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Abstract

In engineering practices, the assessment of liquefaction potential of soils is usually 

represented by a safety factor, in which FS<1 indicates that soil will liquefy whereas 

FS>1 indicates that soil will not liquefy. However, the risk of soil liquefaction resulting 

from earthquakes contains a lot of uncertainties in nature. Therefore, it will be more 

suitable if statistics and probability theory can be applied to the estimation of 

liquefaction potential of soils.  

For this purpose, 669 domestic and international cases of SPT-N liquefaction and 

non-liquefaction were collected as the data base in this study. The liquefaction 

evaluation methods selected for study are the commonly used simplified empirical 

SPT-N methods, such as the Seed, Japan Road Association, Tokimatsu and Yoshimi, 

and Hyperbolic Function methods. The probability models applied are based on the 

logistic regression, the reliability-based theory, and the Bayes’ theorem, respectively. In 

addition, information theory is then employed to evaluate the reliability of each 

probability model. Meanwhile, the variation and relative conservatism between models 

were compared, and the applicability of each model in each evaluation method was also 

investigated. The results showed that the reliability and applicability of the four 

probability models were excellent, in which the Seed and HBF methods had a better 

performance. As for the reliability of different probability models, the one based on the 

logistic regression was the highest. 

 

Key words: soil liquefaction, logistic regression, reliability, the Bayes’ theorem, 

information theory.
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2.2.3 Tokimatsu & Yoshimi T-Y 1983  
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2-5 Tokimatsu-Yoshimi 1983  

maxA M
SPT 

80N � �/ 2

v kg cm� � � �%F C

 
� � .

.80
80

1
1 7

0 7v

N
N

�


� �

 %
%

.

0 5
5 5 10

0 1 4 0
f

                   FC
N FC          FC

FC     1 FC

�!
"(  � � �#
" � �$

 � �1 80a fN N N � (

� � max.

.

0 1 1

1 0 015

v
d

v vR

d

AM
g

z

�� �
� �

�

� �
 � � �� �� �� �

 �
.
. ~

16 16
100

0 45 14
0 57 80 90

n

a a
r

v sL

r s

N N
a C

C

a            n
C          C

�
�

� �� �� � & ' � � � � �� � � �� & '� � � �� �
 
 

v R
L

v L

F
�
�

�
�

� �� ��� �
� �� ��� �

� ������� maxmaxmamaxaxxxax1 �

15555555

vvvv
dddd

vvvvvv

AAAAAAA

zzzz

���� �������
�

� ���
gggg

� ������������� mmmamaaxaxa vvv

���
� ����

00 4000 5.

r
LLLL

rrr s

a Caaaa r

aa 0000 400 5.
CCCC 000 50 50 50 50000 7777........rr s00 5000 5557777....

�� �� �� �� �� �� �� �� ��������� &
��

 �a Caaaaa &� ������
��� ���� �������

&
&&

� �� �� ��vvvv����� �� ��
�
&&

0 4000 5
0 5000 550 50000 7777

RRRR
L

L

FFFL

� �� �� ������� ������ ���� ������ ������� �� ���������
� �����vvv�������� ����� ����������


� ����� �� ����� ��������� �������� ������������
� �� �� ��� ����vvv����������� ����� ����



18 
 

2.2.4 SPT HBF 2002  
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2-6 SPT (2002)  
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2.3  

2.3.1 SPT  
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2.3.2 SPT  

Cetin et al.(2000)
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3.1  

Factor of Safety,FS FS
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3.2  

3.2.1  

Logistic Model

1988 Liao logistic regression model
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3.2.4  
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3-1 Microsoft Excel  
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3.3  

3.3.1  

(Reliability 
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(First Order and Second Moment , FOSM)
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Yang et al.(2004)
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� � � �1fP � � � �  ��                                      3-21  

X X

X CSR CRR

Z = (CRR/CSR)–1

 

ln ln lnCRRZ CRR CSR
CSR

� �  �� �
� �

                             3-22  

ln(CRR) ln(CSR) Z

 

ln( ) ln( )Z CRR CSR
 
 
 �                                         3-23  

ln( ) ln( )
2 2

Z CRR CSR� � � �                                     3-24  

ln( ) ln( )

ln( ) ln( )

2 2
CRR CSR

Z
CRR CSR

� �
�


 

�


�                                     3-25  

ln( )CRR
 ln( )CSR
 ln( )CRR� ln( )CSR� ln(CRR) ln(CSR)

X  

ln llllCRRRRRRR CCCCCCCCSSSSSSSSRRRRRllllllllnnnnnnnnln                    

n(((C(C(C(C((CSRSRSSRSRSRSSR))))))) ZZZZZZZZZ

l ( ))))( ))lnn(((((((
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� �ln ln ln 21 1
2X X X
 
 � � �                                   3-26  

� �ln ln 2 1X X� � �                                          3-27  

X
 X� X (3-17)(3-21)

� fP  

ln ln

ln ln

ln

ln( )( )

1 22

2

1 22 2 2 2

1
1

1 1

CRR CSR
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3.3.3  
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(1) CRR  

3-12

LP � �1 60CS
N CRR CSR

LP CRR CSR  

� � � �LP F CRR P CRR CSR  �                               (3-29) 

� �F CRR CRR 3-8

3-12 CRR  

� � � � � �
� �

� �*exp

1

2

0 1 1 60

2

1

b

b

CS

dF CRR ab CRR
f CRR

dCRR a CRR

a N

b

� �

�

�

  �
� ��� �

� � � �� �
 �

                    (3-30) 

� �f CRR CRR 3-9

� �1 60CS
N CRR � �1 60CS

N

CRR  
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3-8 CRR  

3-9 CRR  

(2) CRR CSR  

� �x
 � �x�

333-3-3-33-3-888 88888 CRCRCRCRCRCRCRCRRRRRRRRRRRRRR
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CRR CRR 3-30

 

� � � �E CRR CRR f CRR dCRR �+                             (3-31) 

) ( )2 2
CRR CRR(CRR f CRR dCRR� 
 � �+                       (3-32) 

CRR
CRR

CRR

��



                                                  (3-33) 

� �1 60CS
N SRR CRR
 CRR�

Mathematica 3-34

(3-37) CRR 3-10  

� � � �. exp . 1 600 0813 0 0579CRR Seed CS
N
 � � �� �                    3-34  

� � � �. exp . 720 1533 0 0518CRR aNJRA
N
 � � �� �                     3-35  

� � � �. exp . 800 0716 0 0702CRR aT Y
N


�
� � �� �                     3-36  

� � � �. exp . 1 600 0968 0 0556CRR HBF CS
N
 � � �� �                    3-37  
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3-10 CRR  

CRR

3-34 (3-37) 3-9 CRR

. . . .0 4 0 391 0 389 0 392Seed NJRA T Y HBFd, , , � � � ��   

 

CRR CRR

CSR CRR CRR
 CRR� CSR

CSR CSR
 CSR

CSR CRR� � (3-28) CRR CSR

3-2  

 

333333-33333 100000000 CRCRRRRRRRRRRR
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3-2 CRR CSR  

Method   

Seed � �. exp . aN�� �� �72
0 0813 0 0579  0.4 

NJRA � �. exp .
CS

N�� �� �1 60
0 1533 0 0518  0.391 

T-Y � �. exp . aN�� �� �80
0 0716 0 0702  0.389 

CRR 

HBF � �. exp .
CS

N�� �� �1 60
0 0968 0 0556  0.392 

Seed SeedCSR  0.4 

NJRA NJRACSR  0.391 

T-Y T YCSR �  0.389 
CSR 

HBF HBFCSR  0.392 

3.4  

3.4.1  

Bayes, theorem

A B

B A

 

Juang (1999)

Juang(2002) Huang(2008)

NJNJNJNJNJNJNJNJRARARARARARRARCCCSSSSSSRRRRRRRNNN

TTTTTT YTTTCCCCCCCCCSSSSSSSSSSSRRRRRRRRTTTTT
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3.4.2  

 

B A  

� �( )
( )

P A B
P A B

P B


�
                                         (3-38) 

A B  

� �( )
( )

P A B
P B A

P A


�
                                         (3-39) 

3-38 3-39  

� �( ) ( ) ( ) ( )P A B P B P A B P B A P A �                       (3-40) 

3-40 ( )P B ( )P B  

� � ( )
( )

( )
P B A P A

P A B
P B

                                       (3-41) 
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CA A  

� �
� � � �

( )
( )

( ) ( )C C

P B A P A
P A B

P B A P A P B A P A


�
                    (3-43) 

3-43 A L
CA NL B FS �

3-44 3-45  

� �
� � � �

( )
( )

( ) ( )
P FS L P L

P L FS
P FS L P L P FS NL P NL


�                 (3-44) 

� �
� � � �

( )
( )

( ) ( )
P L P L

P L
P L P L P NL P NL

�
�

� �


�                     (3-45) 

( )P L FS ( )P L � FS �  

( )P FS L ( )P L� FS �  

( )P FS NL ( )P NL� FS �  

( ) :P L  

( ) :P NL  

Juang et al.(1999) ( )P L ( )P NL

entropy ( ) ( )P L P NL 3-44

3-45  
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� �
� � � �

L
L

L NL

f FS
P

f FS f FS


�                                       (3-46) 

� �
� � � �

L
L

L NL

f
P

f f
�

� �


�                                         (3-47) 

LP  

� �Lf FS � �Lf � FS �  

� �NLf FS � �NLf � FS �  

3.4.3  

(1) FS  

669

FS

log-normal distribution 3-48 FS

� �Lf FS � �NLf FS Seed � �1 60CS
N >30

HBF � �1 60CS
N >39 FS 8

 

� �
ln 21

21
2

x

f x e
x



�
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�� �� & '� �                                     (3-48) 

� �f x x FS 
 �
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3-11 3-12 Seed FS

369 245 � �Lf FS .0 875
  � .0 585�  � �NLf FS

.0 368
  .0 607�   

Seed method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

(�= -0.875 , �= 0.585)

Liquefied (369 cases)

Fitted curve (log-normal distribution)

 
3-11 Seed FS

Seed method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

(�= 0.368 , �= 0.607)

Non-liquefied (245 cases)

Fitted curve (log-normal distribution)

 
3-12 Seed FS

FaFaFaF ctctctcttttcttooororoooo  ooof f f sasasassssasasaffefetytytytytytytytyty , , F F FSSS
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3-13 3-14 NJRA FS

372 278 � �Lf FS .0 703
  � .0 496�  � �NLf FS

.0 195
  .0 523�   

NJRA method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

(�= -0.703 , �= 0.496)

Liquefied (372 cases)

Fitted curve (log-normal distribution)

3-13 NJRA FS  

NJRA method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

Non-liquefied (278 cases)

Fitted curve (log-normal distribution)

 
3-14 NJRA FS  
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3-15 3-16 T-Y FS

373 263 � �Lf FS .0 684
  � .0 486�  � �NLf FS

.0 302
  .0 527�   

T-Y method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

(�= -0.684 , �= 0.486)

Liquefied (373 cases)

Fitted curve (log-normal distribution)

 
3-15 T-Y FS  

T-Y method

Factor of safety , FS

Fr
eq

ue
nc

y 
de

ns
ity

Non-liquefied (263 cases)

Fitted curve (log-normal distribution)

 
3-16 T-Y FS  
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3-17 3-18 HBF FS

369 261 � �Lf FS .0 827
  � .0 523�  � �NLf FS

.0 372
  .0 598�   

HBF method

Factor of safety , FS

Fr
eq

ue
nc

y 
de
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ity

(�= -0.827 , �= 0.523)

Liquefied (369 cases)

Fitted curve (log-normal distribution)

 
3-17 HBF FS

HBF method

Factor of safety , FS

Fr
eq

ue
nc

y 
de
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ity

(�= 0.372 , �= 0.598)

Non-liquefied (261 cases)

Fitted curve (log-normal distribution)

 
3-18 HBF FS
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(3) �  

669

�

normal distribution 3-49 � � �Lf �

� �NLf �  
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21
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x

f x e
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3-19 3-20 Seed �

369 245 � �Lf � .1 09
  � .0 998�  � �NLf �

.1 273
  .1 327�   

(�= -1.09 , �= 0.998)

Reliability index , �
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Seed methodLiquefied (369 cases)

Fitted curve (normal distribution)
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Seed method

Reliability index , �

Fr
eq

ue
nc

y 
de

ns
ity (�= 1.273 , �= 1.327)

Non-liquefied (245 cases)

Fitted curve (normal distribution)
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3-21 3-22 NJRA �

372 278 � �Lf � .0 817
  � .0 831�  � �NLf �

.0 775
  .0 923�   

(�= -0.817 , �= 0.831)

Reliability index , �
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NJRA methodLiquefied (372 cases)

Fitted curve (normal distribution)
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NJRA method

Reliability index , �

Fr
eq
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nc

y 
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ity

(�= 0.775 , �= 0.923)

Non-liquefied (278 cases)

Fitted curve (normal distribution)
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3-23 3-24 T-Y �

373 263 � �Lf � .0 964
  � .0 914�  � �NLf �

.0 942
  .0 979�   

(�= -0.964 , �= 0.914)

Reliability index , �
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T-Y methodLiquefied (373 cases)

Fitted curve (normal distribution)
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T-Y method

Reliability index , �

Fr
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ity

(�= 0.942 , �= 0.979)

Non-liquefied (263 cases)

Fitted curve (normal distribution)
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3-25 3-26 HBF �

365 251 � �Lf � .1 038
  � .0 994�  � �NLf �

.1 179
  .1 085�   

(�= -1.038 , �= 0.994)

Reliability index , �
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eq

ue
nc

y 
de

ns
ity

HBF methodLiquefied (365 cases)

Fitted curve (normal distribution)
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HBF method

Reliability index , �

Fr
eq

ue
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y 
de
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ity (�= 1.179 , �= 1.085)

Non-liquefied (251 cases)

Fitted curve (normal distribution)
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4.1  

FS PL

FS PL

Juang et al.(2000)

FS PL Huang(2008) (information 

theory)  

(L Logistic)P

( )L ReliabilityP FS ( , )L Bayesian FSP � ( , )L BayesianP �

Seed NJRA T-Y HBF

FS PL

 

4.2  

4.2.1  

“ ” .0 01LP 

“ ” (message) (surprisal)

.0 99LP  .0 99LP 

(information)

L g( )

LLLL LLoLL gis((((((PPPPPPPPLL

FSSSSSSS ( , )( , )))))))LLLLLLLLL yyy( ,( ,,( ,( ,( ,( ,( ,( ,,,,,,PPPPPPPPPLLLLL ����
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In
fo
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at

io
n 

co
nt

en
t ,

 h
(P

)

Probability , P

� � ln ln1h P P
P

  �

 

P

Shannon (information content)  

� � ln ln1
ih P P

P
  �                                           (4-1) 

 

4-1 � �h P P  

4-1 � �h P �( 0

) 0( 1

) n iP

 

� � ln
1 1

n n

i i i i
i i

H Ph P P P
 

  �- -                                    (4-2) 

(Entropy)

(Information Entropy)  (Disorderliness)

PrPPrP oobobobobbobobobobabababababababababilityyyyy y y yy , PPPPPPPPP

������ � 111111hhhhhhh PPPPPPPP������ � lnlnlnlnlnnnn lnlnlnlnlnlnl
PPPPPPPPPPP

lnlnnnnnlnl
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 (Uncertainty)

(4-1) ln iP� i

(4-2)  

4.2.2  

E x E y

 

� � � � � �ln ln ln yI h x h y x y
x

� �(  �  � � �  � �
� �

                    (4-3) 
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k
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12k  
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4-1 k �11 21 k �12 22

k �11 12 k �21 22

ijk ijk i j
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4-1  

 

 

L NL  

 

L  11k  12k  k �11 12  
 
 

NL  21k  22k  k �21 22  

 k �11 21  k �12 22   

4-2  

 

 

L  NL  

 

L  11f  12f  f �11 12  
 
 

NL  21f  22f  f �21 22  

 f �11 21  f �12 22   
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f �11 21 f f �11 11 21

4-3

� � � � � �ln ln lnf f f f f f� � � �� � � � �� �11 21 11 11 12 11 11 21 11 12

� �ln f f f� �12 11 12 12 22

� �ln f f f� �21 21 22 11 21

� �ln f f f� �22 21 22 12 22

LR NLR  

lnj j
L

j j j

f f
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f f f � � �
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-

2
1 1

1 11 12 11 12 1 2
                                 (4-4) 
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 (1) Seed  

4-3 Seed

(L Logistic)P R 0.282

( , )L BayesianP � ( )L ReliabilityP ( , )L Bayesian FSP R 0.253

0.282 24.1 26.8  

4-3 Seed  

Model Seed 
method PL(Logistic) PL(Reliability) PL(Bayesian,FS) PL(Bayesian,�) 

k11 346 318 312 330 

k12 62 45 40 52 

k21 23 51 57 39 

k22 195 212 217 205 

k 626 626 626 626 

f11 0.553  0.508  0.498  0.527  

f12 0.099  0.072  0.064  0.083  

f21 0.037  0.081  0.091  0.062  

f22 0.312  0.339  0.347  0.327  

RL 0.157  0.199  0.216  0.180  

RNL 0.515  0.328  0.304  0.393  

R 0.282  0.253  0.254  0.263  

(%) 26.8 24.1 24.2 25.0 

 1  4 3 2 

PL(Logistic)c)c)c)c)c)c) PPPPP P PL(RL(RL(RL(L(RL(L(L( eliabibibiilitlitlittlitlitlitity)y)y)y)y)y)y)y)y  PP PPP P P PL(BL(BLL(L(L(L ayesian,F

33333334444444466666666 311118 3333333311112222222 

66666622222 44445555 44440000000 

2223333 55555555551111111111 55557777 

11111111999995555 22222222211111111112222222222 2222111177777777  

66666662222222266666  6626 6666622222222666666 

0.553  0000000..555550000888888  0.498  
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(2) NJRA  

4-4 NJRA (L Logistic)P

R 0.242 ( )L ReliabilityP ( , )L BayesianP �

( , )L Bayesian FSP R 0.177 0.242

21.0 28.8  

4-4 NJRA  

Model NJRA 
method PL(Logistic) PL(Reliability) PL(Bayesian,FS) PL(Bayesian,�) 

k11 340 310 296 308 

k12 73 56 59 55 

k21 30 60 74 62 

k22 198 215 212 216 

k 641 641 641 641 

f11 0.530  0.484  0.462  0.480  

f12 0.114  0.087  0.092  0.086  

f21 0.047  0.094  0.115  0.097  

f22 0.309  0.335  0.331  0.337  

RL 0.138  0.169  0.151  0.171  

RNL 0.431  0.268  0.209  0.261  

R 0.242  0.212  0.177  0.210  

(%) 28.8 25.2 21.0 25.0 

 1  2 4 3 

0.530  0000000...44888844444  0.462  

PL(Logistic))))) PPPPPPPPL(L(RL(RL(RL(L(R lieliabiiiiabilitlitlitlitlitlitl y)y))y)y)y)y) P P PPP P P PL(BL ayesian,F

33334444444400000  33333333111100000000 22222999999966666 

7777777733333 55556666  55559999999 

330000 6666666660000000000 77774444 

1111111199998888 22222222211111111115555555555 2222111122222222  

666666664444444411111  66666666641111 666666664444444411111 
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(3) T-Y  

4-5 T-Y (L Logistic)P

R 0.258 ( )L ReliabilityP ( , )L Bayesian FSP

( , )L BayesianP � R 0.211 0.258

23.6 29.0  

4-5 T-Y  

Model T-Y 
method PL(Logistic) PL(Reliability) PL(Bayesian,FS) PL(Bayesian,�) 

k11 342 306 305 305 

k12 70 54 53 53 

k21 28 64 65 65 

k22 205 221 222 222 

k 645 645 645 645 

f11 0.530  0.474  0.473  0.473  

f12 0.109  0.084  0.082  0.082  

f21 0.043  0.099  0.101  0.101  

f22 0.318  0.343  0.344  0.344  

RL 0.150  0.178  0.180  0.180  

RNL 0.450  0.253  0.250  0.250  

R 0.258  0.211  0.211  0.211  

(%) 29.0 23.6 23.7 23.7 

 1  3 2 2 

0.530  0000000...4477744444  0.473  

PL(Logistic)))) PPPPPPPPL(L(RL(RL(RL(L(R lieliabiiiiabilitlitlittlitlitlitl y)y))y)y)y)y) P P PPP P P PL(BL ayesian,F

33334444444422222  33333333000066666666 33333000000055555 

7777777700000000 55554444  55553333333 

22228888 6666666664444444444 66665555 

2222222200005555 2222222222222222222111111111  2222222222222222  

666666664444444455555 6666666645555 666666664444444455555555 
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(4) HBF  

4-6 HBF (L Logistic)P

R 0.306 ( , )L BayesianP � ( )L ReliabilityP

( , )L Bayesian FSP R 0.296 0.306

24.6 25.4  

4-6 HBF  

Model HBF 
method PL(Logistic) PL(Reliability) PL(Bayesian,FS) PL(Bayesian,�) 

k11 345 319 325 325 

k12 54 33 38 36 

k21 24 50 44 44 

k22 208 229 224 226 

k 631 631 631 631 

f11 0.547  0.506  0.515  0.515  

f12 0.086  0.052  0.060  0.057  

f21 0.038  0.079  0.070  0.070  

f22 0.330  0.363  0.355  0.358  

RL 0.186  0.257  0.237  0.246  

RNL 0.511  0.347  0.376  0.379  

R 0.306  0.297  0.296  0.303  

(%) 25.4 24.7 24.6 25.2 

 1  3 4 2 

0.547  00000.5550066  0.515  

PL(Logistic)))) PPPPPPPPL(L(RL(RL(RL(RL(R lieliabiiiiabilitlitlittlitlitlity)y))y)y)y)y) P P PPP PP PL(BL ayesian,F

33334444444455555 333333331111199999999 333332222222255555 

5555555444444444 33333333 33338888888 

22224444 555555550000000000 44444444 

2222222200008888 22222222222222222229999999999 2222222244444444 

6666666633333333111111 6666666631111111 6666666633333331111111 
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(5)  

4-7 ( , )L Bayesian FSP NJRA 79.3 80%

80% (L Logistic)P

R HBF Seed

R NJRA T-Y

HBF

R HBF  

4-7  

Model Method R 
 

 

Seed 93.8 75.9 86.4 0.282  2 

NJRA 91.9 73.1 83.9 0.242  4 

T-Y 92.4 74.5 84.8 0.258  3 
PL(Logistic) 

HBF 93.5 79.4 87.6 0.306  1

Seed 86.2 82.5 84.7 0.253  2 

NJRA 83.8 79.3 81.9 0.212  3 

T-Y 82.7 80.4 81.7 0.211  4 
PL(Reliability) 

HBF 86.4 87.4 86.8 0.297  1

Seed 84.6 84.4 84.5 0.254  2 

NJRA 80.0 78.2 79.3 0.177  4 

T-Y 82.4 80.7 81.7 0.211  3 
PL(Bayesian,FS) 

HBF 88.1 85.5 87.0 0.296  1

Seed 89.4 79.8 85.5 0.263  2 

NJRA 83.2 79.7 81.7 0.210  4 

T-Y 82.4 80.7 81.7 0.211  3 
PL(Bayesian,�) 

HBF 88.1 86.3 87.3 0.303  1

NJRA 88888833333333.88888888 7777799999.....33333333 81.9 

TTT-T-T-T-TT-YYYYYY YY

Meththhhthhhhodododdddodod 

4-7 

SSSeSeSeSeSeS eeeeedee  999333333..888888888 7777777777555555555...999999999 88888866666666666.4 

NJNJNJNJNJNNN RRRRRRARR  9999911111111..9999999 777777733333..11111111 833333333333.9 

99222222222..4444444 77777777744.5555555 8888888888844444.8888 

HBBBBBBBF FF FFFFF 9999999999933333333333......5555555555 777777779999999..44444 88887777....66666666   

Seed 888888886.2222 822222...5555555555 88888844444444.777 
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4.3  

PL 1

(L Logistic)P

PL

2 FS ( , )L Bayesian FSP

PL FS

PL FS 3 ( )L ReliabilityP

FOSM �

PL PL 4 � ( , )L BayesianP �

PL � FOSM

�  

FS PL Seed NJRA T-Y HBF

PL Root 

Mean Squared Error,RMSE

RMSE

RESM  

2

1

N

i
i

x
RMSE

N

-

                                             (4-7) 

N  

ix i PL  

1 Seed  

PL 4 �

PL ��������

SSSSSSSSSeeeeeeeeeeeeeddddddddd NNNNNNNNNJJJJRRRRRRRRRAAA T-YYYYYYY

PPPPPPPPPPLLLLLLLL

RMMMMMMMMSSSSSSSSEEEEEEE

RMMMMMMMMSSSSSEEEEEEEE
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4-2 4-4 Seed PL

( ) ( )

45

1 1 (L Logistic)P ( , )L Bayesian FSP ( )L ReliabilityP

1:1 RMSE 0.108 0.099

( )L ReliabilityP ( , )L BayesianP � 1 1 RMSE

0.026  

(L Logistic)P ( , )L Bayesian FSP
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Seed method

RMSE=0.099

PL (Logistic)

P L
(R

el
ia

bi
lit

y)

 

(L Logistic)P ( )L ReliabilityP  

Seed method

RMSE=0.026

PL(Reliability)

P L
 ( 

B
ay

es
ia

n,
�)

 

( )L ReliabilityP ( , )L BayesianP �  

PPL (LLLLLLogogogogogogoggisisisisisisisistitititiiic)c)c))c)c)c)c)

L Loooggisticti )(PPPPPPPPL ))))LL RL ReL RLLLLLL l bilityty((((((((((PPPPPPPPPPPLLLLLLLL

SSSSSeeeeeeeeeeeeeeeddddddddd meeeeeeeeeetttttttthhhhhhhhhoodddddddd

RRRRRRRRRRRMMMMMMMMMMSSSSSSSSSEEEEEEEEEEE==========000000000.00000000222222222266666666666
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2 NJRA  

4-5 4-7 NJRA PL

( , )L Bayesian FSP PL 0.5 (L Logistic)P RMSE 0.097

PL (L Logistic)P ( )L ReliabilityP RMSE 0.099

( )L ReliabilityP ( , )L BayesianP � 1 1 RMSE 0.037

 

NJRA method

RMSE=0.097

PL (Logistic)

P L
 ( 

B
ay

es
ia

n,
 F

S)

 

(L Logistic)P ( , )L Bayesian FSP  

NNNNNNNJJJJJJJRRRRRRRRAAAAAA mmmmmmmeeeeeeeettttttthhhhhhhhood

RMRMRMRMRMRMRMRMMMSESESESESESESES =0=0=0=0=00=000.0.0.0.00.00.099997979
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NJRA method

RMSE=0.099

PL (Logistic)

P L
(R

el
ia

bi
lit

y)

 

(L Logistic)P ( )L ReliabilityP  

NJRA method

RMSE=0.037

PL(Reliability)

P L
 ( 

B
ay

es
ia

n,
�)

 

( )L ReliabilityP ( , )L BayesianP �  

PL (LLLLLLLogogogogogoggisisisisisisisistititiic)c))c)c)c)c)

L Loooggisticti )(PPPPPPPPL (( )))))))LLLLLLLLLL bil y((((((((((PPPPPPPPPPPLLLLLL

NJJJJJJJJJRRRRRRRRRAAAAAAAAA mmmmmmeeeeeeeeeettttttttthhhhhhhooooodddddddd

RRRRRRRRRRRMMMMMMMMMMSSSSSSSSSEEEEEEEEEEE======0000000.0000000333333333377777777777
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3 T-Y  

4-8 4-10 T-Y PL

( , )L Bayesian FSP PL (L Logistic)P RMSE 0.091

(L Logistic)P ( )L ReliabilityP RMSE 0.105 ( )L ReliabilityP

( , )L BayesianP � 1 1 RMSE 0.037 NJRA

 

T-Y method

RMSE=0.091

PL (Logistic)

P L
 ( 

B
ay

es
ia

n,
 F

S)

 

(L Logistic)P ( , )L Bayesian FSP  

T-Y metttthhhhhhhhooooooooddddddd

RMRMRMRMRMRMMRMSSESS =00.0.0.000.000919199919191
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T-Y method

RMSE=0.105

PL (Logistic)

P L
(R

el
ia

bi
lit

y)

 

(L Logistic)P ( )L ReliabilityP  

T-Y method

RMSE=0.037

PL(Reliability)

P L
 ( 

B
ay

es
ia

n,
�)

 

( )L ReliabilityP ( , )L BayesianP �  

PPL (LLLLLLogogogogogogoggisisisisisisisi tiititititic)c)c)c)c)cc)

L Logisggg ticc)(PPPPPPPPL )))))))LLLLLLLL l bil y((((((((((PPPPPPPPPPPLLLL

TTTTTTTTT---YYYYYYYYYY mmeeetttttttttthhhhhhhhhoooodddddddd

RRRRRRRRRRRMMMMMMMMMMSSSSSSSSSEEEEEEEEEEE==========00000000000.000000000333333333377777777777
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4 HBF  

4-11 4-13 HBF PL

( , )L Bayesian FSP (L Logistic)P RMSE 0.099 (L Logistic)P

( )L ReliabilityP RMSE 0.101 ( )L ReliabilityP

( , )L BayesianP � RMSE 0.035  

HBF method

RMSE=0.099

PL (Logistic)

P L
 ( 

B
ay

es
ia

n,
 F

S)

 

(L Logistic)P ( , )L Bayesian FSP  

RMRMRMRMRMRMRMMMMSE=0=0=00000.0.0.00.0.00999999999
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HBF method

RMSE=0.101

PL (Logistic)

P L
(R

el
ia

bi
lit

y)

 

(L Logistic)P ( )L ReliabilityP  

HBF method

RMSE=0.035

PL(Reliability)

P L
 ( 

B
ay

es
ia

n,
�)

 

( )L ReliabilityP ( , )L BayesianP �  

PL (LLLLLLLogogogogogoggisisisisisisisistititiic)c))c)c)c)c)

L Loooggisticti )(PPPPPPPPL (( )))))))LLLLLLLLLL bil y((((((((((PPPPPPPPPPPLLLLLL

HHHHHHHHHBBBBBBBBBFFFFFFFFF meeeeeeeeeettttttthhhhhhhhhoodddddddd

RRRRRRRRRRRMMMMMMMMMMSSSSSSSSSEEEEEEEEEEE======000000000.0000000333333333355555555555
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(5)  

RMSE 0.026

0.108 (L Logistic)P ( )L ReliabilityP

( )L ReliabilityP ( , )L BayesianP � (L Logistic)P

( , )L Bayesian FSP Seed (L Logistic)P

NJRA T-Y HBF ( , )L Bayesian FSP  
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4.4  

4.4.1  

FS PL Juang,2000 Mapping 

Function  

L BP
FS
A


� �� � �
� �

1

1
                                              (4-8) 

A B FS 0 PL 

1 FS � PL 0 4-9

 

( )L,model B
method

P
A FS


�

1
1                                       (4-9) 

methodFS

,L modelP PL 

FS

FFFFFFFS

PPPPPPPPLLLLL 00000000 44444444444--9999

( ))))))))BBBBBBBB
method(

1111
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4.4.2  

(1)  Seed  

4-14 4-17 Seed FS

PL FS = 1.0 Seed

(L Logistic)P ( )L ReliabilityP ( , )L Bayesian FSP ( , )L BayesianP � 42.4% A 1.356

B 4.06 34.4 A 1.904 B 3.11 27.6 A 2.618 B 3.483 34.2

A 1.921 B 3.266  

 
4-14 Seed FS (L Logistic)P  
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4-15 Seed FS ( )L ReliabilityP  

 
4-16 Seed FS ( , )L Bayesian FSP

44444-------11111155555555 SSSSSSSSSeeeeeeeeeeeeeeeeeedddddddd FFFFFFFFSSSSSSSSS )))L ReL RL ReL l bbb lityityy((((PPPPLL
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4-17 Seed FS ( , )L BayesianP �  

(2)  NJRA  

4-18~ 4-21 NJRA FS

PL FS = 1.0 NJRA

(L Logistic)P ( )L ReliabilityP ( , )L Bayesian FSP ( , )L BayesianP � 40.3% A 1.484

B 4.347 31.2 A 2.203 B 3.218 42.5 A 1.351 B 6.502

32.3 A 2.095 B 3.339  

44444------1111777777777 SSSSeeeeeeeeeeeeeeeeeeedddddddd FFFFFFFFSSSSSSSS ( , )( , ), ))LLLL yyyyy((((PPPPLLL ��

NJRA
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4-18 NJRA FS (L Logistic)P  

 
4-19 NJRA FS ( )L ReliabilityP  

44444444--111111188888888 NNNNNNNNNNNJJJJJJJJRRAAA FFFFFFFFFSSSSSSSSS LL LoL LoLLLL LLL gisgisissssssttictictictttt )))(((((((PPPPLLL
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4-20 NJRA FS ( , )L Bayesian FSP  

 
4-21 NJRA FS ( , )L BayesianP �  

44444-----222222000 NNNNNNNNNJJJJJJJJJJJRRRRRRRRAAA FFFFFFFSSSS ( ), )LLL yyyy(( ,,,,PPPPLLL
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(3)  T-Y  

4-22 4-25 T-Y FS

PL FS = 1.0 T-Y

(L Logistic)P ( )L ReliabilityP ( , )L Bayesian FSP ( , )L BayesianP � 45.6% A 1.194

B 5.069 32.5 A 2.076 B 3.729 52.4 A 0.907 B 6.463

32.2 A 2.105 B 3.544  

 
4-22 T-Y FS (L Logistic)P  
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4-23 T-Y FS ( )L ReliabilityP  

 
4-24 T-Y FS ( , )L Bayesian FSP  

44444444-2222222233333333 TTTTTTTTTTT-YY FFFFFFFFFSSSSSSSS (( )))LLL yyy(((PPPPLLL
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4-25 T-Y FS ( , )L BayesianP �  

(4)  HBF  

4-26~ 4-29 HBF FS

PL FS = 1.0 HBF

(L Logistic)P ( )L ReliabilityP ( , )L Bayesian FSP ( , )L BayesianP � 36.8% A 1.714

B 4.444 29.4 A 2.402 B 3.302 44.9 A 1.229 B 6.775

29.9 A 2.346 B 3.614  

44444-----222222225555555 TTTTTTTTTT------YYYYYYYY FFFFFFFFFSSSSSSSSS ( , )( , ), )LLL yyyyy((((PPPPLL �

HBF F
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4-26 HBF FS (L Logistic)P  

 
4-27 HBF FS ( )L ReliabilityP  

4444444---2222222666666 HHHHHHHHHHHBBBBBBBBBFFFFFFFF FFFFSSSS oL LoL LoL LoLoooLoLogisgisgisgisgigisgisgisgistictictic)))(((PPPPLLL
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4-28 HBF FS ( , )L Bayesian FSP

 

4-29 HBF FS ( , )L BayesianP �  

4444----22228888888 HHHHHHHHHHHBBBBBBBBFFF FFFFFFFFFSSSS (( , ))LLL yyyyy( ,( ,( ,,,,,,,,,,PPPPLLL
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(5)  

4-9 FS 1.0 1.2 1.5 

PL FS 1.0 Seed NJRA T-Y HBF

PL 34.9 36.5 40.9

35.2 Juang et al.2002 4-8 4-8

FS 1.2 PL 22.1 21.3

22.6 19.1 4-9 FS 1.5

PL 11.6 10.1 9.2 8.1 4-8  

PL 4-8

PL

 

4-8  (Juang et al,2002) 

 PL  

5 0.85  

4 0.65 0.85  

3 0.35 0.65  

2 0.15 0.35  

1 0.15  

PPPPPLLLLLLL

4-88888888888  (((((((((JJuangg eeeeeeeeeeet al,222222220000000000000

PPPLLLL

00000000....888888888885555555555

0.6655555555 00000....8888888855555555  
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4-9  

PL(%) 
Method Model 

 FS 1 FS 1.2 FS 1.5 

PL(Logistic) 0.268 42.4% 26.0% 12.5% 

PL(Reliability) 0.241 34.4% 23.0% 13.0% 

PL(Bayesian,FS) 0.241 27.6% 16.8% 8.5% 
Seed 

PL(Bayesian,�) 0.250 34.2%

34.9%

22.3%

22.1%

12.2% 

11.6% 

PL(Logistic) 0.288 40.3% 23.4% 10.4% 

PL(Reliability) 0.252 31.2% 20.2% 11.0% 

PL(Bayesian,FS) 0.210 42.5% 18.5% 5.0% 
NJRA 

PL(Bayesian,�) 0.250 32.3%

36.5%

20.6%

20.9%

11.0% 

9.6% 

PL(Logistic) 0.290 45.6% 24.9% 9.7% 

PL(Reliability) 0.236 32.5% 19.6% 9.6% 

PL(Bayesian,FS) 0.237 52.4% 25.3% 7.4% 
T-Y 

PL(Bayesian,�) 0.237 32.2%

40.9%

19.9%

22.6%

10.2% 

9.2% 

PL(Logistic) 0.254 36.8% 20.6% 8.8% 

PL(Reliability) 0.247 29.4% 18.6% 9.8% 

PL(Bayesian,FS) 0.247 44.9% 19.1% 5.0% 
HBF 

PL(Bayesian,�) 0.252 29.9%

35.2%

18.1%

19.1%

9.0% 

8.1% 

c) 00000000..222222555444 333333333336666666666....8888888%%%%%%%% 222222222220000000000..6666%%%%

FS) 0.210 444444422222222..55555%%%%% 1111111888888.5%

,�) 00000000....22222255555555000000 32..33333%%%%%%%%%%% 20000....66666666%%%%%%%%

c) 0000....2222900000000000 45....66%%%% 2244444444444......9999999999%%%

tyy)y)y)yyy)y) 0.2222222222233333333666  333332222222...555555555%%%%%%%%% 1199.6%%%%%%%%%%%

FFFFFFFS)S)S)S)S) 0.222222222223333333377777777 5555552222222..4444%%%%%%%%% 22255.....3333333%%%%%%%%%%

,�)))))))) 0000.22333333333337777777 33333332222..2222%%%%%%

4444444444000000000.......999999999%%%%%%%%%

11119999999.999999999%%%%%%%%%%%

222222....66666%%%%%%

ty) 0.2222222444444447777777  222222229999999..4444%%%% 1111111188888888....66666666%%%%%%%%
3333335555555....22222%%%%% 19.1%
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5.1  

1 921 669

CRR

FS �

 

2

HBF Seed NJRA T-Y

HBF

HBF

HBF  

3 (L Logistic)P ( )L ReliabilityP RMSE 0.1

( )L ReliabilityP ( , )L BayesianP �

CCCCCCCCCRRRRRRRR

FFFFFFFFS
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PL

(L Logistic)P ( , )L Bayesian FSP Seed (L Logistic)P

NJRA T-Y HBF ( , )L Bayesian FSP

 

4 Seed NJRA T-Y HBF

PL FS FS 1.0

1.2 1.5 PL Seed 34.9% 22.1% 11.6%

NJRA 36.5% 21.3% 10.1% T-Y 40.9% 22.6% 9.2% HBF 35.2%

19.1% 8.1% PL

 

5.2  

1 669

311  

2 BHF

See

 

6666666666666666666699999999999
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A-1 SPT-N  

( )
depth
 m

 
(%)
FC

 � �1 60N  
( / )2

v

kg cm
� �

( / )2
v

kg cm
�

( )
PGA

g
 wM  GWD  

6 61 7 0.67  1.15  0.428 7.3 2.3 

4.2 62 3 0.53  0.83  0.428 7.3 1.8 

4.2 24 3 0.69  0.84  0.498 7.3 2.7 

9 42 7 1.17  1.84  0.789 7.3 2.3 

2.4 41 6 0.46  0.48  0.789 7.3 2.3 

5 22 3 0.65  0.93  0.428 7.3 2.2 

7.7 16 11 1.14  1.53  0.165 7.3 3.8 

8.1 16 9 1.10  1.54  0.165 7.3 3.1 

5.7 16 8 0.80  1.10  0.165 7.3 2.8 

8.1 19 11 1.03  1.53  0.165 7.3 2.8 

3.7 11 9 0.59  0.73  0.165 7.3 2.3 

10 45 8 1.19  1.89  0.165 7.3 3 

7.7 18 7 1.06  1.53  0.165 7.3 3 

5.7 15 6 0.80  1.13  0.165 7.3 2.4 

7.7 48 9 1.00  1.53  0.165 7.3 2.4 

7.7 13 6 1.08  1.47  0.165 7.3 3.8 

3.7 17 9 0.50  0.74  0.165 7.3 1.3 

3.7 28 7 0.48  0.69  0.165 7.3 1.6 

7.7 19 7 0.99  1.52  0.165 7.3 2.4 

8.2 17 7 0.96  1.61  0.165 7.3 3.1 

2.7 22 4 0.51  0.52  0.165 7.3 2.7 

7.2 22 6 0.93  1.38  0.165 7.3 2.7 

7.2 13 6 0.96  1.40  0.165 7.3 2.8 

10.2 13 6 1.24  1.98  0.165 7.3 2.8 

11.7 13 10 1.37  2.26  0.165 7.3 2.8 

16 20 11 1.53  2.85  0.165 7.3 2.8 

5.7 40 5 0.78  1.08  0.165 7.3 2.8 

9 1111111....00000000  1111.5555533333333   000.165 

9999 0000000..55555555999999   000000000....7777777333333333  000000000.111166665555 

3 0000......666666655555555  00000000....99999993333  0.428 

11 11111...111111444444  111111111....5555553333333  0000000.165 

11111111111.111111111100000000  1111111.5555555555544444444444  00000000...1111166666665 99999999 

0000000...888888880000  1.11111111000000  0000...11116666666655555 88888888 

1111111.000000000333333333  111111111.......555555333333333  000000000.1655555555 11 

8888 1111111111..111111119999  1.888888888999999999  00000000...1111666655555555 

7777777 111111...0000000006  1.55555555553333333  0000....116666666655555  

66666666 00000000000.8888888888800000000000  111111111.......111111111113333333333  00000000....1111111666666665 

0 16511111111 4444471 000000088888886
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8.7 42 7 1.01  1.61  0.165 7.3 2.8 

5.7 30 4 0.84  1.13  0.165 7.3 2.8 

7.2 30 5 0.98  1.42  0.165 7.3 2.8 

11.7 48 6 1.43  2.32  0.165 7.3 2.8 

8.7 44 6 1.09  1.68  0.165 7.3 2.8 

3.8 24 3 0.35  0.73  0.165 7.3 1.4 

4.8 29 9 0.44  0.92  0.165 7.3 1.4 

12.8 25 15 1.28  2.56  0.165 7.3 1.3 

8.8 31 5 0.86  1.74  0.165 7.3 1.3 

7.8 46 10 0.69  1.47  0.165 7.3 1.3 

15.4 33 20 3.54  4.70  1 7.3 4.8 

8.8 39 17 2.78  3.18  1 7.3 4.8 

6.8 59 8 2.57  2.77  1 7.3 4.8 

17.6 26 19 3.40  4.98  1 7.3 1.9 

3.3 34 6 1.89  2.03  1 7.3 1.9 

16.9 49 28 3.52  4.86  1 7.3 3.5 

3 6 3 0.35  0.54  0.124 7.3 1.1 

3 12 5 0.36  0.55  0.124 7.3 1.1 

9 4 12 1.00  1.79  0.124 7.3 1.1 

3 36 2 0.37  0.56  0.124 7.3 1.1 

4 36 2 0.45  0.74  0.124 7.3 1.1 

4 21 5 0.46  0.75  0.124 7.3 1.1 

4 30 4 0.47  0.76  0.124 7.3 1.1 

3 9 2 0.36  0.55  0.124 7.3 1.1 

6 33 2 0.68  1.17  0.124 7.3 1.1 

3 5 7 0.34  0.53  0.124 7.3 1.1 

5 20 9 0.89  0.99  0.428 7.3 4 

5.8 25 7 1.11  1.19  0.428 7.3 5 

8.3 13 12 1.04  1.59  0.428 7.3 2.8 

6.3 15 16 0.91  1.42  0.428 7.3 1.2 

2.8 22 6 0.31  0.53  0.428 7.3 0.7 

7.3 21 11 1.24  1.47  0.428 7.3 5 

3 24 5 0.54  0.60  0.428 7.3 2.4 

2 00000000..444444445555555  0000000....7777777744444444  0.124 

3333 00000000..3333333555555   000000000...55555555544444444  0000000000.11122224444444 

17 2222222..7777777788888888   33333333....1111111188888888   1 

8 2.5555557777777  2222222....7777777  1 

33333333333.44444400000000  44444444...999999988888888888  11111 111111199999999 

1111111......888888888999999999  222222222...000000000333333  1111 666666 

33333333..555555555222222222  444444444....8888886666666  1 28 

5555 000000000.333333336666  0.55555555555555555  0000000..1111222244444444 

111112222222 1111111...000000000  1.7777777777999999999  0000..11111111222222244444444 

22222222 0000000000.3333333333377777777777  00000000000..5555555555566  00000000..11111111222224 

0 12400 46
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7.5 55 12 0.95  1.42  0.428 7.3 2.8 

5.8 35 4 0.82  1.12  0.428 7.3 2.8 

5.8 30 10 0.67  1.10  0.428 7.3 1.5 

4 26 12 0.56  0.76  0.428 7.3 2 

4 11 11 0.57  0.76  0.428 7.3 2.1 

2.8 55 2 0.43  0.56  0.33 7.3 1.5 

5.8 47 6 0.71  1.14  0.33 7.3 1.5 

7.5 47 7 0.72  1.41  0.211 7.3 0.6 

7.5 13 7 0.72  1.42  0.211 7.3 0.5 

3 26 4 0.32  0.57  0.211 7.3 0.5 

3 30 6 0.38  0.56  0.211 7.3 1.2 

4.5 26 7 0.49  0.83  0.211 7.3 1.1 

12 39 9 1.14  2.25  0.211 7.3 0.9 

12 28 10 1.02  2.16  0.211 7.3 0.6 

13.5 47 7 1.21  2.50  0.211 7.3 0.6 

12 48 7 1.07  2.21  0.211 7.3 0.6 

12 41 8 1.06  2.20  0.211 7.3 0.6 

13.5 42 7 1.19  2.48  0.211 7.3 0.6 

19.5 46 9 1.81  3.67  0.211 7.3 1 

12 13 12 1.08  2.22  0.211 7.3 0.6 

13.5 14 13 1.24  2.53  0.211 7.3 0.6 

4.5 32 4 0.50  0.84  0.211 7.3 1.1 

3 38 3 0.36  0.55  0.211 7.3 1.1 

6 11 7 0.61  1.10  0.211 7.3 1.1 

6 14 7 0.79  1.18  0.211 7.3 2.1 

5.8 10 5 0.67  1.13  0.211 7.3 1.5 

4.3 9 4 0.57  0.84  0.211 7.3 1.6 

5.8 10 6 0.63  1.13  0.211 7.3 0.8 

8.8 37 7 0.92  1.72  0.211 7.3 0.8 

8.2 10 8 0.98  1.60  0.211 7.3 2 

8.8 30 4 1.00  1.72  0.211 7.3 1.7 

5.8 34 3 0.82  1.12  0.211 7.3 2.5 

10.3 28 11 1.21  2.01  0.211 7.3 2.3 

13 11111111..222222224444444  2222222....5555555533333333  0.211 

8888 11111111..0000000666666   222222222...22222222200000000  0000000000.222211111111 

7 0000000..4444444499999999   00000000....8888888833333333   0.211 

9 1.1111114444444  2222222....2222225  0000000..211 

11111111111.00000022222222  22222222...111111166666666666  00000000......2222211111111111 111111100000000 

1111111......222222222111111111  222222222...555555555000000  0000...22221111111111111 777777 

1111111..000000000777777777  222222222....2222221111111  0000000000.211111111 7 

7777 1111111.11111119999  2.44444444488888888  0000000..2222111111111111 

9999999 1111111...888888881  3.6666666666777777777  0000..222222221111111111111 

1111111122222222 1111.0000000000088888888888  22222222222..2222222222222  00000000..222222221111 

0 2110 840 04
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10.3 45 10 1.32  2.01  0.211 7.3 3.4 

9.2 49 12 1.06  1.79  0.211 7.3 1.9 

11.8 24 10 1.57  2.30  0.211 7.3 4.5 

13.3 30 10 1.32  2.59  0.211 7.3 0.6 

8.8 46 4 1.06  1.72  0.211 7.3 2.1 

13.3 11 16 1.41  2.59  0.211 7.3 1.5 

14.8 12 11 1.48  2.89  0.211 7.3 0.7 

4.3 10 4 0.66  0.84  0.211 7.3 2.5 

7.3 23 5 0.86  1.42  0.211 7.3 2.5 

14.8 17 14 1.64  2.89  0.211 7.3 1.7 

11.8 13 12 1.20  2.30  0.211 7.3 0.8 

2.8 18 4 0.37  0.55  0.211 7.3 1 

5.8 47 3 0.59  1.13  0.211 7.3 0.4 

10.3 31 6 1.12  2.01  0.211 7.3 1.4 

7.3 9 11 0.92  1.45  0.211 7.3 2 

3.8 17 6 0.47  0.74  0.211 7.3 1.1 

7.3 16 5 0.73  1.42  0.211 7.3 0.4 

7.3 18 12 0.89  1.42  0.211 7.3 2 

5.8 19 5 0.69  1.13  0.211 7.3 1.4 

12.8 26 10 1.54  2.48  0.211 7.3 3.4 

4.3 26 9 0.70  0.88  0.211 7.3 2.5 

11.8 12 18 1.21  2.30  0.211 7.3 0.9 

8.8 25 8 1.04  1.72  0.211 7.3 2 

10.3 15 14 1.02  2.01  0.211 7.3 0.4 

8.8 24 5 0.93  1.67  0.211 7.3 1.4 

11.8 17 12 1.33  2.30  0.211 7.3 2.1 

11.8 31 11 1.33  2.30  0.211 7.3 2.1 

14.3 14 14 2.09  2.79  0.211 7.3 7.3 

4.3 18 4 0.62  0.84  0.211 7.3 2.1 

5.3 21 10 0.85  0.97  0.42 7.3 4.1 

8.8 38 11 1.24  1.71  0.42 7.3 4.1 

5.3 21 17 0.76  1.00  0.42 7.3 2.9 

3.6 11 6 0.64  0.70  0.42 7.3 2.9 

9 00000000..777777770000000  0000000....8888888888888888  0.211 

5555 00000000..7777777333333   11111111...44444444422222222  0000000000.222211111111 

4 0000000..3333333377777777   00000000....5555555555555555   0.211 

3 0.5555559999999  111111....11113  0000000..211 

11111111111.11122222222  22222222...000000011111111111  00000000......2222211111111111 66666 

0000000......999999999222222222  111111111...444444444555555  0000...22221111111111111 111111111111111 

00000000..444444444777777777  000000000....7777774444444  0000000000.211111111 6 

11112222 000000000.888888889999  1.44444444422222222  0000000..2222111111111111 

5555555 00000000...666666669  1.111111133333333  0000..222222221111111111111 

1111111100000000 1111.5555555555544444444444  22222222222..4444444444488  00000000..222222221111 

0 2112 301 2118
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5 25 14 0.82  1.03  0.42 7.3 2.9 

2.3 29 8 0.32  0.40  0.42 7.3 1.4 

3.8 13 6 0.47  0.70  0.42 7.3 1.4 

7.4 25 13 0.82  1.42  0.42 7.3 1.5 

5.7 34 13 0.82  1.03  0.42 7.3 3.5 

2.2 23 6 0.36  0.41  0.42 7.3 1.7 

6.4 16 11 0.76  1.23  0.42 7.3 1.7 

2.1 18 2 0.31  0.39  0.42 7.3 1.3 

5.5 17 15 0.65  1.06  0.42 7.3 1.3 

4.7 29 12 0.66  0.88  0.42 7.3 2.5 

7.8 16 7 1.00  1.53  0.42 7.3 2.5 

6.2 23 6 0.71  1.16  0.42 7.3 1.7 

6.3 30 11 0.82  1.19  0.42 7.3 2.6 

10.8 20 11 1.27  2.08  0.42 7.3 2.6 

6.5 17 4 0.76  1.26  0.42 7.3 1.5 

4.9 29 9 0.71  0.89  0.42 7.3 3.1 

10.9 31 26 1.41  2.20  0.42 7.3 3.1 

13.2 31 26 1.67  2.68  0.42 7.3 3.1 

7.2 18 17 0.96  1.37  0.42 7.3 3 

8.1 18 17 1.04  1.55  0.42 7.3 3 

2.3 22 2 0.35  0.45  0.789 7.3 1.3 

3 45 13 0.45  0.63  0.789 7.3 1.2 

7.3 40 13 1.14  1.55  0.789 7.3 3.2 

1.3 65 1.5 0.17  0.25  0.789 7.3 0.5 

6.8 15 10 0.84  1.39  0.789 7.3 2 

5.8 22 11 0.72  1.16  0.789 7.3 1.4 

5.8 48 10 0.70  1.19  0.789 7.3 0.9 

8.8 40 13 1.36  1.82  0.789 7.3 4.2 

2.8 38 3 0.36  0.55  0.789 7.3 0.9 

5.8 49 12 0.91  1.22  0.789 7.3 2.7 

4.2 27 7 0.66  0.85  0.789 7.3 2.3 

5.8 27 6 0.85  1.15  0.789 7.3 2.8 

7.2 29 9 0.99  1.44  0.789 7.3 2.8 

2 00000000..333333335555555  0000000....4444444455555555  0.789 

22226666 11111111..44444441111   222222222...22222222200000000  00.44442 

6 0000000..7777777711111111   11111111....1111111166666666   0.42 

11 0.8888882222222  111111....11119  000000.42 

11111111111.22222277777777  22222222...000000088888888888  00000000...4444442222222 1111111111111 

0000000......777777777666666666  111111111...222222222666666  0000..444444422222222 4444444 

00000000..77777777711111111  000000000....8888889999999  0.42222 9 

22226666 1111111.666666667777  2.66666666688888888  0000000...444422222222 

111117777777 00000000...999999996  1.333333333777777777  0000..4444444422222 

1111111177777777 1111.0000000000044444444444  1111111111..5555555555555  00000.......44444442 

0 890 630 413
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4.2 34 8 0.69  0.86  0.789 7.3 2.6 

2.8 33 4 0.54  0.55  0.789 7.3 2.7 

4.2 43 5 0.71  0.86  0.789 7.3 2.7 

4.2 40 7 0.63  0.86  0.789 7.3 1.9 

5.8 40 9 0.81  1.20  0.789 7.3 1.9 

7.5 17 4 0.92  1.43  0.428 7.3 2.3 

6 22 12 0.78  1.14  0.428 7.3 2.3 

2.5 42 8 0.46  0.48  0.428 7.3 2.3 

4.8 29 17 0.67  0.91  0.428 7.3 2.3 

2.8 55 7 0.48  0.53  0.428 7.3 2.3 

7.8 40 8 1.40  1.48  1 7.3 7 

12.3 17 26 1.99  2.34  1 7.3 8.8 

2.8 46 6 0.40  0.53  1 7.3 1.5 

7.3 66 14 0.94  1.39  0.498 7.3 2.7 

8.8 61 16 1.07  1.67  0.498 7.3 2.7 

3.3 14 13 0.53  0.63  0.789 7.3 2.3 

2.6 6 15 0.46  0.49  0.789 7.3 2.3 

3.4 20 16 0.54  0.65  0.789 7.3 2.3 

2.6 18 20 0.46  0.49  0.789 7.3 2.3 

A-2 SPT-N  

( )
depth
 m (%)

FC
 � �1 60N  

( / )2
v

kg cm
� �

( / )2
v

kg cm
�

( )
PGA

g
 wM  GWD  

9 14 19 1.01  1.80  0.124 7.3 1.1 

8 24 20 0.91  1.60  0.124 7.3 1.1 

4 15 8 0.48  0.77  0.124 7.3 1.1 

9 10 22 0.99  1.78  0.124 7.3 1.1 

10 16 18 1.09  1.98  0.124 7.3 1.1 

9 12 20 0.98  1.77  0.124 7.3 1.1 

10 10 19 1.09  1.98  0.124 7.3 1.1 

5 31 16 0.59  0.98  0.124 7.3 1.1 

1111555 00000000..4444444666666   000000000...44444444499999999  0000000000.77788889999999 

26 1111111..9999999999999999   22222222....3333333344444444   1 

6 0.4444440000000  0000000....5555553  1 

00000000000.99999944444444  11111111...333333399999999999  00000000......444449999999988888 111111144444444 

1111111......000000000777777777  111111111...666666666777777  0000...44449999999988888 1111111666666666 

00000000..555555555333333333  000000000....6666663333333  0000000000.7899999999 13 

11116666 000000000.555555554444  0.66666666655555555  0000000..7777888899999999 

222222220000000 00000000...444444446  0.4444444444999999999  0000..77777777888888899999999 

A-2 SPT-NNNNNNNN
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10 14 25 1.10  1.99  0.124 7.3 1.1 

9 6 22 0.98  1.77  0.124 7.3 1.1 

7 8 16 0.77  1.36  0.124 7.3 1.1 

9 7 22 0.98  1.77  0.124 7.3 1.1 

10 11 19 1.08  1.97  0.124 7.3 1.1 

5 17 15 0.56  0.95  0.124 7.3 1.1 

10 7 18 1.06  1.95  0.124 7.3 1.1 

9 9 22 0.99  1.78  0.124 7.3 1.1 

10 12 20 1.09  1.98  0.124 7.3 1.1 

9 15 17 0.98  1.77  0.124 7.3 1.1 

10 17 21 1.09  1.98  0.124 7.3 1.1 

10 11 22 1.09  1.98  0.124 7.3 1.1 

10 14 20 1.08  1.97  0.124 7.3 1.1 

9 9 20 0.99  1.78  0.124 7.3 1.1 

10 18 20 1.08  1.97  0.124 7.3 1.1 

8 13 20 0.90  1.59  0.124 7.3 1.1 

9 14 21 1.00  1.79  0.124 7.3 1.1 

10 14 16 1.11  1.99  0.124 7.3 1.1 

10 21 21 1.12  2.01  0.124 7.3 1.1 

5 46 16 0.59  0.98  0.124 7.3 1.1 

6 9 17 0.83  1.18  0.124 7.3 1.1 

9 16 17 1.14  1.79  0.124 7.3 1.1 

10 13 18 1.24  1.99  0.124 7.3 1.1 

5 14 8 0.72  0.98  0.124 7.3 1.1 

8 13 20 1.02  1.58  0.124 7.3 1.1 

9 10 19 1.12  1.78  0.124 7.3 1.1 

10 23 18 1.22  1.98  0.124 7.3 1.1 

7 20 17 0.76  1.42  0.124 7.3 1.1 

9 13 14 0.96  1.82  0.124 7.3 1.1 

10 40 12 1.05  2.01  0.124 7.3 1.1 

8 13 20 0.83  1.63  0.124 7.3 1.1 

10 28 18 1.04  2.04  0.124 7.3 1.1 

10 20 22 1.05  2.05  0.124 7.3 1.1 

22 1111111..0000000099999999  1111111....9999999988888888   0.124 

1.0000888888  111111...99999999777  00000000...1124 20 

00000000000..999999999999999  1111111..777788888888  00.111111112222244444444 222222200000 

111111.00000000088888888  11111111..99999999977777777  0000...1111222222244444444 222222220000000 

0000000...99999999000000000   111111111..555555555999999999  00000000000.12444 220 

111...00000000000   111111111..777777777999999  00000000.122224 21111 

111111111..111111111  1.99999999999999999  00000000000....1111222244444444 11111116666 

222221111111 1111111111...1111122222  2.00000000011111111  0000..11112222222244444 

166666666 0000000000.55555555599999999999  00000000000...999999999998888888888  00000000...111122222224 

17 00000000....888888833333333  1111....1111111188888888  0.124 

0 12411 91 141
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8 16 17 0.86  1.63  0.124 7.3 1.1 

9 29 16 0.96  1.83  0.124 7.3 1.1 

9 14 18 0.94  1.84  0.124 7.3 1.1 

10 15 20 1.04  2.04  0.124 7.3 1.1 

10 12 21 1.03  2.03  0.124 7.3 1.1 

9 31 17 0.95  1.85  0.124 7.3 1.1 

8 15 22 0.86  1.63  0.124 7.3 1.1 

9 16 22 0.94  1.84  0.124 7.3 1.1 

10 12 17 1.04  2.04  0.124 7.3 1.1 

9 17 14 0.94  1.84  0.124 7.3 1.1 

8 18 20 0.84  1.64  0.124 7.3 1.1 

3 33 12 0.40  0.80  0.124 7.3 1.1 

9 18 15 1.02  2.02  0.124 7.3 1.1 

10 13 16 1.12  2.22  0.124 7.3 1.1 

9 14 21 1.05  1.80  0.124 7.3 1.5 

5 18 20 0.63  0.99  0.124 7.3 1.5 

10 15 22 1.19  2.05  0.124 7.3 1.4 

5 14 18 0.56  1.00  0.124 7.3 1.3 

10 15 23 1.07  2.01  0.124 7.3 1.3 

5 14 18 0.56  1.00  0.124 7.3 0.6 

10 15 23 1.07  2.01  0.124 7.3 0.6 

9 12 21 0.97  1.81  0.124 7.3 0.6 

5 14 14 0.55  0.99  0.124 7.3 0.6 

6 19 18 0.65  1.19  0.124 7.3 0.6 

10 16 22 1.13  2.02  0.124 7.3 1.3 

18 22 13 1.89  3.42  0.165 7.3 2.7 

6 8 11 0.81  1.14  0.165 7.3 2.7 

16 18 16 1.71  3.04  0.165 7.3 2.7 

18 32 15 1.89  3.42  0.165 7.3 2.7 

16 18 12 1.71  3.04  0.165 7.3 2.7 

4 43 6 0.63  0.76  0.165 7.3 2.7 

12 8 12 1.35  2.28  0.165 7.3 2.7 

13.2 61 12 1.75  2.54  0.055 7.3 5.3 

12 0000000..4444444400000000  00000000....8888888800000000   0.124 

1.0000222222  222222...00000000222  00000000...1124 15 

11111111111..11111122222222  22222222..2222222222222  00.111111112222244444444 111111166666 

111111.00000000055555555  11111111..88888888800000000  0000...1111222222244444444 222222221111 

0000000...66666666333333333   000000000..999999999999999999  00000000000.12444 220 

111...111111999   222222222..000000000555555  00000000.122224 22222 

000000000..555555566  1.00000000000000000  00000000000....1111222244444444 11111118888 

222223333333 1111111111...0000007777  2.00000000011111111  0000..11112222222244444 

188888888 0000000000.55555555566666666666  11111111111...000000000000000000000  00000000...111122222224 

23 11111111....000000077777777  222222....0000000011111111  0.124 

0 12411 810 921
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14.7 25 13 1.95  2.89  0.055 7.3 5.3 

6.9 44 46 2.27  2.77  1 7.3 1.9 

9.1 32 44 2.78  3.29  1 7.3 4 

10.8 32 44 2.96  3.64  1 7.3 4 

2.8 33 11 0.46  0.56  0.211 7.3 1.8 

7.7 24 4 1.02  1.39  0.084 7.3 4 

6.2 42 1 0.90  1.12  0.084 7.3 4 

8.7 23 3 1.07  1.54  0.084 7.3 4 

14.7 39 4 1.60  2.67  0.084 7.3 4 

4.2 6 3 0.66  0.68  0.084 7.3 4 

9.2 39 1 1.13  1.65  0.084 7.3 4 

8.2 42 1 1.03  1.45  0.084 7.3 4 

6.2 18 5 0.82  1.04  0.084 7.3 4 

16.2 43 15 1.57  3.09  0.128 7.3 1 

7.2 36 10 0.75  1.37  0.128 7.3 1 

9.8 36 8 0.99  1.87  0.128 7.3 1 

11.8 36 9 1.18  2.26  0.128 7.3 1 

7.8 31 7 0.82  1.50  0.128 7.3 1 

11.3 47 15 1.82  2.20  0.181 7.3 7.5 

12.8 44 12 1.99  2.50  0.181 7.3 7.6 

17.3 39 22 3.14  3.43  0.181 7.3 14.3 

18.8 15 13 2.40  3.83  0.181 7.3 4.4 

14.3 33 16 1.88  2.85  0.181 7.3 4.6 

20.3 30 17 3.50  3.99  0.181 7.3 15.3 

15.8 39 17 2.14  3.16  0.181 7.3 5.3 

14.3 46 13 2.29  2.83  0.181 7.3 8.8 

18.8 45 9 2.61  3.82  0.181 7.3 14.6 

9.8 23 15 1.56  1.88  0.181 7.3 14.6 

18.8 45 9 2.77  3.83  0.181 7.3 8.2 

17.3 23 13 3.26  3.39  0.181 7.3 14.6 

6.5 17 26 0.88  1.24  0.42 7.3 2.9 

7.5 17 26 0.98  1.44  0.42 7.3 2.9 

7.1 15 25 1.06  1.47  0.42 7.3 2.9 

1 1111111..0000000033333333  1111111....4444444455555555   0.084 

0.8888222222  111111...00000000444  00000000...00084 5 

11111111111..555555577777777  3333333..0000999999999  00.11111111222228888888 111111155555 

0000000.77777777755555555  11111111..33333333377777777  0000...1111222222288888888 111111110000000 

0000000...99999999999999999   111111111..888888888777777777  00000000000.128 8 

111...111111888   222222222..222222222666666  00000000.122228 9999 

000000000..8888888222  1.5555555500000000  00000000000....111122228888888 7777 

111115555555 1111111111...8888822222  2.222222222000000000  0000..11118888888811111 

122222222 1111111111.9999999999999999999999  22222222222...555555555550000000000  00000000...111188888881 

22 33333333....111111144444444  33333....4444444433333333  0.181 

0 18133 832 4013
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10.6 14 40 1.43  2.20  0.42 7.3 2.9 

15.7 29 46 1.69  3.12  0.42 7.3 1.4 

18.1 18 48 1.97  3.64  0.42 7.3 1.4 

10.9 21 30 1.34  2.08  0.42 7.3 3.5 

17.1 20 50 2.03  3.39  0.42 7.3 3.5 

14.3 39 43 2.16  2.74  0.42 7.3 8.5 

15.6 39 40 2.28  2.99  0.42 7.3 8.5 

16.8 39 40 2.40  3.24  0.42 7.3 8.5 

18.1 39 42 2.53  3.49  0.42 7.3 8.5 

12.6 29 33 1.53  2.54  0.42 7.3 2.5 

14.1 35 36 1.66  2.81  0.42 7.3 2.6 

16.2 31 28 1.81  3.27  0.42 7.3 1.5 

10.4 30 33 1.17  2.06  0.42 7.3 1.5 

14.5 18 28 1.23  1.87  0.42 7.3 3 

15.4 18 28 2.04  3.28  0.42 7.3 3 

9.5 17 27 1.31  1.84  0.42 7.3 4.2 

13 20 31 1.74  2.63  0.42 7.3 4.2 
 

28 1111111..8888888811111111  3333333....2222222277777777   0.42 

1.1111777777  222222...00000000666  0000000..42 33 

11111111111..222222233333333  1111111..888777777777  0000000....44444422222222 222222288888 

222222228888 2222222.00000000044444444  33333333..22222222288888888  0000...444422222222 

227 111...333333111111111   111111111..888888888444444444  0000000000.42 

31111 111...777777774444   222222222..666666666333333  0000000000.44442222 
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Logistic - PP16~P19) 

 
Maximum Likelihood Estimation,MLE  
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2.1.3 log likelihood function � �ln L .� �� �

� � � � 0  

������� ����lnnnnnnn LLLLLLLL ......�������������������� ������������� .

������� 22222222...1111111....2222

llllnnnn iiiiiixxxxxxx���������� ����� ����1���� ���� ��ii iii�� ��ppppppppppp iii ������� ������� ������ ����11111i ��������1111ppppppppppp iii �������� ���pp ��iii ��

�������� ������������� �11111111 ii
nnnnnnnn

yyyyy������ �������

'� iiiyyyy������������������ ����� iiyyyy����������������
� ��������1111111i
& '& '��� ����������

� ����������� ���l ((( ) lll (( ))))))���� ������ ) llll (((()� �� ������� )i iii i� ������yi i� ��� (((( ))))) ((((� ����� �� �ln (((( ) )))))))������� ������� ) lllnnnn(((()y ln (((���� ����� ) lllnnnn((((i ln (((((((( ) l (((() l� ����� ) lnnnn((((((() ly ln (( ))�� ����� ) llnnn(((()--



111 
 

� �

� �

ln

ln
1

1

1

1

i

i

i

i

xn

i x
i

xn

i ix
i

L ey
e

L ey x
e

� �

� �

� �

� �

.
�

.
�

�

�


�

�


/ � � � �� �  �& '/ �� �
/ � � � �� �  �& '/ �� �

-

-
                            2.1.4 

2.1.4 2.1.5 likelihood equations k

1k � � 1� , 2� ,…, k�

� �

logistic 2.1.4 2.1.5 � �

iteration logistic

McCullagh and Nelder 1983 Eliason

1993  
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