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Seed et al. (1984)
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Figure 9.31 Relationship between cyclic stress ratios causing liquefaction and (N})go
values for silty sands in M = 7.5 earthquakes. (After Seed et al. (1975). Influence of SPT
procedures in soil liquefaction resistance evaluations, Journal of Geotechnical
Engineering, Vol. 111, No. 12. Reprinted by permission of ASCE.)
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Early Development and Comparison

Tokimatsu and Yoshimi, 1983

Seed et al, 1984

"

1996 NCEER and 1998 NCEER-NSF workshop

%

HBF, 2005
Success rate Seed NCEER T-Y JRA’96 JRA’90 HBF

Liquefied FC=10 96%(143/149) | 97%(145149) |  99%(147/149) | 99%(147/149) | 8T % (130/149) |  95%(142/149)
10<FC=<30 | 88%36155) | 929%142/155) | 90%(140/155) | 9T7%1501155) | 81%(126/155) | Q8% (152/155)

FC>30 91%6369) | 97%6769 | 94%65/69 | 9T7%6769) | 81%56/69) | 99%(68/69)

Non- FC<10 -(62/105) -(60/105) -(53/105) -(45/105) -(64/105) -(67/105)

liqueﬁed 10<FC=<30 | 88%301147) | 86%(126/147) -(113/147) -(99/147) -(116/147) 80% (117/147)

FC>30 019 40/44) 820/, (36/44) -(33/44) -(33/44) -(28/44) -(33/44)
Liqueﬁed 029%6342373) | 95%354/373) | 9494352/373) |  989%6(364/373) | 84%(312/373) | 97 %(362/373)
NOn_]iqueﬁed -(232/296) -(222/296) -(199/296) -(177/296) -(208/296) -(217/296)
Total 869%4(574/669) |  86%(576/669) |  829%6(551/669) | 8 1%(541/669) | T 8%6(520/669) | 87 %(579/669)

JRA, 1978

JRA, 1990

¥

JRA, 1996

Hwang et al, 2005
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Selected State of Art Appro..ac hes

Seed et al, 1984 Tokimatsu and Yoshimi, 1983
0 JRA, 1990
1996 NCEER and 1998 NCEER-NSF workshop . B
‘ JRA, 1996
Seed et al, 2000
Youd et al, 2001 ‘ | |
(NCEER, 2001) )
Cetin et al, 2004 | HBF, 2005
Idriss and Boulanger, 2008 (Probabilistic vs determmlsuc)

(EERI Monograph)

Idriss and Boulanger, 2010

‘ HBF, 2012

Boulanger and Idriss 2014
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SPT-N based Approach - Youd et al. (2001)
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SPT-N based Approach - HBF(2012)
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SPT-N based Approach - B & 1 (2014)
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Database

=[_ocal database-921 Chi-Chi EQ
= Yang (2001) Ph. D. thesis (supervised by Prof. Hwang)

=Global database
= [driss and Boulanger (2010) and Boulanger and Idriss (2014)

|
00 - Local database Global datbase

180 | 178 B Global database
160 r
140 +

5 120
'g 100 r
Z 80
60 r

40 r

20

0

124

116

Liquefaction No liquefaction



Information in Database

Earthquake & site

Komei1
lenaga
Meiko

Shonenji Temple
Takaya45

1.17
1.17
1.17

1.17
1.30

0.207 Kishida(1969), Seed et al. (1984), Cetin et al(2000)
0.159 Kishida(1969), Seed et al. (1984), Cetin et al(2000)
0.245 Kishida(1969), Seed et al. (1984), Cetin et al(2000)

0.318 Kishida(1969), Seed et al. (1984), Cetin et al(2000)
0.251 Kishida(1969), Seed et al. (1984), Cetin et al(2000)

a . Lig Avg Depth ,
M 5 depth GWT
(g) : (m) (m) (kPa)
1994 M=8.1 Tohnankai earthquake - Dec 7
8.1 0.200 Yes 5.2 2.1 98
8.1 0.200 Yes 4.3 2.4 30
8.1 0.200 Yes 3.7 2.1 69
1948 M=7.3 Fukui earthquake - June 28
7.0 0.400 Yes 4.0 1.2 75
7.0 0.350 Yes 7.5 3.7 141
won
FC (N1)6oc for
Cn Gk Cs o |, ry Ky MSF CSR oo
1.25  0.95 1 10 93 098 1.04 0.85 0.182
1.32 0.95 1 30 87 099 107 085 0.144
1.70  0.85 1 27 69 099 1.08 0.85 0.225
1.48 0.85 1 Of 11.8 096 1.07 1.14 0.390
0.99 0.95 1 41 21.1 090 099 1.14 0.283
Raw data Dependent on th>e method

68
61
39

48
104

Primary source of data

5.9
2.3
1.0

8.0
17.3

(N1)eo

8.2
3.4
1.7

11.8
21.1
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Comparison of Database (1/3)
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Comparison of Database (2/3)
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Comparison of Database (3/3)
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Evaluation Approach (I)
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Evaluation Approach (1)

= Overall performance
1. Accuracy of prediction (liquefaction vs no liquefaction)

2. &% > ThBE A dp ¥ Fm (Hwang et al., 2005)
3. Residual analysis



Accuracy of Prediction

Observed . :
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Yes No
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Residual Analysis

Residual=F; . -1=(CRR_;-CSR . )/CSR ,;

CSR

Residual

Liquefaction

’ . .
— — ~No Liquefaction

Residual
(11 + 3

v

Take FP (miss prediction) for example: miss predicted Fy .4 <1 but actually Fy;,;>1

Therefore, residual is negative
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Evaluation Result of Local Database

Local database

Liquefied Cases :178

No Liquefied Cases :124

NCEER(2001) Cetin(2004) HBF (2012) B°“1an(g265 la;‘)d Idriss
EHIZEG] | sRrAZEF | EHZEE | RmAZEE | EHEG | sRAZEE | EHER | sRAIEG
A2 172 6 178 0 173 5 168
IR/ 117 7 70 54 113 11 115
NCEER(2001) Cetin(2004) HBF (2012) Boulanger and Idriss (2014)
TEHE ELAE | PES TEHER Lt P TR Lt P TEHER SRR
TRAEZEB 96.63% 3.37% 100.00% 0.00% 97.19% 2.81% 94.38% 5.62%
JERIEZER|  94.35% 5.65% 56.45% 43.55% 91.13% 8.87% 92.74% 7.26%
OA 95.70% 82.12% 94.70% 93.71%
Fm NCEER(2001) Cetin(2004) HBF (2012) Boulanéeg ﬁl)d Idriss
ARAEZERH 0.45 0.00 0.09 0.10
FERIEZEH 0.17 0.39 0.13 0.16
Total 0.31 0.39 0.12 0.13




Comparisons of CSR,; ., v.s (N, )4cs for Local Database(1/2)
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Comparisons of CSR,;

|Local database : HBF(2012)

o’V

V.S

. Liquefaction
@ No Liguefaction
CRR

40
(N1e0CS

60

80

‘(N:m:

socs for Local Database (2/2)

‘Loca] database : Boulanger and Idriss (2014}]

il . . .Liquefacﬁon
. . . Mo Liquefaction
o, *® CRR
0.8 — [ °
L ]
@
..
0
| | | I |
0 20 40 80 & @
(N1)6oCs



Comparisons of CRR in Different Methods
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Evaluation Result of Global Database

Global database Liquefied Cases :133 No Liquefied Cases :116
NCEER(2001) Cetin(2004) HBF (2012) Boulanée(; fjl)d Idriss
EHIZER] | FRAZER | IEHIZEE | SRHEE] | EHIZEG | BREIZEE] | EHZER] | sRHAIZER
ARAEZE 125 8 132 1 120 13 127 6
FERALZEH 81 35 60 56 87 29 85 31
NCEER(2001) Cetin(2004) HBF (2012) Boulanéeg ﬁl)d Idriss
TEHR AR TEH=ZR AR TEH SR TEH=ZR SRR
ARAEZE 93.98% 6.02% 99.25% 0.75% 90.23% 9.77% 95.49% 4.51%
JERIEZERF |  69.83% 30.17% 51.72% 48.28% 75.00% 25.00% 73.28% 26.72%
OA 82.73% 77.11% 83.13% 85.14%
Fm NCEER(2001) Cetin(2004) HBF (2012) Boulanéeg laj)d Idriss
ARAEZE 0.14 0.13 0.26 0.14
FERIEZEH 0.26 0.38 0.26 0.27
Total 0.24 0.37 0.26 0.25




Comparisons of CSR,; ., v.8 (N)g4ocs for Global Database (1/2)

|Global database : Cetin(2004)]

|Global database : NCEER(2001) |
[}

] =—

[
o : ® @ @ Liguefaton @ @ Liguefaction
s @ @ @ voliquefacton @ @ Mo Liquefaction
08 ' CRE CRR
A '
[}
| '
® '
'
1 @
06 —
f o o ° .
'
L R :
7 & ' [ ]
= & @ %
o ® ® g ' ®
% o &, i. O R S ®
" @B
® @
o * e
* o
‘ B
il

0
' | ! !
0 20 40 60 80 0 20 40 60 80
(N1)60CsS

(N1)60CsS



Comparisons of CSR,;
(272
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Residual

Residual
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Residual against Fine Content
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Residual

Residual
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Residual against Magnitude

Residual

Residual

1.0
0.8 |
0.6 r
04
0.2

0.0

-0.2 3
-0.4
-0.6
-0.8 r
-1.0 -

1.0
0.8 r
0.6
0.4 |
0.2 r

0.0

-0.2 %
-0.4
-0.6
-0.8 r
-1.0 -

NCEER (2001)

°
1 . 1 é F‘ .1_. 1 J
5.5 6 6. 7 % 8 8.5
T 3 A .

HBF (2012)

=~ - A ‘
1 1 1 — | —] 1 J
g ° d | !
5.5 6 6.5 ° ‘ 7 795 8 ® g5
. ([ ]

Residual

Residual

1.0
0.8 r
0.6 -
0.4
0.2 r

0.0

02 8
0.4
-06
-0.8
-10 G

1.0
0.8 -
06 -
04 -
0.2

0.0

02 3
04 |
06 |
08 |
-0 L

* LLocal database
* Global database
Cetin (2004)

. : ® $ : ' I‘. ' e
5.5 6 6.9 z 7 ® 8 8.5
I ¢



Performance of Different
Liquefaction Analysis Methods
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Sensitivity Analysis of N Correction

.V(}t_r — CI{ CB'CR C..‘}' -l'*'rm

Cris the energy ratio correction factor,

Cais a correction factor for borehole diameter,
Cris a correction factor for rod length,

Csis a correction factor for a sampler that had

room for liners but was used without the liners.

Assume Cr, CB, Cr, Cs as 1 (i.e. no correction)
and recheck the performance

Cy Cr
1.17  1.25 0.95
1.17 132 0.95
1.17  1.70  0.85
1.17 148 0.85
1.30  0.99 0.95
Global database



Sensitivity Analysis -Correction of (N,).,
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Comparison of Formula

Shear stress reduction coefficient, r,

Adjustment of fine content, C;,

NCEER (2001)

Cetin et al. (2004)

NCEER (2001)

Cetin et al. (2004)
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+

12m ]

16.258 + 0.201- Eo 341(~d+0.0785 V5, +7.586)

(Ni)eocs =+ P(N1)eo

Crngs =(1+0.004-FC) +0.05- [FC]
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Conclusions (I)

= Four methods (Youd et al, 2001, Cetin et al, 2004, HBF, 2012, and
Boulanger and Idriss, 2014) are evaluated by local and global database.

= Global database cover a wide range of earthquake magnitudes while
local database 1s based on only one earthquake but includes more cases
of high fines content and more reliable data.

= Overall performance 1s assessed by accuracy of prediction, Fm, and
residual analysis.

= All methods have better performance for local database with OA over

94% but worse performance for global database with OA between
75~84%.

* SPT-N correction do influence the accuracy of prediction but impact is
minor.



Conclusions (1I)

= Cetin et al. (2004) 1s overly conservative and 1s not recommended.

= Youd et al. (2001), HBF (2012), and Boulanger and Idriss (2014) have
similar performance, in which Boulanger and Idriss (2014) has highest
OA and lowest Fm for the combined database while HBF (2012) has the
best performance for the local database that mostly reflects the local
condition.

= HBF (2012) exhibits minor bias against small magnitude according to
the residual analysis. However, such bias will not affect the liquefaction

analyses 1in Taiwan because the design earthquake magnitude 1s mostly
high.

= HBF (2012) 1s recommended due to it’s simplicity yet good
performance.
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Comparison of MSF

30
—o—Seed and Idriss (1982)
)s —o—Idriss (1999)
' ——Boulanger and Idriss (2014)
——HBF (2012)
20
7z 1.5
<1
1.0 f
0.5
0.0
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
M

MSF . 1s determined as 1.8 for sandy layer in this comparison.

9.5



Performance of Different MSF

0.80

0.60

0.40

0.20

0.00

Residual

-0.20

-0.40

-0.60

-0.80
0.80

0.60

0.40

0.20

0.00

Residual

-0.20

-0.40

-0.60

-0.80

I MSF-Seed (1982)
r [ ]
| . .
. . ° . H . . .
[ ] ; *_..
5.9 5.5 6.0 6.3 ..O 7® ¢ 8.0 8.5 9.0
o o o $°
L ..
s
- . .
L Mw ¢
i MSF-HBF (2012)
L ® { ] [ ]
o
_ =N~ .
[ J \. q :
5.0 5.5 6.0 6.5 J?) 7o®® 80 e 85
L .. [ ]
i i
r [ ]
[ ]
i Mw °

Residual

Residual

0.80

0.60

0.40

0.20

0.00

-0.20

-0.40

-0.60

-0.80

0.80

0.60

0.40

0.20

0.00

-0.20

-0.40

-0.60

-0.80

5.

i MSF-Idriss (1999)

[ ] d *
I b ° °

1 . 1 |’ el . 1 1 ]

0 55 60 66 .74) 76%% 80 "85 90
- 3 .
I |

[ ]

[ ]

i Mw ©
I MSF-Boulanger and Idriss (2014)
0 55 60 65 “@MO0 75 . 80 85 90
L Mw



Performance o

[ Different MSF

Global database Liquefied Cases :133 No Liquefied Cases :116
MSF {£1F | Seed and Idriss (1982) Idriss (1991) HBF (2012) Boulanéeg lﬁl)d Idriss
WAEZEG |FERCZES| REFEB | FERCED | RACEG] | IERIEEG]| BRG] | IERILZED
TEH] 126 82 120 87 120 88 128 81
| 7 34 13 29 13 29 5 35
TEH=R 94.74% 70.69% 90.23% 75.00% 90.23% 75.00% 96.24% 69.83%
OA 83.53% 83.13% 83.13% 83.53%
Fm 0.187 0.295 0.175 0.275 0.26 0.26 0.21 0.31
Total Fm 0.278 0.246 0.257 0.29




