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ABSTRACT

Probabilistic liquefaction hazard map is now widely needed for engineering practice. Based on the Liquefaction Potential Index
(LPI) calculated from liquefied and non-liquefied cases, we attempted to estimate probabilities of liquefaction induced ground
failures using logistic regression. We then applied this approach for the regional area. LPIs were calculated based on 273 Standard
Penetration Tests in the floodplains in the St. Louis area, USA and then interpolated using cokriging with the covariable of peak
ground acceleration. Our result shows that some areas of LPI=5, due to soft soil layers and shallow groundwater table, appear
probabilities of ground failure=0.5.

Key words : Standard penetration test (SPT), GIS, Seismic hazards, Peak ground acceleration (PGA), Logistic regression analysis
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ARke] dsiliquefaction)= F2 A|Z1F0] o3l EFo] AA9} 22 ey} He Ao, A5t FEeE 7
Q18] BEZo] s oA F uf dodti(Kramer, 1996; Youd et al., 2001). 1964 = Niigata 2|Z(Mw7.6)2.2 Q18 dsly
tEAolm, HZ 20119 Tohoku AZ(Mw9.0)7 2011d A= Christchurch 2| Z(Mw6.2)52t szt whAate], Asls
A, =8 9 AE S 987} Lojytti(Bhattacharya et al., 2011; Cubrinovski et al., 2011). 2= 2 sfjejFE=|7} Ak3}d)
Zoksln] EZo] EAAF = AUNH FFE uigo g Wl 7lsAS FERITHISSMEE, 1993; Yasuda, et al., 2012).

-

Iy

* 4319 AR FF el st AAFe o
(Corresponding Author - Missouri University of Science & Technology - jc8r4d@mst.edu)
** nEglgsly|stjskn 2| @38} w4 (Missouri University of Science & Technology - rogersda@mst.edu)

Received August 16, 2014/ revised September 11, 2014/ accepted October 8, 2014

Copyright © 2014 by the Korean Society of Civil Engineers
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.




et Tbs A48 B8 SEH et A=

7} 2)%<] 9L} s dpotential) & AalGgIe) ARl
Z(Peak Ground Acceleration; PGA)E o]8-3}a] ¢Ed8(Factor
of Safety, FS)o] 1.0Xt} & 3¢ <k, 1.0%T} 2-& H$-
s} Tbse o 2 oI S 7H A)se] okdgol olat
psnte 2 Ale) olysl TS 25 s B
A)efe] aast 7] 23olele] Tjle clEsRet] ofEgS
o] gkti(Holzer, 2008). FH A -ollxl= Iwasaki et al. (1982)7}F
Aokt MAk3} 715 Z]9x(Liquefaction Potential Index, LPI)S
2 gste] WAl T =S Hrlelka ¢lv) Iwasaki (1986)=
LPI<50]¥ oal}st mlel AHwrt viar, LPI>15o]d wlhg- Tl
H13}9Je}. Toprak and Holzer (2003)2 1989 Loma Prieta
(Mw6.9) Z|Z12.2 lateral spreading 3L Bl ¥k LPI> 12
9] $k& Holal sand boil E/go] A AWk LPI>59] k&
Ko, LPIE vfgo = W3t vjeidels 7 4 dvhal 71=st
o). #ak olyzg}l LPI 4=%]& GIS (Geographic Information
System)e} §3tsle] g s} zfsf =(regional liquefaction
hazard map) A2}t &85l QthLee et al., 2003; Chung
and Rogers, 2011; Maurer et al., 2014).

21742 o]#gh LPI 7]9ke] B3} Afs e -2 LPI<S
= >5 B9l hsle] 2zt st sfsl 7hs ds S Skl
geksl= 7142 (descriptive) A== A|2bE]o] ght) SRR
7)) ol Afsw LPL 5300 wet apdst wjsisrh =
g2kl 4= Joi= A1y dA) 854 27 As] =(probabilistic
seismic hazard map) 27 o] dg] 220]aL Qthe FollA 1
Aewe) SEwrt "ol SHo] lrk o] wal, LPT #x]¢)|
w2 sl F3) &SRS AlEska FE5E A3 A=
283t 5= gl 57 W3] A8 =(probabilistic liquefaction
hazard map)¢] 2 Ado] thF%ar ek Holzer, 2008; Petersen
et al., 2008).

o] oFe] B 2x|E 3|7 (logistic regression analysis)
OF LPI o] w2 W33} vfsf) S5s #A8kaL GISE o83t
54 WPt A= 2HI7HE AAR=T T FE3dA
AylStandard Penetration Test, SPT)ol|X =3 LPI2] 2A|~
€] 3|#821L Papathanassiou (2008)0] 2J3] AAJ= AL g
3} 93lE 71E3k= LPI =X]7} 1924, Iwasaki et al. (1982)2]
LPI F2|(=5)E et AAA] 3L, Bds) QPaAgke] o 5ghE0]
44%= Gro} o SEEAS WS 2 ATA= Iwasaki
(1986)2] SPT AtaE 7Iko = W3} wJ5) Sha-s =E3Irh
AH] SR 2] MIQIEFo]2(St. Louis metropolitan area)+=
nl= S $IAEF EAIR, 1811-1812¢] Yot x|x1o 2 <15y
222 Aol st o] e vl Qlo] Alo] At AS-

W AS5E] HISIE g Fsrt eldEls A o)tk
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2. WAL IS XIS(LPI)

LPI= 7h B3] g3} ebdgo] 71518 Fo3t F X3}
20m7HA] AR3e] she] =312 FHHECKEG. (1); Iwasaki et
al., 1982).

w(z)dz n

o714, LPI=Wg3} 7kFs A5, =252 Zlol(m), wz)=75A
$(=10-0.52)0]3L, F=1-FS (for FS<1.0)9} F=0 (for FS$>1.0)
o2 Aojsitt. dsle] et QFL(FS)2 Seed and Idriss
(1971)9} Seed et al.(1985)2] 2log ZAAE 4= ATHEq. (2)).

G ( CRR,
“\ CSR

)MSF @

&]714, CRR=7215*88-21](Cyclic Resistance Ratio), CSR=
=2 ekS-H)(Cyclic Stress Ratio), 12|l MSF=A|ZF5 X
AAE107 My )olck. opgstol tigk CRRE Eq. (3)7} o]
SPT EFE3]4A(SPT-N)E ©]8-3F A3 2] (Youd et al., 2001)°.2

T 4 ik

CRR — 1 (V)0 50 1
T 34—(V)g 135 [10(V)go+45]> 200
3)

71, (M)s=SPT-N BA 2|0 24, A|Ed gHzKFine Content,
FC)o] =olle] w2} CRRO] O |EE, FColl W} (Mo T3E
(Msoes 2 BRSO CRRS 8 2= 9lti(Youd et al., 2001).
CSR& Eq. (48} 2Zo] & & itk

max

CSR-OG’(Q ) Tro 4
=065\ = )\ c)

S, anu AR NS, g BN, 0~ 38, 7'
TS, regEAAIFERA, 2<9.150H 1~1.0-0.007652
2 9.15<z<L23mo]H r~1.174-0.0267z2 F2]slc)

3. ZXIAE SREN

BEARE SRS 54 ARl WE SkES ok AR
2] o e WY 542 Eq. (54 2k
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Table 1. Data Set for Logistic Regression Analysis

LpI Liquefied-induced ground failure

Yes No

Oto5 7 17
5t0 10 10 2
10to 15 13 1
15 to 20 8 3
20 to 25 14 0
25t030 7 0
30to 35 1 0
35t0 40 3 0
40 to 45 1 0
Total 64 23

Table 2. Classification Summary of Logistic Regression Analysis

Predicted
Observed
No(0) | Yes(l) |Percentage correct
Liquefaction- | No(0) 16 7 69.6
induced failure | Yes(1) 6 58 90.6
Overall percentage 85.1
Prob(Y) = [1/(1+e®*%)] (5)

oJ71M, Y=E&Aa( Vst gJaleE), X=S5HWH(LP), 12
B=B=3]AAIFo|t}. £ ATrellAli= Iwasaki (1986)] s}
TPl AHe(Table 1)9] LPIE tbdo g 22|28 3l7REas s=st
otk 57 712 SPSS 20& o|gate] BAE A}, 249 By
9} B & 242, -0.806, 0.19424 22X Y 3|AEAS 0]43)
sl T3 7Fsde Eq. (5)25E =3 4tk LPI>5
A 739, s} g FEL 50%oPFe R tERY, B dATelMs
LPI 3t 5& 7I€o= a3} ujsf §-75 <J53klrh
sl Tyt PofulA] ke e B A7 69.6%2] HI=E
BoaL, dVdst szt dofd 322 90.6%2] HE=s Bart
(Table 2). 17| 85.1%2] HeE Ho AR =22 & &
oIt} w3k Cox and Snell R2S} Nagelkerke R*7} 22+ 0310,
0.453 24, LPIE 3tz 18k A9k 9j8) o 50] 7Fsdhs &

T Qe

Hj AQLE o] x|ode: v A A5 (Mississippi) S 712
njFelFe} defwolo] AA gtk o] Xoe] A 47] Aww

T
[ ] Atificial fills

Holocene - Floodplains Alluvium

Pleistocene - Floodplains — L

[ | Terrace deposits
Pleistocene - Uplands |: [ lLoess
B i
Fig. 1. Simplified Quaternary(Surficial) Geologic Map of the Study

Area

AALe- e artificial fills), $2=(alluvium), 3}<F(terrace
deposits), F|2y(loess)/HE(till) Fo2 o]Fojz] UrkFig. 1
(Grimley and Phillips, 2006)). ©] z]¢Je] Azt 2 oF 200km
ozl mFelF Eeie] frk=el= ARt (New Madrid
Seismic Zone)E & < Utk o] XXthellA= 1811-1812 A
zk|el] 23 Mw7.0-8.1] A|%lo] dofit v} 9l o1 (Petersen et
al., 2008). Tuttle (2005)%= A% 7} A A K] W3}
37 HHE AT dAd] B4E ZAE o] AxIdle] My 7.6+
ARF71E 50002 4381k

5. o

Obermeier (1989)+= &2 A|(Pleistocene)ZS 1 A%g-0 2
olrksl 2)3)Ado] Frkal Barslelar, Hitchcock et al. (1999)&=
Z3hE B39 Zlo7} 12m oY 739 sk} ek St
I Barshgiek A1 75 (upland)®] 2o} HESS £
AlZolaL, Al Zlo] BEgE [2moPdo g Halw|o] dits) w7t
B730] T3] Wk FoZ ekt wepy, E AFllAE PGAS}
LPI 2FgA] o)& AEHAE Aefatdict She2 B3t A=
e fIsk 7 T B ot 2tk
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Fig. 2. Map Showing the Distribution of Estimated PGA (Holocene
Floodplains Only)

5.1 PGA 0=

PGA= Wl SHA|9e] A Axlalash ARgelolds 7122
Atkison and Boore (2006)7} #|AJg 7H]21S o]88}e] &3
HEq. (6)).

LogPGA=0.907+0.983M-0.066M+(-2.7+1.59M)f;
+(-2.8+0.212M)f3+(-0.301-0.0653M)5-0.000448R.s+S  (6)

o714, PGA=FtIAIZ (5% 44 28), M=RHE 15,
fimmax(log(10/R, 0), fi=min(logR.4, 1og70), ~max(log(R./140,
0), Ra=F57e] Agj(km), T12]al S=HAFZA G0t} A9ke]
Vs30(X8} 30m 7FA|Q] it Akl =(Shear Wave Velocity,
Vs)) FAIE o183 FASIEIAG 227 A9 Atkinson and
Boore (2006)2] =4} Egs. (7) and (8)°l] 242t 24|01tk
AR 9e] A]uke] Vs30E Wald and Allen (2007)7} A A8k
2 500m sid=e] FFuRES 7o 2 BS3giek Aue
L ARIe R, k== AR Mw7.S AJRle] APt 7495
7HEHItE PGAE FASEAIGe A1 AU Q. 9 wgte]
712](180-240km)E Eq. (6)° tidste] A-gekaitkFig. 2).

5.2 SPT Xl=Z&Sn} LPI 84

AR LPI ARRS 918l T3 APdzala 2 wRE el
A AV & 273 39| SPT A5 3ske] £4st3iriFig.
2). AR SPT #A}859] $8R= Thea} ek HEZ66), 24
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Depth | Lithology i SPT- | Fines<| PGA=015g
m | wscs) N60 | 5mm FS LPI
0 =
1 2
2 4

Silty clay 4 Non-

9 F ae >=15%)| .

(CL-ML) w 5 liquefiable
4 4
5 4
2
6
5 0.9
# o= 6 1
Silt (ML
8 - i 4 0.8
g 3 0.5
9 0.7
10 -
7 0.6 50
Poorly
Bl 5 graded silty 24 1.7
12 4 sand (SP- 19 13
SM) 20 14

- 13 - <15%

23 1.6

= T >34 N
. 28 18
16 -

. Well-grade
°| sand (SW)
=30 N
18 -
19 -
) |

Fig. 3. An Example of SPT Profile Showing the LPI Analysis;
USCS=United Soil Classification System; GWT=Groundwater
Table: Non-liquefiable Soil(N) for (M)so=30

3(182), SIFH25). X3 2loli= SPT &A1 B B4
S 23k 2 9dollA]i= Seed and Idriss (1982)2] ¥ o]
ue} 7b A)&e] dPFslE Md(screening)dt & Egs. (1)-(4)E
o]g-8te] z+ SPTe) tst FSe} LPIE 2H43slaick(Fig. 3).

5.3 S5 AHMs} el

72)23¢] LPI 237te] LPIE= s1=12)7)(cokriging)S- o8-}
o] HZNinterpolation)&}3it}. 2] FRel o] A7}
FABAE BY BS A S5k Hole 2o R dElA
Slth(Isaaks and Srivastava, 1989). PGA ko] &<= LPIV}
A= AHIAE 722, PGAS o]xpH5(500m grid)= 28
o zF 2 Aee]o) thEk LPIY) I8 A5 T3 H
shule] LPI =8 A2kslci(Fig. 4). LPI 3he 84|2g 372
2o 283k sha7 W3} Afsl == Fig. 49 2tk 725,
Mw7.5 A o] A|e] Jgiol Wit 7942 LPI7E Sopd
e B WPstR QIgh Ak JJsf ShEe 50% ofFow, 1
ojele] T2 50% ofet= =k & 50% oS Hol=
T wAAERE A HIXIgE o2 thE T v]El ARE
7} A EFEe] laL Ak 2o} vl ke (<2m) 3oltk
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Fig. 4. Map of LPI-Based Probabilistic Liquefaction Hazards

(Grimley and Philips, 2006). ©]2 213} =& LPI <3|& Ko
& 50% oPFo g FrHEITE dA o T AR AR
ol 5 o] o}ola A% AN SISk gk A
7PsAol Qlore ur Wue ¥ 2} avH,

6. Q| X 2=

22 el 2 Ze ARIEe] olufe) wshEA, 2|71
HPYA] kARl st wHY 7hsds viAIEE = gl 3ok
2 ATroA= LPL 7]9ke] A2 SRR 0 2 W3l 3]
FES 53l ol v R FR| o] A3t A= 27
e ABIATE Pl= AIQIESFo] 2 2|9 LPI= SPT A2
B] 2B8190al F7H8] LPI= PGAS o|xpH<re 283+ F32)7]
o HRleink GRad k== AR MwT.s ARlo]
WY A9, Bl Wt Tk st TJs) gEol 50%
OPHLPIZ5)o 2 dPd=An) it wE W= Christchurch 2]
2] AH 37 (Mauere et al., 2014)9 4= Gt g 48k DjsiE
Y2 TN =2 LPI FXE HolA|vh, a7t e 47
A= LPI7E 4-8 2 =7 U= 7897} Slokar ®arselct:
ol AEAN wsHd EF0] QFEe] Aam7 W ds]el] FHohH
Ao w gotal, e Fo] v EFY] AFHde g
n)A W}sl wjElE ¢ Ao =2 HoJZItiObermeier, 1989;
Mauere et al,, 2014). wpr], 5 Aelxle= s} gjal] ARE
ofLjz}, sl kA ANke] XIS viRe 2 HEE Fo] 9

2ol 5415} sfo] LPle] Hed Soo = ol gatrhy, Hr}
Be A7 st 3 clZ0] 7bsT Aoz AmErk
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