability of about 35% for the given design earthquake.

This probability may be considered a little higher at first glance, however, we must

note that the liquefaction probability derived in the study does not consider the

probability of the occurrence of the given earthquake. It only gives the liquefaction

probability for one soil layer, for the given earthquake event. Therefore, the real

liquefaction probability would be the joint probability of liquefaction occurrence

during an earthquake and the probability of that an earthquake of such a magnitude

will occur. Based on the seismic hazard analysis, the probability that the specified

earthquake will occur is 0.002 annually, or , in other words, this size earthquake has a
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return period of 475 years, in Taiwan. Hence, in the above example the real

liquefaction probability is considerably less than 0.002, and this seems to be more

reasonable. Thus, a complete probabilistic liquefaction analysis method would

consider the uncertainties of the CSRand CRR, as well as the probability that an

earthquake will occur. This needs further development.
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Table 1 Parameters in the logistic model
Parameter Bo B B> Bs
Regressed result| 10.4 -0.2283 |-0.001927, 3.8

Table 2 Mean values and variance coefficients of CSR and CRR

Mean value Variance coefficient
CSR 0.65%'%- r, -MSF(M) 0.581
CRR |exp[-2.63 +0.06008(N,),, +0.000507(N,)3,] 0.604

Table 3  Result of liquefaction analysis for the site near the Hsinhwa

fault

d(erg‘;h Unz‘f[ /me}t;ght SPT-N (I;)C) Soil classification (Siil) (;’;)
1.3 1.97 3 73 CL-ML - -
2.8 2.02 6 69 CL-ML - -
4.3 2.00 75 CL-ML - -
5.8 1.89 15 82 ML - -
7.3 1.93 6 99 ML - -
8.8 2.01 6 91 CL-ML - -
10.3 1.98 17 33 SM 1.2 35%
11.8 1.95 23 29 SM 1.4 19%
13.3 1.87 18 33 SM 1.2 35%
14.8 1.96 13 14 SM 0.8 62%
16.3 1.95 9 99 CL - -
18.8 2.04 33 25 SM 2.0 6%
19.3 2.19 33 20 SM 1.9 9%
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Fig.3 Probabilistic cyclic resistance curves regressed by the logistic
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Fig.7 Relations of liquefaction probability with the safety factor for
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Fig.8 Comparison of the probabilistic CRR curves with the empirical
curve proposed by Seed’85 method.

1.0
Juang et al. (2002)

08 | /
&5 -
=
S 06t
% .
& cr=1.18
S /Cr=130
§ 04
Q
=
S
~

02

0.0

0 1 2 3 4 5 6

Safety Factor , FS geeq

Fig.9 Relation of liquefaction probability with the safety factor
calculated by Seed’85 method.

29



100%

T
f—_
: Depth =8m

\WGCW.T. =2m

80%

60%

40%

Probability Liquetaction

20%

0%
0 10 20 30 40
Corrected Blow Count, (N)gy

Fig.10(a) Variation of liquefaction probability with (N,),, .

100% T
|
! Depth =8m
| GW.T. =2m
80% I | FC =5-35%
5 |
g |
T 60% ‘
g
~
2
=
g 40%
=
o
<<
20%
0%
0 10 20 30 40

Corrected Blow Count, (N1)gy

Fig.10(b) Influence of fines content on liquefaction probability.
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Fig.10(c) Influence of ground water table on liquefaction probability.
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Fig.11 Result of liquefaction analysis for the site near the Hsinhwa
fault.
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