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ABSTRACT

The Klong Sadao Dam, the largest dam in Songkhla province, Southern
Thailand, is located next to Thai-Malaysian border with water storage capacity of 56.74 million
cubic meters. Downstream areas include Sadao, Klong Hoi Kong, Bang Klum and hat Yai
districts with total popular of 530,692. Dam is a large engineering facility with low chance of
failure but it would cause high is damage if failure takes places. Earthquake is natural disaster that
could trigger dam collapse. Even though the Klong Sadao Dam is located in area of low risk
earthquakes, the local people and authorities have raised concern about the stability of the Klong
Sadao Dam subjected to an earthquake, especially after Sumatra earthquakes in 2004. The
objective of this study was to evaluate static and seismic stability of the Klong Sadao Dam

subjected to the ground acceleration data from major and local ground motions.

Analytical results showed that the static factor of safety of the dam ranged from
2.255 t0 2.673 and from 1.637 to 1.683 for the upstream and downstream slopes respectively. The
dynamic response of the Klong Sadao Dam showed that the horizontal displacement and
acceleration of the dam increased with its height and a maximum horizontal displacement and
acceleration was 0.064 meter and 3.31g respectively. The maximum permanent deformation
calculated by Newmark’s deformation analysis was 0.643 meter for upstream slope. Analytical
results obtained from simplified method proposed by Seed and Idriss (1971) showed that
liquefaction would occur at filter zones of downstream slope when the ground motions of

earthquakes were more than 0.4g. Liquefaction at filter zones, therefore is the most significant
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seismic stability problem of the Klong Sadao Dam. However the occurrence of ground motions
greater than 0.4g for the dam is unlikely because its location is more than 300 km away from the

nearest active fault.

Keywords : Klong Sadao Dam, Dynamic response, Peak ground acceleration, Permanent

deformation, Liquefaction
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1) HAUADY (Impervious Earth Zone)

¥iAvAUTTARUMEATNOUNTIY (SilH) HTBAUMTIED (Clay) a1m1TadwUnYila
voaau Tae 42 UUOANIN (Unified soil classification system) 1é1ilu MH %30 CL iaiifia
1187 (Liquid limit) 32130 48% - 61% Uaaasiianud unaiadn (Plasticity index) 3813149 21
— 29 iAANUHUMUUITIGIEA (Maximum dry density) 531319 1.408 — 1.640 AudognuIen

Y v
A5 LariAIANNFUNMINZ T (Optimum moisture content) ¥4I 22.20% - 29.30%



2) el AN303 (Filter Material)

¥HAV0IAUTEAOUAIINIIY (Sand) HAINIINDINDUNI (Specific gravity) 1A

1 1 [ Y] 1 4 1

2.65 TMANUHUIMHULAIGIA (Maximum dry density) 111U 1.887 AUABNUIARINAST HA1
[ ] @ 4 (Y 1T W a ] g’
ANUHUMUUTUNNT (Relative density) 11101 70% uagiimdulseanimsFuriuueiil

(Coefficient of permeability) 111191 5x10” B UAIATADIUT
3) Id sﬂameﬁau (Random Material)

BiAV9IAUTZNOUAIIAZNOUNTIBINNITHNTOU (Weathered sandstone) HUAUATY

(Shale) tazfiuInay (Mudstone) 131509 munsavesan Tasl¥seUVONAN (Unified soil

. . Y A ' ° . . ' =

classification system) I8ty sM Taanualedume (Specific gravity) 3¥¥11319 2.70 — 2.82 ¥
1 ] 1 @ 1 14

AAUNUIMUUUAIGIEA (Maximum dry density) 53117919 1.848 — 1.962 AUADQNUIARINAT

Y v
HazlimANUFUNMIZEN (Optimum moisture content) 35HI19 12.60% - 13.50%
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3197 2.3 vilanaznaduiiavesTagoueuAReIzIA (NTUFaLlTzNIY, 2532)

Impervious Filter Random
Parameter

Earth Zone Material Material
Specific Gravity 2.73 2.72 2.78
Moist Density (t/m’) 1.84 1.95 2.09
Saturated Density (t/m3) 1.92 2.11 2.19
Cohesion (t/mz) uu 4.6

CU 1.2 0 2.2

Internal Friction Angle, (1) [819] 13
(degree) CU 25 30** 29
Coefficient of Permeability (cm/s) 5%10° 5%10° 5%10°

NU9L1ie -

2.2.6 ANHAUSMIFEIAINGN VSNV UAADIAZIA
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HUALIA (Triassic Sadao Formation) uawwuum’% (Triassic Na Thawi Formation) TagTusu
a <3 1 1 a 3’ $ 1 Y] R
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Tngjeynnazlivinanais lidadadu uazundiuiinznounsie (si) deaunsnilzilueglu
Y
FUHUAUATY f?”mﬁ’mgﬂwuumﬁ (Triassic Na Thawi Formation) ﬂﬁzﬂauéf’mwumm
a A =Y = 9 =1 [ 19 Y Aa
(Sandstone) UAzHUAUAI (Shale) NaNHAULANUIY VoUNAVUIANAN 219679 1AVT I
dg’ ~ J <3 2’ @ A a ' (] a A v 1
nunvesorufuimazdnveudasouvivia druluninugiusimyoudiulva
Usgnoudieaznounsie (i) uazazneunitedudumiion (Silty clay) tagiligaiudzial
. . . @ "9y v [ A £ Y % A
(Triassic Sadao Formation) INAIVYATUAN muaﬂﬁugﬂm 2.3 HIADAAQADINULUNUN

aa [ [ [ = d' U 1 a dy d'd Y
FIUINYITWINIATIVANUDINTUNTNYINTTIU (2550) NnaNNUTHUNUNANEIUTZNOUAIY

uu
CuU

kok

Unconsolidated Undrained Test

Consolidated Undrained Test

Tentative Value

Y 1
AzNBUAZITNAI N3IA N318 AZAOUNTIY Aaad Hazehy Awaaslugln 2.4
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2.3 ngumstdaunuiulng

] a I v Aaova A A a & = [] A
uruau T udenian19555u91a MRannsduazimouvedurulaonlan
(Barth crust) outiodu1anmsvaatlaesndsau molaatlassanumnssanazan13nelu
Ll [ (% d' [ = Y d' a 1 a a’;’
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Y] ] 9 a A A & g 1T A a A A a o
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2.3.1 aungmsnaukuiulng

AaAa uva v a

1A a g £ < t4
1) !,muﬂu"lﬁamﬂﬁiiwvm L“lJuﬁimWUﬂﬂwuﬂwmt’faummﬂuﬂimgmim‘wN

A

v J Y ]
535UMANNAINMITUTNOUVRINUAY duiTlownanmsantlasendnness g
anunseanazaninielulaneenuiedeiunauielsuauqaveslaonlanldnii Tao

aa A A u’a’ A A 19 Y
UnAnannmandou liivessesdon melusunlaenTaniegaiuuengavenseddig
=\ d‘ d' A d' 1 9 ] [ d' ] a
yoslan Imsmdounnienldsuniasedisd q ediawe awdaalugii 2.5 uduanluiee

a dg’ A 9 o I ~ =1 a dyt: d? ] Aa
LﬂﬂGIJ‘LlLll@ﬂ’J”IllLﬂu@uLﬂUNaﬂ”lﬂﬂ”lilﬂaEJHLLTJ@Q‘JJ‘JJ”IﬂLﬂ‘L!ll']J ﬂ13$ﬂlﬂﬂﬂlﬂﬂ@81ﬂﬂi&3m

] { A ] u’a’ I
voutvavenulaenlan hutesuaonlaneeniiussainin (Lithosphere) 1380
[ Y

T A A a K a ' = dyl ) a ' '
Lmuﬂullmmﬂﬂmuummmammmamwmﬂaaﬂiaﬂu’n LLWUﬂu1W35$W31QLLWU (Interplate

Earthquake) Gatna latioesuaz juusandn unuau lvanielunru (Intraplate Earthquake)

51 2.5 dnvazmsndeunvewtldonTanguuuaisg M ldnauduanTvg (a) Normal

Y

faulting, (b) Reverse faulting, (c) Left lateral strike-slip faulting (Kramer, 1996)
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d’ \ a
2.3.3 aauuEuau 1

A 1A . . | Y £ A a A
AAULEUAY 11 (Seismic Waves) iHundsniugdunumiaiinannmsuannions
INOUNDENRUNAUVIIHUVTNUTOIAOU (Faults) 1130910155214A (Explosions) AAU
Y 1
maauma lldaduanan vealanlassienusatiuin 1 1ddemnienstauruan i

4 1A 1 3 a 1
(Seismograph) AduLHuAY Traudsesmilu 2 ¥iia laun

4 Y o3| 4 { a ll 1 4 a
1) AAUNEN (Body Wave ) ilunauiiaunisegnieldlan laun adu P oyninvesau

4 4 4 o A o aay
waoud llawuuius nagadu s eymadwadeud lawuuiszu Aavitie1d uas

Az TupoNAZIUAN ANNEITNATUHANDYTZHIN 0.01-50 TUIA

A a dy kY A a a A A
2) AAUNINY (Surface Wave) llmmﬂamaw (Love wave) mgmmumaauﬂuum
- A 4 & A ¢ . a A 4
JTUIVHUDUNTIAADUNUVDILADY LasnaUlulanr (Rayleigh wave) OUNINVDIAULIAADUN
A d' 1 = v A d' (% 9 (% 1 d' a dy
MUDUAAY P UAVUZIASINUIMIAOUAWVVIOUNAY ANENIFNAAUAINUYTEY 10-

350 319 (37 2.6) (Kramer, 1996)

Wavelength

i N Undisturbed medium
Compressions Undisturbed medium p N
/ N / N
(a) (©) FEAT
H 1 ¥
N V4 |e————— =
Rarefacti Wavelength
aretactions g Undisturbed medium Wavelength .
s N f—— Undisturbed medium
/ S
(b) (d) ot
v I T
HHH EEEE
\ ] INNNI I
Wavelength

51 2.6 anpuzvosnduuAuAY THIwIAAN 9 (a) Primary waves, (b) Secondary Waves,

(c) Rayleight waves, (d) Love waves (Kramer, 1996)
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135199 2.6 Static Equilibrium methods (Kranh, 2004)

Method

Moment Equilibrium

Force Equilibrium

Ordinary or Fellenius
Bishop’s Simplified
Janbu’s Simplified
Spencer
Morgenstern-Price
Corps of Engineers-1

Janbu Generalized

Yes
Yes
No
Yes
Yes
No

Yes (by slice)

Yes
Yes
Yes

Yes

M15197 2.7 Interslice Force Characteristics and Relationship (Kranh, 2004)

Method

Interslice Normal

Interslice Shear

Ordinary or Fellenius
Bishop’s Simplified
Janbu’s Simplified
Spencer
Morgenstern-Price
Corps of Engineers-1

Janbu Generalized
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2.5.2 MIUATEHEDEsMNINAT YU I8IT Bishop’s Simplified Method
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517 2.24 nazmdanduanuilasassamnsosiuan ld Taeldaun1si 2.5 (Das, 1994)

31/91 2.24 Bishop’s simplified method (Das, 1994)
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$ 1 H A s 1
A13197 2.8 A1 Seismic Coefficient 1Az Factor of Safety N1 1% 1umMsAnTzHiadesamuesvou

Seismic Coefficient Remarks

0.10 Major earthquake, FS > 1.0 (Corps of Engineers, 1982)
0.15 Great earthquake, FS > 1.0 (Corps of Engineers, 1982)

0.15-0.25 Japan, FS> 1.0

0.05-0.15 State of California
0.15 Seed (1979), with FS > 1.15 and a 20% strength reduction

1/3-1/2 PGA Marcuson and Franklin (1983), FS > 1.0
1/2 PGA Hyness — Griffin and Franklin (1984), FS > 1.0 and a 20%
strength reduction
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2.6.178 Equivalent Linear Approach
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T

T

(a) (b)
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517 2.27 AMedaniaaloun NI 121A075 Equivalent linear approach (a) Wriaadiili

Y] 4 o [ 4 a Jaa 4
FUNUYBUIDU (b) HUUIIaINITNdAaUA873 I TUAD AU (Kramer, 1996)

[M Jaij+ [DJap+ [k *Ju} = [M Ju, (¢) @7

lile [M]

Mass matrix

[K*¥] = Complex stiffness matrix
[D]
fu}

U, = oATUTURITINTERwEUAY 117

Damping matrix

Displacement vector

2.6.2 MUBTIINVIAVBINUVDY (Natural Period of Dam)
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1) 75U049 Gazetas and Dakoulus
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261H
T=—"— (2.8)
VS
11 H = Maximum height of the dam or embankment (m)

= Average shear wave velocity (m/s)
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G]@UﬁUBQV]NWﬂﬁ”IﬁﬁﬁJi’JW]’JL%E’JH (YU mmsmﬁaumﬂuumsm“lmmaaqﬁumuﬂm%u

(Impervious earth zone) NTZAUAINFIAE] VIR NVOU
2.6.3 ngﬁmgﬁagﬁaug 3gA (Maximum Shear Modulus, Gmax)

Hardin and Black (1968) I&dauennuduiusvosn Maximum Shear Modulus U83AY

v Jdo

NnIY mnwamsmaaﬂuwmﬂgmmma 201NM5IAIUTUIN AIANUTURUTALE

) v a { 1 IS a @ 1 ] ' ' -
ﬁmsmumwﬁﬁgﬂinmﬂﬂuﬂamgazﬁamm’;u%manﬁaﬂﬂam%mm‘u 0.8

G, —6931(21776)( % (kPa) 2.9)

[ v A A 1 IS a < =
mmmummmgﬂiwmmmﬂumaﬂu

G, —3230(2917$( % (kPa) (2.10)

B . o0,+0,+0,
il op=—"F—2—2 32 3 (kPa)
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Hardin and Drnevich (1972) Anu1iladeNinase Shear modulus VoIAUTE A

[ { 1 vAa 4
nuMalsidinanonuauiAN NNAMAATADYUIAYDIANIATOAMNOU  (Shear  strain
amplitude) MANUAUYTZANTHA (Effective confining stress) UaZOATIAINFDIIN (Void

. 1 4 = . 4 = v o Jdo A
ratio) tazanmanuau luoaa (Stress history) 238 TagiaNuduRUTAIaNnISN 2.11

G, _3230(2917;@ (OCR) (o, J'* (kPa) 2.11)

Lﬁ"ﬂ OCR = Overconsolidation ratio
k = Constant depending on PI
= 0 for PI=0%
= 0.5 for PI=100%

Seed et al. (1986) lAtaupaNudNiUTszHI19A1 Tugdaus uRougIga (Maximum Shear
Y
Modulus, G, ) AUMTNAFDUNTT VN U NUDIAU (Standard Penetration Resistance, SPT-N)

aaaasluaunsn 2.12

4
Gy ~ 35x 100N (o, )] .12
ilo G, = Maximum shear modulus (Ib/ft")
Nee = Normalized standard penetration resistance (blows/ft)
O'é) = Effective confining pressure (lb/ftz)
O, .
= —V(3- 2sing)
3
G\'/ = Effective vertical stress (lb/ftz)

@ = Internal friction angle (degree)
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2.6.4 Mugdmaeu (Shear Modulus, G) HlFlunuusiaesmendinmans 2 ia

[

1 [ A o3| [ A o a L4 4 a 9
f’ﬂill@ja'ﬁlli\uﬂﬂulﬂuﬁ?uﬂiﬂﬁ”lﬂmiuﬂ1§3lﬂ51$ﬂﬂ1ﬂwaﬁ1ﬁﬁ§ T%ﬂﬂmtmm

o

4
= =2

Tugdausunouveiagoulo A NNNIUAINANUANVOIRNTOUAWNG B Stiffness as a

'
v Jdo =

Function of Depth FaiaNuFURUTAIaNNTN 2.13 (Krahn, 2004)

G =Kq(on) (2.13)
Lﬁ@ G = Shear Modulus (kPa)
K, = Modulus Number
Ur.n = Mean Effective Stress (kPa)
n = A Power Exponent

2.6.5 ANA5INAUNDY (Shear Wave Velocity, V)

o v 1 < 4
Andrus and Stokoe (2000) Tarueanuduiusvesannusna R ou (Shear wave

. Aq Yo o A a Y ~
velocity, VS) Tli%ﬁ”lﬁiﬂlellf’]u@uauﬁ1lnﬁﬂﬂﬁ%llﬂlmllﬂﬁnﬂﬁllﬂﬂlicﬂ 2.14

V, =932x(Ng, )™ o1

Normalized standard penetration resistance (blows/ft)

2o ' < A A ' o A v
ueﬂmﬂumﬁmmsawmm’gmﬁ’maumau%mmiu@jaﬁmaug&ﬁ@ IQEJQIGK

v o J @ {
AMNANRUTINNYBT Elastic Continuum Mechanics taad laaeann1sf 2.15

2
Gmax = pVS (215)

o G, ax Maximum shear modulus (kPa)

Mass density of soil (kg/m3)

<

Shear wave velocity (m/s)
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2.6.6 Shear Modulus Reduction and Damping Ratio Curve

a L4 o @ . .
“lummmﬁwmmumamm@glmu Equivalent linear approach (Kramer, 1996) T4
v o 1 o A = = £ o v o
ﬂ’NllﬁiJW‘H‘ﬁﬁ%‘ﬁ"JNINﬂﬁﬁmf)ul!agﬂ’ﬂulﬂﬁﬂﬂlﬂ@u G]f\il!ﬁﬂ\‘laluﬁﬂ‘blmgﬂiW‘Iﬂ’NiJﬁiJWLl‘ﬁ
1 [ 1 [V A = = d’ J @ A I~
izmnammauh@aauﬁam@uuazmmmﬁaﬂmau IﬂﬂﬂﬂWINﬂﬁﬁLliﬂlﬂﬂu%$Nﬂ1aﬂa\‘l
= = A A d? 1 o = o v a < ~ Aa <
ATUUVUTINUDIANTUIATIAULRDUNINUVY ﬂﬂu@ammmaummuﬂmmamaammmmm
weransoudaa ldasgl 2.28 wazgili 2.29 Mud 1Ay d1uA19A3 1891 Damping 21dA
@ @ @ 4 ' @ 1 1 @ T
1uﬂﬂﬂm$ﬂi”IWﬂ’J”I?Jﬁ?JW“L!ﬁi%W’JN’E)@]iWﬁ’Ju Damping LLﬂ%ﬂ'J”IllLﬂ%EJﬂLGH‘LlﬂLl a1
' E4 [ ' 4
8735189 Damping 2 UAUNVUVUAINVYUIAVOIANUIATIATINUTY A19AT18IU Damping

) v A < = a < Y v ~ A o w
ﬁ1ﬁ3‘].|ﬂu!uﬂa3l@Elﬂl!axﬂuLllﬂﬂfnllﬁAlllAliﬂllﬁﬂqllﬂﬂ\TSﬂ‘ﬂ 2.30 !,mx'gjﬂ‘ﬂ 2.31 guaiad

U

1.0

0.8

0.6 |-
G Pl =200
Gmax 100

0.4 |- 3 \

OCR =1-15 0 \
0.2 |- \
0.0 ! : 1 :
0.0001 0.001 0.01 0.1 1 10

Cyclic shear strain, y, (%)

ﬂ‘ﬁ 2.28 Modulus reduction curve d115UAUTIAAL LE)EJ@ 11 PI 190U (Vucetic and Dobry,

1991)
10 ==
03 \ - -
\{xg\mraﬁc
Y
5
5 06 -
o %,
9 Range of G/G,_4 o
B o4 <
N
S
= ey
02 =
0

10 107 107 10 1
Shear strain, y* (%)

ﬂ‘ﬁ 2.29 Variation of G/G,, with shear strain for sand (Das, 1993)
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Y

. 9 [ < { 1 v @ .
.30 Damping Ratio Curve dmsuauNaazReanla1 PI @190 (Vucetic and Dobry,
1991)
28 =
24 ’/, //
20 5 ~
€ /
Q / ~
g1 =
B P y
lén P ‘f
'g, 12 /, Range X,’/
o) L / Wi
8 ~ 7
& / _ -1 - Average

B8 Pl =0
1
20 |.. 3
2 30
o
T 15 - 50
=]
£
a 100
8 |-
= 200
5
” ; ; »
0.0001 0.001 0.01 0.1 1 10

Cyclic shear strain, v, (%)

107 16"
Shear strain, y* (%)

gﬂ‘ﬁ 2.31 Damping ratio for sand (Das, 1993)
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Ishibashi and Zhang (1993) na13 Taena 11)ud2 A1 Modulus Reduction tay Damping
4
. 1o J (% a A . . 1w <
Ratio %ﬁu@gﬂumuimuﬂizamwa (Effective Confining Pressure) PRk AT R REVISIAT!
a a .. £ = 3 Y v =
NANTANUDIAU (PlastICIty Index, PI) G]Nﬁnﬂiﬂl“llﬁlulﬂuﬁwﬂWﬁhlﬂﬂ%ﬁJﬂﬁ‘ﬂ 2.16 uag 2.17

ANAIAY

Gi =Ky, P o™ (2.16)
max
Lﬁ@ G/G,,, = Modulus reduction
o m = Effective confining pressure (kPa)
PI = Plasticity index
V4 = Cyclic shear strain (%)

0492
K(y,Pl)= 0. 1+tan{|n 0.000102: n(P! )j ]

4

B 04
m(y, Pl)—m, = 02721 tank %ij ] exfl- 001451 %)
¥
( 0 for PI=0
3.37%10°PI"™" for 0<PI<15

n(PI) =

1.976

7.0¥10" PI for 15 < PI1 <70

1.115

\ 2.7%10° PI for PI> 70

_ 13 2
5:0.333“6’(‘( 00141 )0.58 G ] L1578 11| o4n
2 G G @17)

max

max

1o éj = Damping ratio (%)
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2.6.7 malasuzlanisvesmatiuveulagt Newmark’s Deformation Analysis
ana 4 d' LY % d'i 1 T Y A
Newmark (1965) 1@UDITUATILHAITIAAOUAIDINTUBIAIAF AU 1A8Na12191%

d' o @ a 1 9 o YA o 1 [ <; 1 d!
159NINTERINVNIAAUVINANUTIAY 3z T NBaT1duANNIaoan s (FS) 101 1 Fa9y

o Y a A @ a @ 1 =\ = Y d' ~ .
mldinansinasudlIvesnlanuainaln awsalseumevu ladumsmasunuuy Slide
Block UU3ZUUIB89 aduaaalugii 2.32 o153 Slide Block dvogluannzaugauy
1 1 [ I~ [ 1 1

FTUIBEY azNUNAIANUaeaie (FS) ¥d4 Slide Block 3211 U8AT18IUTLHIaMTIAY
(Resisting Force, Rs) AULITINTZNN (Driving Force, Ds) T%ﬁwﬁ’jmm&’mmsmﬁeuﬁmm

. (=) 2 a é’ = | Y v A
Slide Block UliJiJLLNLﬁEJﬂ‘V]”IHLﬂﬂﬂJH ﬁ”lll”liﬂlf‘]]flmﬂuﬁmﬂ”lillﬂﬂ\iﬁllﬂ”li‘ﬂ 2.18

Sliding
mass ~—
Sliding
block
Failure Inclined >
surface plane Z
- =
(a) (b)

311 2.32 mandouiiuuy Slide block UNIZUIVIBEA (a) Potential Landslide (b) Block

resting on inclined (Kramer, 1996)

_ Rs _Wcosptang _ tang

FS - (2.18)
Ds Wsin g tan g
A v ..
e Rs = 133M1U (Resisting Force)
Ds = 1139n5¢M1 (Driving Force)
w = WIMINUINIaAY

) = YUFEANIUIEHINNIAAUAUTZUIVIDE
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9 ] ]
UoNIINY Newmark §908199011M151AAOUAIVOINIAAUITHYAIND Inertia forces

[ Y 1 Y v v
AABUAINGY AN UTLIZAMTIAADUAINDNATINYBIAIDATUTIVOINUAUNNTLIIN VAT UN

[

Y £4 b4
! 1 . . LK% 1 . . [ wAa <
WINNIIAT Yield acceleration AN411A1 Yield acceleration ﬁuagﬂuﬂmﬁmﬂmmumuiwm

1
=<

@ < @ A A o 1 Y1 .
969 G]Nﬂ'NllLLﬂJ\‘]l!ﬁ\ﬂJfJ\‘lﬂﬁﬂ@W%ﬁ]glﬂaﬂu&tﬂaﬂulﬂéllﬂwWﬂJLLiQNWﬂﬁ%Vﬂ dawalvinn Yield

. A o Y v A A A dg’ @ A
Acceleration In1aaad uazii lvaasuilnsinaounuInuuy ﬂ\‘lLLﬁﬂ\‘lﬁluzﬂﬂ 2.33

Displacement Velocity f—ky —

311 2.33 MIMAINIIIAABUAIVEY Newmark N3dl Ky IA1aaad (Seed, 1979)
2.6.8 m3tnalIngm3al Liquefaction

151nM 397 Liguefaction fie maidsuniasaainzvesagsmannsaansonsie i
odluen1azaud nanmvei (Solid state) naneifuerninveurad (Liquefied state) &4
ﬂizmumﬁﬁqﬂa'nfnzLﬁwﬁyuﬁ@imﬁaﬁuﬁmdngmmﬂﬁxﬁwmmwiﬁﬂm Mldusudou
senhadiafuitui sazmausanszinauEuaY lalianuguusannne Waauezinams
Guﬁuﬁauazmﬂﬁﬂuﬁqwﬁmaﬂﬂugﬂﬁ 234 HaRamIAe HAsd TN NIRY (Excess
pore water pressure) Lﬁuqﬂéﬁu HazmANUANTEANTHA (Effective stress) 3EHIUNAAL

o oo a

1 v 4 Y
anas i ldiRansgdeiassuns uRouvesauiesnINHaveIM TN LUV I T I U1

1 a Aa g a A ) Ya o ' ] o 2’ o Y
qIUNU Glummzwﬂuﬂﬂzmﬂmimaaum‘nﬂwwumﬂanllummmiuumuﬂ"lﬂ
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Sand Injected Into

e A Sand palle overlying sediment.
Pavement =
Loosely packed Sand dike 4
rains. Pore spaces —
filled with water. g%ﬁ y
&
bl
Water-saturated s N 2l
granular layer Grains pushed / / \ ’ ightly p yel
apart by upward
flow.
a) b)

51/ 2.34 msifinls1ngn15al Liquefaction a) Aowiausuan 1 b) naunauduanng

a

Seed et al. (1983) 52y NanyazAUNT lomena Liquefaction atn aunsie nswuil
A = < 1 vy A 1 d a A
waznsIndunsie Alldivaziden (VUIAEANI 0.005 mm) WIAAITeaz 20 Deduduaun

135 Tonania Liquefaction luvysieh Wang (1979) Mviualiauniiaiuaziden (P200) 1Ay

1A [

$owaz 15 uazlinal LL mnnndesas 35 donaudinar liuii Tenaina Liquefaction faaag
A ] = v o o 1 =\ dy A Y @ o v w
Tugi 235 wwdeanu msdmuadenandiugiunerdesiunisanasrestaeiusg

EX]

A o A 9 1 A 9y a A 1 < A [ a [ 1 = |
maumﬂllﬂﬂanm Tageanuaulszaninaseinulafauanad LAMINAUAINAINEIU

azideavosaumileroginuaNiimua ANuTieIUIAUNTO Cohesion ILHFIGAIUNIUNS

AAaAAaAa 9

Y v
doidalds wonvniulunsdiniauiiaay PeABYNIN ToMANAUILNYDIINFINTUNT

[

guAztios ¥l Liquefaction hiannsomna'la

Silt | Sand |Gravel|

100 TTTT T IIIII!/ T T TTTTT ylll
80 ¥ 4 ry

c Boundaries
-% / — for most 7/ /
E Liquefiable Soil
2 60
= 40 H Boundaries 7
S for potentially
S Liguefiable Soil /
A /
olLitl L 111t Ll [ RN
0.01 0.1 1.0 10

Grain size (mm)

v
aA

ﬂﬁ 2.35 VO LLUAVDINITNIZDIYIUIAAAL VDI ANy Hlemaina Liquefaction (Tsuchada,

1970)
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Seed and Idriss (1971) JAla@ue3Tn315210UM5IAA Liquefaction 1a83% Simplified

=

t & a @ ] a g . a 7 1
Method ¥4 11351 14 ued19n319v1914M5IAT1EH Liquefaction Taemsinsizviay l4a
Cyclic Shear Stress (Tcyc) Hasa Liquefaction Resistance (Tcyc,L) IAUIMHIAIANlasany
(Factor of Safety, FS) FINTAIUINAT Cyclic Shear Stress (Tcyc) Hagal Liquefaction

Resistance (7, ) @nsad e ldasaunsi 2.19 uazaumsi 2.20 sy

— —_ a'max
Teye = 0657 0 = 0.65{ Oold (2.19)
g
Toer = CR 0y, = (CSRy 15 MSF K, Jo, (2.20)
1o Toye = Cyclic shear stress
a_ = ABATUIIGIYANAIAUMNIUUITIY
1 d‘ 9 1
g = ANUITUNDI1ATI TTUD9Uea Tan
O, and O, = ANuAuIIN nazaNuAulsEanirnany
1IN
. 4
I, = Stress reduction factor (g‘]JTI 2.36)
Toye.l = Liquefaction resistance
CR = Cyclic shear stress required to cause
Liquefaction
MSF = alSuudiioannvuavearuau g
K = ASuuANeURUDNIWaYD Effective

overburden pressure

9 o 1 v o 1 1
dmsumsman CSR, aunsodsznald Taeldanuduiusseriea SPT, (N),,

o 1 & 9 1A A a 4 1 a’/‘ o A
AUA1 CSR,,, _ ,, B ldmwizunuau lvindivua M = 7.5 Samos mniiu awdaslugili 2.37
uag KimsUSufoudnTwaved Effective  Overburden Pressure 1ao19A1 K (Estimated
[ Y
average curve for sand) aduaaslugzii 2.38 uenviniidrwuiaveaunuanlng (Earthquake
. A A A 1 A Y v Y (v Y1 . .
Magnitude, M, ) NWITAUIUAININNNHTOUDINI 7.5 Tl Suuna Magnitude Scaling Factor

(MSF) 9109115197 2.9
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gﬂ‘ﬁ 2.36 Stress reduction factor

06 !

I
o

Percent fines= 35 15

CSRy-75

Fines content 25%
Modified Chinese code proposal (clay content = 5%)
Marginal No
0.1 Liquefaction Liquefaction Liguefaction ||
Pan-American data [ ] |m}
Japanese data L] o o]
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0 .
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(Ny)go

51 2.37 Anudusius 38119 Cyclic Stress Ratio 18 (N,),, §1115U Silty Sands U4

_Y

upuAu 191 M=7.5 (Kramer, 1996)
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Estimated average curve for sand
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o
Folsom foundation gravel
o (D= 40%)

Legend Wi

W Fairmont Dam B S
® Lake Arrowhead Dam

@ Upper San Leandro Dam

7 Lower San Fernando Dam Shell
£ Upper San Fernando Dam Shell
¥ Los Angeles Dam Shell
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[l Antelope Dam Imparvious Material
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.
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(D, = B4%) v
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517 2.38 n5 M35 uART Ko 1110991n8NFWAVDY Effective Overburden Pressure

(Kramer, 1996)
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H [ ] 4 =Y a J o o [
ﬂ151\1‘ﬁ 2.9 ﬂTIJ'iUllfg]jlﬁ@QﬂWﬂﬂlu’lﬂﬂJﬂQl!WHﬂul’l‘ﬁ'} (FNRBT) AIMTUAN CSR, (Kramer, 1996)

Magnitude, M

MSF

5.25 1.50

6.00 1.32
6.75 1.13
7.50 1.00

8.50 0.89
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1w ] o a 4 a 4
ﬂW@@IiWﬁﬂuﬂﬂ’lNﬂa@ﬂﬂU (Factor of Safety, FS) GU'E'Nﬂ133Eﬂ51$Wﬂ'lilﬂﬂﬂiWﬂ;]ﬂ'lim
Liquefaction ausamuiu ldnnsasaivves Liquefaction Resistance (7 ) A0 Cyclic
Shear Stress (7,,) S9AUATH 2.21 Fad1A19A518IUANNYa0ANY (Factor of Safety, FS) Hia

Hoon11 1.0 uaaauInUNNMITaNd Tomadeegeaon1sing Liquefaction

FS=-%~ (2.21)
Teye
1o FS = Factor of safety
Tool = Liquefaction resistance
Toye = Cyclic shear stress
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AUAIANUTUNaIEANUDIAY (Plasticity index, PI) #1910 198 Ishibashi and Zhang (1993)

(@UN13N 2.18 uag 2.19)
a d a J
3.5 M3AUATIZHNGANIINMIABLAUDINIIWAAANS

MIAATIZHNYANITUMTABLAUBINNNAMAASVBIAYBUAADIAZIAT 111015
a 4 o a . an A Jaa 4
AAT1EH Iaemaasauuuiaosnansaemaas 1u 2 16 Taeas 1w ludoamwud (FEM) Taels

Tisun3u QUAKE/W tilerngAnisumsaeuauesvediiouaonsinseimnuan vl Taols

T A

1w ' dy A Aa N Y 4 Ao o o t4
ﬂ1@ﬁ51liﬂﬂlﬂﬂwu@uﬂ’Jlﬂi”lzﬁulﬂi]"lﬂlﬁﬁ]‘ﬂ15m&tﬂuﬂu1ﬁ3ﬂﬁ1ﬂﬂﬁnﬂ‘VI'JTaﬂ 10 N9l

9
A A 4

4 @ 1w 1 1A
wagdn 1 L‘Wi{]fﬂiﬂﬁnﬂﬂ1§']J51Jﬂﬂﬂ”li’]@]iﬂi\iwuﬂuellﬂuﬁﬁ]‘ﬂTiﬂ!LLW‘L!ﬂ‘L!]lW’J Sumatra,



66

. YA 1 W & VA Y v o 1 dy a Aa A

Indonesia (2007) I¥HAUNINY 0.03g Fuduainlnamesnusnsussvesnuauluusnuvou
[ H % a 4
AABIALIAT (Ornthammarath, 2010) 1Agi38AI1 Simulated Sadao (M13199 3.1) FIN1TUATILH
NNITUINANTADUAUDIVDIA MVDUADUTINTEmHuAY TvruTnanauls Tasmnie
a [ A [ A A a a oA ~ = A 9 a 4
vInauduvoutazaadueunl Tomanamaniauiniga Tasunsanlslunmsiaiizv
A A = (=Y [ o a A =\ ] <3 o g’ 1

591 3 n3dl Ao nsdluduAu Tnagdunuaen mnszhwsnug ey ndliszaumunniiod

~ o 1 ~ o < [ g‘ [ < £ a S Y 1 Y o o
NTLAVAY HAZNTMAATTAVIAVUNNII081959A152 FaTUNI5BATIZH IALL A Ave a7

A S aa J o A o A o
Wwouoanllu 4,545 AU muﬁﬂﬂugﬂm 3.6 uazmwumwu"lwaummamnmmamn

]
=1

a s aa Y a A v A k4 3 a 7
AUAATAT 2 WA iwmnmgmmau"lummsamamm“lmnmu’;muazumsmmuﬁﬂﬂugﬂ

=).

3.7

100 —
90 —
80 —
70 —
60 —
50 —

40 —

Elevation (m.MSL)

30 —

o [] Impervious Earth [_1 Random Material [ Filter Material

-130 -120 -110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100
Distance (m)

o

d‘ o a o an ax Jaa 4 A
gﬂ‘ﬂ 3.6 LUUIIADINNAUAFEAT 11 2 TR Tﬂmfﬁ"lw"lu@aamummm@uﬂamﬁmm

90 —
80 —
70 —
60 —
50 —

40 —

Elevation (m.MSL)

30 —

1ot A 4 g A A 4 A
20 |- A hisinsmaeun s l Tutimsmaounlununas

10 —

0
-130 -120 -110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

Distance (m)

51 3.7 msdmuaiou lvvevesnuiinesusnUT T UAADIAZIAN

_Y



67

a d a o A
3.6 ﬂ1§3!ﬂ§1$°r‘iﬂ1ﬁ!ﬂﬁﬂﬂgﬂﬂ13§ﬂl@ﬁa1ﬂ“ﬁumﬂﬂ

a 4 ~ [ d‘ Y o a 4
msuanzimalasuglansvesarasudouaassazian laimanisunsizing
s o A Y a s
AOUAUDINNNAFEAT VBIAAVOUIN 151NN Quake/w M1 IumsAnsiew Tasldsunsy
= . . £ a0 Aq Y
Slope/w @1UNYBYVOI Newmark’s Deformation Analysis (1965) #an3aia19e) N5 1un1s
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+52.00 AT INN.

d‘ A wvad o ~Aq Y a 4 = v I W g’ v <
QTJTI 3.10 SEUIUNITNDY ﬂﬂTWu@ﬂ1%1Uﬂ1§3lﬂi1$Wﬂﬁmﬂﬂﬁ%ﬂﬂlﬂﬂﬂﬂu?@Elhlxﬁﬂlﬂlj?
a d a ¢ _ . .
3.7 ﬂ]ﬁ?!ﬂi1$°ﬁﬂ15!ﬂﬂﬂﬁ1ﬂ{]fniﬂ! Liquefaction

a J a @ 4 o a o 09/’ @
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7999 (Maximum shear stress) 182A1A10AUY 52 ANTHAANIUIAT (Effective vertical stress)
{ 4 a { a
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a o’c?/‘ ad c?/l Yo =
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o -/ is for cohesionless
-4 £ 0,_...- —_——e=T materials without plastic
< o ines.

25 —

Parosity, n (for p, = 2.68 Mg/m?)
I I ! L] L1 1 I 1
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3 )91 3.11 Correlations between the effective friction angle in triaxial compression and the dry

density, relative density, and soil classification. (U.S. Navy, 1971)
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4.2.1 Naﬂ]i)!ﬂi131’7?11”5‘5534‘]116611@\19]3!6“@14

E4
v A

a 4 a @ 4 a 1
WaﬂWi’JLﬂi'lgﬂﬂ1ll‘ﬁﬁill“lf'lg’]EIJENG]’JLG?J’E]U?]ﬁ@\?ﬁ&ﬂ'ﬂﬂﬂ?%ﬁ%ﬁﬂ flﬂ\“lu

1) 35049 Gazetas and Dakoulus (1991)
a 4 1 3 @ 1 o A S DA Y A v = 3
HAN13UATITHLUINNTUTTAA199 voIduTaunDINUA InaReany Asludu
Impervious zone, Random material i8¢ Filter material UAMUTTTUFIANINY 0.493, 0.491
] ] 9
e 0.452 3H MUSIAY 1WeINAIAIUTITURAVEIRAVBUAABIALIA U ) FuTaaN
A o A 1 a ~ &g A ~ Y a s A A
magiy Ualszuiw 0.478 31N Futlumnmunzannazlelunisdnsiey esninie
=) = % d‘ a o‘/ ' A a 1 1 a = .
nfFsumeuiuiweuduaniialan WuNLAMAMUFITNIADE 11N 0.05 - 1.22 U9 (Singh et
=< A ~ a sk A a ~ 1 a
al,  2007) saudueuasuASUNSFudwdeuauani Ingigaludlszinalne nin

53509A0g 1UH9 0.62-0.90 J17 (138313, 2551)

a 4 o 4
2) 'J:EWaﬂ’lﬁﬂ@ﬂﬁuﬂﬂ‘ﬂ’lﬁwaﬁ'lﬁ@]i‘ll@\iﬂ'llﬁf]u
a J Yy . Y @ ' dy A A g dgl & A

ﬂWﬂﬂ’li'JLﬂﬁ'lZ'ﬁIﬂfJGlG]f Sine wave HAZUDHYADATUIIVDIWUAUNT T WNUYUNT FINA
PGA UU1AANNY (0.1g - 1.0g) ¥IN5ziNg1ulou Tasia1san o NAUABINUNDIT HANs
a AN Y Y oA A =~ 4 o
')Lﬂfl"lg‘VWIllﬂiJﬂ']ﬁE]ﬂﬂﬂ@QﬂUﬂﬂ Lmauﬂamﬁzmmﬂ1‘5ma’0u@ﬂmm’nmﬂmmmqwm
A A ' ] Y o 1 a A o A £ g
Wouinigaeduinlddalugieniv 0.2-0.4 Juil dwdaalugli 4.4 Fuilunsludas

[

] 1 9
AanuduRussznINTzeyMImaoudl lutus IuausEAUANUgIeuTo uLT U T Tag

Y ]
AurhunuWeuAUAIAIUNIAIAN1GY (Predominant Period) Taald PGA = 0.03g %51 PGA
] v v Y I
aue Tauaas T lumanuan n. U7 n-1 - 310 n-10) AeiumnusssumnAvedIounany

J 1 a y A v o ' ' § v
azia19aliA10g 1u%19 0.2-0.4 317 WeoNTaNANUAURUTIZHINAIMNTIAAEUAIGIga Y
UUISIVUTNUFUABUNUAIAIUIAIAIY (Predominant Period) WUIAAYDUAADIAZIANAT
waoudr lunuINugIge e nanlszinw 0.3 I Awdaalunni 4.5 waziiieiin PGA
1 v o Jo 4 [ { a [ y

A199 NHIANUFURUTIUMIIAdeudIgIgaluuINURUTNLdUYDY & A1UDA1 0.3
a = 1 A Y = Y =2 oﬂj = 9
N WUNMIAAUAIZITATHIUITIVTUNI THNAAAIIUDY PGA 0.25g 1n1iuiiuud THy

2 2 a A " = o i
WUVUIUNMUNNGANINUY 0.1 1UAT N PGA = 1.0g muﬁ@ﬂugﬂ% 4.6
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2 g 4 Py '
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31 4.6 ANudURUTTY w’mmmimaaummmiuumsmﬂu PGA A9
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WeonlTouMeunanITUATIEHAILTITNFIAVOUTOUAADIALIANG 3 3T WU ITNY
= a a [} [ a o 9 d‘

n3zn3294 Bausssunaguiu ) vaglumnziumsinsizd Inseadalszinmiou

{a 1 a ] I~ 1 3 [
TuangNIT¥09 Gazetas and Dakoulus (1991) HAIMIUTITNFIANLND NI UIAAS FUTAY 1Az
=\ a L 1 3 [ Y A [ = ~ (Y a A R Y A [
UwamIunIIzY lutaazsuiaglnamesnu Tasliaunaominy 0.478 711N s lnameeny
AT NIADUAUOINIINAFNAAT UDIAUIDU UAITHANITADUAUDINNINAFAAST YDIA DU

A o 9 a o 1 A ad o 1 = a
mngaunazihin s lumsuaTIZHuINNI1 IHoIINITAINE 1T INNTOUINDINGANTTUUDI

%

d‘ 9 1 o d‘ Yo o 1 d‘ o a [ A‘
ﬂ’)téll’f)ullﬂﬂﬂ']\‘l‘lfﬂlﬂulilﬂllﬂﬁ‘ULL'J'Qﬂig‘ﬂ']‘lllﬂﬂﬂNc] TagmmizmMsinaauAILSINT IV

[

& = QY ady v an o o A I o
ﬂ\‘]uuﬂ\flsﬁﬂ1ﬂ1u‘ﬁﬁiiﬂﬂc‘]Vlllﬂﬂ']ﬂ')‘ﬁﬂqﬁﬂﬁ]uaua\jﬂ%‘]waﬁqﬁ@ﬁm@Qﬂjlmﬂulﬂuwaﬂ

A

a o 1 ad 1T W 4
EU']ﬂWﬁﬂ'lﬁ'JLﬂ§1$1’iﬁllﬁ) ATNIUDITUYIN d?NWaﬂi31/]‘1]@]@@]'3&%@1!9@1@\1?(3&@1“1?\ UM
f)fJGluGb"N 0.2 - 0.4 1% "]NﬂWﬂNW@ﬂﬁ VlUiJ'lﬂﬁ qauy umyszum 0.3 30 LN@LTJﬁfJTJWIfJTJﬂ‘U
o 1 a 1 1
ﬂ']ﬂ']‘U‘ﬁﬁﬁJG]ﬂﬁ‘UﬂQﬂautlwuﬂullﬁ'JVlch]fquﬂ'li'Jlﬂﬁ'lgﬁ W‘U'J']ﬂTU‘ﬁﬁﬁiJG]f'msUfNﬂﬁuﬁ'JuqlﬂiUu

1 ] a 5 o 4 a Py
011919 0.1 - 0.4 3l Feih AT Tomafazinalsingmssidusio (Resonance) 18
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a d [ A A A
4.2.2 wamﬂmﬂzﬁﬂ'ﬂugamﬁemaugaqmmzmma%‘maumau

wamﬁmiwﬁfiﬂu@é’ammﬁauqqm (Maximum shear modulus, G, ) uazmmﬁa
AR O (Shear wave velocity, Vs) maﬁﬁ@;am%uﬂamﬁxgm TaglFanudunusszning
fiﬂu@é’ﬁumﬁauqqqﬂﬁ’umﬁ‘wﬂﬁﬁmmﬁ’m{mﬁﬂmmﬁu (Standard penetration resistance,
SPT-N) 11agAWduNUT 91NN B Elastic continuum mechanics AMUA1AYU WuNA Tugdans

A ' g A A ' o o A A Y o Y o o

Lﬂ@uqqq@ Llagﬂ’]ﬂj'lulijﬂau&ﬂ@uiull@]agTu’)ﬁﬂﬂm!m@unﬂ’ﬂﬂalﬂfJQﬂu EJﬂL’JWIfu’J’cTﬂ
. . d'dl [ = ' 3 g d‘ J [ = =)

Filter Material TliJﬂﬂiJQafc’ruﬂmE]ut;T‘quJmﬂ’qu’m‘ﬂﬁmc] Iﬂﬂﬂ'liﬂﬂaalﬁﬁlﬂ@uqqaﬂﬂ

J ' 1 a a o 1 1 < 4 J 1 '

ﬂ’l'ﬁ]giu"]ﬂ\‘i 80,365.72 — 89,200.38 ﬂTaumummiNmm mmmLmﬂﬁmﬁauﬁmagiumq
1A A 2R A 2 @ A = °

193.14 — 205.61 WATADIUIN FINT10a2IDIAAULEA IUAITIIN 4.2 1AZTIVAZIDIANITATUIN

Tauaad 1A lumanuan .

Y ' Y < 4 ' d o 4
M319fi 4.2 a1 lugaausudsugeganazanusInauasuluunazduidgouveunasiazan

Maximum Shear Mass Density Shear Wave
Material R
Modulus, G, (kPa) (kg/m’) Velocity (m/s)
Impervious zone 80,365.72 1,920 204.59
Random Material 81,962.67 2,190 193.14
Filter Material 89,200.38 2,110 205.61

a d [ Y ° a d aa
4.2.3 wamsinsgrmlugamneuiilflunuudiaesmendinmans 2 A

a g [ = ~ 9 o a o
HaN13NI 1A lugaaR o (Shear Modulus, G) 1 19 luuud1aeInendinmans 2
an Y = . . 1 1 [ = 1 0911 o =SS
46 Taglgnguy Stiffness as a Function of Depth WuA1lugamdouluudazsuiagiai
P o A aa AR = o A 2 a A o A g
A9ANADINY A0 UANNNIUMUANNANNNT WD UIUDIUT U YU Tud Ny M
Y 4 a ' D] v o S o ' Yo Y1
iduase titesnlunisiinsizd lagldanuduiusvinnguiainainlddivualian
Y Y [l
Exponent, n A wmny 1 Taglududeae Impervious zone HA1gansuiagous awdaalugil

N4z
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i 4.7 nTugdaaoulunsas %uaaﬂﬂmmouﬂammmm“lﬂuuuumammmmmmm
a d
4.2.4 ¥AN3AN512¥iM Shear Modulus Reduction 118 Damping Ratio

HAN133AT12H AN Shear modulus reduction LAz Damping ratio Tael¥anudusiug
5EMI9AMTIAUY T2 ANTHA (Effective Confining Pressure) fUA1ANNITI UNA1AANUDIAY
(Plasticity Index, PI) @MUN¥{U04 Ishibashi and Zhang (1993) duaasludnymzyensiu
oasdulugdausunou (G/G, ) Hazdns1dIu Damping WSsifisunuszauANAT oA

A9 aauanlugin 4.8 uag 4.9 mudiay
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020 H . .
Filter Material \\"\
0.00 | —
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311 4.8 Shear Modulus Reduction Curve Tuusiag %maﬂammeuﬂamawgm



82

0.40 I
=@ Impervious zone
A |
-8 0.30 [ =fll=Random Material '3/ =
< ) .
=4 Filter Material
2020
o
: g
20.10 71
!’/

0.00 D

0.0001 0.0010 0.0100 0.1000 1.0000 10.0000
Cyclic Shear Strain (%)

v Y 1
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a d a d o 4
4.3 HAMIINTIZHNGANTINNIADVAUDINIINAMANITVOINUVD U

a L4 a 4 @ 4 1
MIAATIZHNYANTTUMIADVTUBINNNAMAAT VIR NV UATDIAIN TUF Ve
AMsaaoual luuulsiuy (Horizontal ~ displacement) A19AT 1T 1UUUITIY (Horizontal
Y
acceleration) LAZAINIMAUNDUFIGA (Maximum shear stress) 1A11IA0ATUTINUAUUD
d 1A Ao w o t4 = Jd Y 1
mgnisalneuay lnaidiagannalan 10 mamsel wazdn 1 mgmssl 31nMsUsvaana
@ 1 § a d 1A J 1w {
8A5UTIVBINUALVDUNANIBILAUAL 117 Sumatra, Indonesia (2007) THTAWMIAY 0.03g @
a o A a A 4 A 19 ¥ a A 4o A
{59171 Simulated Sadao ¥NFZIMNVTNUTIVOU Fanarsan luldRamandeunnuuIA
uazuwi laooulimsnoudussasusinsziunuan v nadasusswesida ludniiou
[ 1 b4 i1
TunFnuae 9 vesdudouuana WU U UYHaLaz AU ANTAYDITTDUAUDU 5IND

J A 1 Aa
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Y ll 4 o 1A
G]TE]EJ'NGU@QﬂWiﬁ’ﬂ‘Uﬁuﬂﬂ‘VﬂﬁWﬁﬁWﬁﬂim@ﬂlﬁﬂﬂ?imlmuﬂuqﬂj Hawaii, USA (2010)
Y o d'-dy A 1 A @ A A d? A
llﬂmmua“lu‘vm (ETJ‘VI 4.10) WU?Tﬂ1§Lﬂﬁ@uﬁ31uLLu’JiTUNﬂTLWNﬂJu@TNﬂ’J']Nq@"U@QWﬂu
4~ A o 4 4 a o Ay a g
IﬂfJLGUE]‘Ll?Jﬂ'liLﬂa91&@]311TﬂTIfl:ﬂ‘VI'U5L”JﬂlaTﬂ%ulm@u@TuLﬁHGUTQQLLﬂigﬂU +67.00 LUAT

dgl KX o A & A ISR A 3 A
(snn.) mu"lﬂﬁmmﬁuwau Gmmauummimaaummmmqﬂﬂizmm 0.064 U9



83

MoasusuFulTouionluusnuais 9 vesdudou u NAINLOATUIIZIGAVDT

d 1A .. o A a 4 Yo A
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9 E4
Y 1

dl d‘ a o dl 9 A g’ 1Y =2 = a [
NFANUINIUNATULUBUATUHUDUIAIUATEAU +67.00 Was(Inn.) ﬂlullﬂ%ummnmﬁu
A A Ao ' A a v a g Y ' 1w
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NNAPATIFIUVBNINUTNUTIUUDUIUDIUT DU UNINY 4.9 (10584103, 2551

1w 1 =
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A '
FIUVDU (MUIY: LUAT)

. T72.00 1uA3 3NN,
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WaNTAUDNIAINNUAUADUFIFA (Maximum Shear Stress) V9IUTIAUA Tud?
A A Yo o 4 1A .. Ao 1
weule 1asDusInszInmanisaiunuan 11 Hawaii, USA (2010) @ na1iilionss

) d' a d' 1 1 9 A (% d‘ = 1 1
qaga WINTNUTNATIUVIY NuNMANUALRUlUA T UAAB T IR 19 11T
9 9

Uszum 50 - 800 fTatiAuaea1T1WAs TaeludIae Filter Material 119A1MM1011105 100
A Y o o A A 9y = A a A o 1

pudeulndnuununatvesduveulimanunumeunIniigalszuia 850 A latiidudo

MIuNas Aquaaalugilin 4.12
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gﬂ‘ﬁ 4.12 mmlﬁ'mﬁauqmﬂ (Relative maximum shear stress) 611!1J§L3t1!$hi¢] VOIANYDU

[

d‘ Yo o 4 1 a .. d‘d
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139g9gA (MUIY: N 1At IdUADAITININAT)

M M
a2 A A

4.3.1 nsdinaunruanniceg nsziifuSnugvou

a 4 @ d d o o

WOANTIUNITADUAUBIN WA VDIRUVOUAADIAZIA D AT INTInTZH191n
migmsaiuruau lvandn 10 vgmsal wagdn 1 1ignsal MSon11 Simulated Sadao 1W1NTER
A A A LY A = a ~ 9 2K o 1 =\
NUTVFIUTOU NUNAVYDUADITLIAITNYANTINNITABUAUBINAAIBATINY uAIL T
PAuAnANAUMYIRveaamMsaltruaY I Fuileiinsanianives
vinavesnauuruan I luusnunieg vesduteunassazial nuNNUITRVFUVOUNNS

A 1A 1 a A @ A £ o o 1
Y rgULIAveIRAUIHLAY TnInnnusnadu awdaslugli 4.13 uiludledians
4 1 A a 1 o 4 y o o o
yerevuavesnaunduau T luusnuaeg vesdadouwie 1dsuusinsziminmgnisel
1A 1 = A 1A A g v
uruAn 117 Kobe, Japan (1995) dausieazideansveiguinavesnauunuan lnious alg

Y 1
Tumsdnsigd luauiden 1duaa 13 lua1s19n 4.3
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! 4 T A a 1 4 4 Yo
ﬂ1§1x‘iﬁ 4.3 ﬂ1iGUEﬂfJﬁU‘L!'Iﬂ"]JE]Qﬂauuwu@uqﬂﬂiuﬂinmﬁNﬂ mmgeﬁaummﬁzmnﬁ@%iu

159n5EINAUUANAY TR0

91U

AANIIAIUIUM TUENSVHIAVDIATOATUI

[l
w a =

y JaahivaunszAuA NG
apuag ‘o Fuou 63.00 14A3 (3NN.) Upstream
v oAl v w7 Berm

MUHUDI | umein
PGA | PGA | @21 | PGA | @3 | PGA | @ | PGA | au
@ | (@ |vna| (@ |vena | (g |vena | (g | vene
Calexico, Mexico 0.19 | 0.73 | 3.84 | 0.68 | 3.58 | 038 | 2.00 | 0.57 | 3.00
Offshore, Chile 0.64 | 2.67 | 4.17 | 2.87 | 448 | 138 | 2.16 | 2.50 | 3.90
Christchurch, NZ 053 | 1.57 | 296 | 1.29 | 2.43 | 099 | 1.87 | 1.80 | 3.40
Haiti Region, Haiti 042 | 073 | 1.74 | 0.78 | 1.85 | 034 | 0.81 | 0.49 | 1.17
Hawaii, USA 0.72 | 331 | 4.60 | 326 | 453 | 1.76 | 2.44 | 229 | 3.18
Kobe, Japan 0.68 | 2.53 | 3.72 | 246 | 3.62 | 133 | 1.96 | 2.07 | 3.04
Loma Preita, USA 023 | 091 | 396 | 0.83 | 3.61 | 0.59 | 2.57 | 0.56 | 2.43
Nissqually, USA 0.35 | 049 1.40 | 0.56 1.60 | 0.36 1.03 0.41 1.17
San Fernando, USA 1.07 | 234 | 2.19 | 2.57 | 2.40 1.31 1.22 | 2.13 1.99
Sumatra, Indonesia 0.06 | 0.21 350 | 0.23 3.83 0.12 | 2.00 | 0.16 2.67
Simulated Sadao 0.03 0.13 4.33 0.08 | 2.67 | 0.08 | 2.67 | 0.15 5.00
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= 1 A = [ 1 v 1 A A 4 = a o A
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Permanent Deformation (m)

Earthquakes
Slip No.1 | Slip No.2 | Slip No.3 | Slip No. 4
Calexico, Mexico (Mw=7.0, PGA=0.19g) 0.001 0.001 0.000 0.000
Offshore Bio, Chile (Mw=8.8, PGA=0.64g) 0.326 0.627 0.051 0.235
Christchurch, NZ (Mw=6.3, PGA=0.53g) 0.033 0.046 0.005 0.026
Haiti Mw=7.0, PGA=0.42¢g) 0.060 0.010 0.006 0.048
Hawaii, USA (Mw=6.7, PGA=0.72¢) 0.285 0.643 0.036 0.198
Kobe, Japan (Mw=6.9, PGA=0.68g) 0.436 0.337 0.086 0.361
Loma Preita, USA (Mw=7.0, PGA=0.23g) 0.009 0.007 0.000 0.007
Nissqually, USA (Mw=6., PGA=0.35g) 0.000 0.000 0.000 0.000
San Fernando, USA (Mw=6.6, PGA=1.07g) 0.220 0.232 0.057 0.184
Sumatra, Indonesia (Mw=38.4, PGA=0.06g) 0.000 0.000 0.000 0.000
Simulated Sadao (PGA=0.03g) 0.000 0.000 0.000 0.000
maedi 4.5 ﬁaadwwamﬁmswﬁﬂmﬂﬁﬂugﬂmaimmmm‘}’uﬁaumqﬁ’mﬁ’w%
Permanent Deformation (m)
Earthquakes
Slip No.1 | Slip No.2 | Slip No.3 | Slip No. 4

Calexico, Mexico (Mw=7.0, PGA=0.19g) 0.000 0.000 0.000 0.000
Offshore Bio, Chile (Mw=8.8, PGA=0.64g) 0.057 0.018 0.021 0.052
Christchurch, NZ (Mw=6.3, PGA=0.53g) 0.017 0.000 0.007 0.017
Haiti Mw=7.0, PGA=0.42g) 0.017 0.001 0.003 0.007
Hawaii, USA (Mw=6.7, PGA=0.72¢g) 0.080 0.031 0.029 0.099
Kobe, Japan (Mw=6.9, PGA=0.68g) 0.212 0.096 0.106 0.183
Loma Preita, USA (Mw=7.0, PGA=0.23g) 0.000 0.000 0.000 0.000
Nissqually, USA (Mw=6., PGA=0.35g) 0.000 0.000 0.000 0.000
San Fernando, USA (Mw=6.6, PGA=1.07g) 0.132 0.081 0.092 0.125
Sumatra, Indonesia (Mw=38.4, PGA=0.06g) 0.000 0.000 0.000 0.000
Simulated Sadao (PGA=0.03g) 0.000 0.000 0.000 0.000
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v
o

a { @ I [ oy a § [ I @ 09/
i]z‘wmimwmﬁimmﬂ‘lmﬂmﬂﬂ@ +68.00 LUAT(INN.) aﬂmmﬁiﬁizﬂmﬂUﬂﬂu1mq<ﬂ
a o 4 Y 09’ ' ;1 a 4 J
+52.00 a3 (INn.) Tﬂﬂ‘wmimmm%mﬁ’aumﬂmumﬁ@uumuu WANITUATISHU WU
A vad A = A @ A A Yo
TEUIUNTNUAN 2 (EL]JCVI 3.10) uﬂWEma@uﬁ’mmwfmﬂizmm 0.998 1uag Lll@vlﬂi‘ﬂlli\‘l
° s 1 a . v o VoA Y ] A '
ﬂizwwmmsﬂmimuwu@uvlwa Hawaii, 2010 @NG}’J’E}EJN‘I/]Vlmmmhlﬂum‘JN% 4.6 983U
= a 4 =~ o A =~ [ 3 o 31 [l
‘JwazmﬂﬂNami’JmiwwmisﬂaElugﬂﬂniﬁumam%umauﬁluﬂimamm‘um‘UﬂﬂumﬂN

< o S0 Y Y A
FIALTIVDINN 10 LWﬂﬂ'lim blﬂllﬁﬂﬁi')iuﬂ’lﬂﬂu’)ﬂ J. (9’]’]5’]\11/] \3-1)

d‘ a 4 ~ o A ~ [ < [ g‘ [
M319fi 4.6 wamsaasizinmsnlasuglonsvesaaduveu lunsaaaszaumuiniiods
<3 4 [ o t4 1 a ..
520157 e lasuusanszimmuamssinkudu 1va Hawaii, 2010 (PGA=0.72g)

uag Haiti, 2010 (PGA=0.4)

Permanent Deformation (m)
P T G nIdlanszaUIRURnIheENas IS
Slip Surface No.
+68.00 IUAS(SNAN.) +52.00 (UAS(5NN.)
Hawaii, 2010 Haiti, 2010 Hawaii, 2010 Haiti, 2010
1 0.285 0.060 0.386 0.082
2 0.643 0.010 0.998 0.016
3 0.036 0.006 0.058 0.010
4 0.198 0.048 0.270 0.066

% |

4.4.3 N3AUIZAVHIDLNIZAVANY

Y
[ o

A n oA 4 v A y a2 ad

weanfFeumsumsnlasuglonsvesaasuvsuneaumtioi lunsainssauiiluy
o A A ] 1 oaj 1A o < o oy ° = A o <3 o 2’
YD UBENITTAVAIIY AIuaNTZAUNUANMIAIEA (+52.00 AT TNA.) DINTEAVNVANIIN
qaga (+72.00 was 5nn.) Tagldsvusenszirmnaauurudulni Hawaii, (2010) wuda

. . = 9 A dgl A v 3 o oy o A
Yield Acceleration (ky) Nllu'JIH?JLW3Jlﬂﬂ“UouﬂﬁgﬂﬂlﬂﬂﬂﬂU']Gluﬁ?LGllﬂuaﬂﬁ\‘] Iﬂﬂizum

Y 9
1 @ o _ o =)

A wad H ' ' v g qﬂll '
MINIAN 2 HA1 Yield Acceleration 31nAgAMIND 0.62g NTzAUNUAMIAIgA Netiiiionn
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sEuMInian 2 daanadiuanuilasassuinninssuiumsnaiaoue 3991 19NA1 Yield
Acceleration N1ANITLUIUAITN] Qeuq muﬁ@ﬂusﬂﬂ 4.26 1A8351002108AY09A1 Yield

Acceleration ¥YB4NATLUIUAIIWIA dwsvaauuduauTioug TduaaslFlunanuan a.

(13199 A-1 HAZAI519N A-2)

75

——slip 1

65 \\\ \\ +s11112 2
60 \ slip 3
. \ \ —s—slip 4
\ AN

50

Reservoir Water Level (m.MSL)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Yield Acceleration, ky (g)

9
o A v I W

ﬂ‘ﬁ 4.26 1o Yield Acceleration, ky mnmmwuwaumumuammmmﬂunﬂ

ﬁwhm iie'ld5uusanszshinaaunAuayn Hawaii, (2010)
a d a d
4.5 waM3AAZHM DAL INGM5a! Liquefaction

a L4 a 4 o 4 o
ﬂ'li’.llﬂi'lg‘i/iﬂ'lil,ﬂﬂﬂi'lﬂgﬂ'liill Liquefaction "’IJ@QG]’JL%@H?]QEN@'%M'] ul,fz]}‘l/nﬂ'li

[

a L qul @ a :’ 1 qul I qgll § a

35129 luduIaq Filter Material uSnamasumoiwnniu msziusuiagnilomana
4 J a y % o a o I {

U51nM38i Liquefaction M1nNNUTHMOUY Faiimsiasiz laeldisniauelay Seed and

. a d o Y A 1A Qg.ll t4 AP
Idriss (1971) M3 3as1zri lasldaauuruaulvane 10 manisel wazimgn1sel Simulated
o A a A :/l dy a L 3 = Ay ¥

Sadao 11052 MNVTNUFITOU WNANTIATIZH IUTUTIBaIDeA TN IRazLTAURNIZNT
d 1A ° i a ! ' :: '

Tdmgmsaiukuau 1) San Fernando, USA (1971) 1nseifiusnagudo i 1i1e991n

IS Y=l

1< d 1A @ a L4 a J
LﬂuL‘Viﬁ]ﬂWiﬂ!!LNuﬂunl‘Vi’NmﬂTGG]iﬂiﬁ‘Wuﬂuil1ﬂ%ﬁﬂﬂ1%1uﬂ1i’3m51$ﬁ HagHaNIIAUANTISH

A 1 a A =2 A
maﬁﬂammuﬂu"lm@uq 'lmmmllﬂumﬂwmﬂ 2. (MITNN -1 DIAITNN 9-12) LAY
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51922198AMIAIUIUMTINA Liquefaction  a2833a9na1nTasldaanuuruan 1y San

Fernando, USA (1971) lauaaa 13 lunanuin a.

A S Y d A A AA o ' A .
HansUATIZHLL ATy 2 n5al Av 1) NTANAMUINAWTINOUFIGA  (Maximum
shear stress) HAZAIANUIAUYTLANTHAMUUUIAG (Effective vertical stress) N 1G1NTNAT
.« . d‘ dd‘ 9 A .

Empirical (N1 2.21 — 2.23) 1182 2) ﬂimﬂ%muﬂmauqaqﬂ (Maximum shear stress) LUag
AMANUAULTZANTHANIUIUIAY (Effective vertical stress) N1 1@91NHANITADUAUDINI
4 a 4 a 1
wamaasa1n 1Usunsu QUAKE/W lagnamsiinsiz¥in1sing Liquefaction Y04 Ius199) ¥09

Wounaosazian lauiuiiu 5 Teudweaslugii 427

s Zone 1 ANNAN 5-13
Iﬁ%"ﬁ : - B Zone ﬂ’ngﬂ -13 1A
A Zone 2 AUAN 14-27 1UAT
SRR H Zone2mmg
4%;;& A gr%%sggg&h B Zone 3 ANNAN 22-34 1UAT
i ) =
:“?ggﬁgxﬁv %&;ﬁ%ﬁgﬁ' o Zone4ﬂ’ﬂiJ§ﬂ 10-21 1Ag
."%v&h.vg X w&“ﬂﬁ O Zone 5 AMan 1-10 tUA3
R >
T4 = o _
KRR CEEETY
ggq%gs R
RNty R ST
RE i SR
RVAYAY, TN ASS A A AN A IO AT
k% S L -
&éy Pl Eavan v Egye b T vvv '%'#%ﬁ#ﬁlﬁﬁ s
1 m\nqﬂﬁgﬂzﬁa
F"f‘ “MLA“E_;YL

A
AV
A%A I

L7

e
Sy
<

Liquefaction
a2 d . . 9} . .
4.5.1 HaM3IUNIITH Liquefaction 1ae¥a3ns Empirical

AMdaTaunuYasasielunsing Liquefaction Iasl¥aduunuaulvinlglunsg

Y
Jd v { 1w 1

a 4 4 ' 4 1A
AUATICHNY 10 (MANITAU LASLHANIT Simulated sadao wmwﬂﬁmmuﬂu"lmﬁﬁmamﬁm

dy a A o ' = a . . A A
qIgAURINUAYL (PGA) 130 a_ A1n1 0.4g 92 lidi Tomaina Liquefaction tas Tuvazinau

H Y
-

urudau lINTA10AT UTIgIgAveIiuAY (PGA) 130 a N 0.4g vzl Tomaiia
I a 1 09; o 4 [
Liquefaction 1Hu11905namiiy awansluasian 47 (5rgazideasglunanuin 1.)

dmsumsasiaiuanuasaselumsiia Liquefaction Tagldnauunuan117 San Fernando,
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v
AA v 1

£ g A 1A dy a ' A 1A A
1971 ‘ﬂNLTJL!ﬂﬁuLLWL!ﬂ1!114'31’]%6@]51&5\1@1\1@1@51]@\1W1‘!ﬂu (PGA) mnmmammuﬂullmauq

~ 1 1w 1 v Aa N Y 1 Y 1 1 a A
(M1319N 4.8) WUN ‘?ﬂ@@]31ﬁ'31!ﬂ'3'liJ‘]_Iaﬂﬂﬂﬂﬂ')tﬂﬁWgﬁllﬂiJﬂ']u’ﬂﬂﬂ'n 1.0 HEAIUTLIUN

W13l Tomenna Liquefaction Tagiimdasiadiuanuilasansoglugg 0.57 - 0.95

H a L4 a a 4
M3199 4.7 a5UmaMIANTILHMIINA Liquefaction Tag1¥auns Empirical Tumsinsigs

A 1na Liquefaction Taifa Liquefaction
GV Y : :
Zone BI9V93 FS Zone ¥I9U049 FS

1. Calexico (PGA = 0.19g) - - 1,2,3,4,5 2.425-4.984
2. Chile (PGA = 0.64g) 1,2,3,4,5 0.589 —0.958 - -

3. Christchurch (PGA = 0.53g) 1 (U9aIU) 0.995 1,2,3,4,5 1.002 —2.045
4. Haiti (PGA = 0.42¢g) - - 1,2,3,4,5 1.097 —2.255
5. Hawaii (PGA = 0.72g) 1,2,3,4,5 0.673-0.956 | 5 (‘]JN’G”J‘L!) 1.093 —1.383
6. Kobe (PGA = 0.63g) 1,2,3,4,5 0.688 —0.977 | 5 (UNAI) 1.118 - 1.414
7. Loma Preita (PGA = 0.23g) - - 1,2,3,4,5 2.003 -4.117
8. Nisqually (PGA = 0.35g) - - 1,2,3,4,5 1.357 - 4.790
9. San Fernando (PGA = 1.07g) 1,2,3,4,5 0.463 —0.951 - -

10. Sumatra (PGA = 0.06g) - - 1,2,3,4,5 6.364 — 13.082
11. Simulated Sadao (PGA = 0.03g) - - 1,2,3,4,5 12.728 —26.164

a d d
4.5.2 WaM3IUATITH Liquefaction lagl¥namsnevanesmanamans

a L4 4 1
N1331M3121 Liquefaction Tasldwanmsaonauoinianamans szuana19491nns
a o ] . o A Yy & amqy 2
A1z Taeldaun1s Empirical afina1iunds #9335 1wanisaoaueanianamans in
A § 1 ) a L4 a
14 T15unsu QUAKE/W #iasan s nanfilimanuduiougega 191198015 ns1z1ia03
dy a 4 9 = . A a d? a A A FY
TEWNTDIATIZHANIAY (Stress) 11AZAINIATOA (Strain) MAaTUT I TUVRZIAAA A Y

aa 4 ng; @ oy ) o a oA
mougega 1dnna damud luduiag Filter Material N9 1M1 d195UHANITUATIZHN

'
A A

4 1A o
Hﬂmmmmwwmﬂ%’mmimuwuﬂu‘lm San Fernando, USA (1971) ¥1n32MNUTIUFIY
A A < A 1A As o ' d’l a Av A A A
DU mmmmﬂuﬂauuwuﬂu"lmmmﬂmmqwuﬂuqqqﬂimmnﬂu LHAagnonasaIuIegn
= ~ @ a saAq Y .. kY = a 4
Lﬂiﬂ‘]JL'VlfJiJﬂ‘Uﬂ1i’JLﬂ5”I$‘Vi1/]1“]fﬁilﬂ1§ Empirical llﬂ IﬂﬂﬁWﬂﬁ%mﬂﬂNﬂﬂTi’JLﬂiiﬁﬁ‘ﬁ

. . A 1A 9 Y ~
Liquefaction Y84AaULHLAY 1417 San Fernando, 1971 lauaad 3 lumanuin 9 (3199 9-12)



Y a g . . 9 .. J 1A
maei 4.8 HONITAUATIEH Liquefaction Taoldaums Empirical mmmqmimuwuﬂu”lm

San Fernando, USA (1971) FaiUUIR 6.6 TANDST AT PGA = 1.07¢g

z rd O, c’y, T e MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 14.31 1.168 0.584 2.140 13.61 0.951
2 0.987 41.40 21.78 28.41 1.168 0.584 1.679 21.36 0.752
3 0.979 62.10 32.67 42.30 1.168 0.584 1.457 27.80 0.657
4 0.973 82.80 43.56 56.01 1.168 0.584 1.318 33.52 0.598
5 0.965 103.50 54.45 69.50 1.168 0.584 1.219 38.75 0.558
6 0.958 124.20 65.34 82.73 1.168 0.584 1.143 43.62 0.527
7 0.949 144.90 76.23 95.59 1.168 0.584 1.083 48.22 0.504
8 0.937 165.60 87.12 107.94 1.168 0.584 1.034 52.59 0.487
9 0.923 186.30 98.01 119.59 1.168 0.584 0.992 56.78 0.475
10 0.905 207.00 108.90 130.28 1.168 0.584 0.956 60.80 0.467
11 0.883 227.70 119.79 139.80 1.168 0.584 0.925 64.69 0.463
12 0.857 248.40 130.68 147.97 1.168 0.584 0.897 68.45 0.463
13 0.827 269.10 141.57 154.71 1.168 0.584 0.872 72.11 0.466
14 0.794 289.80 152.46 160.09 1.168 0.584 0.850 75.67 0.473
15 0.761 310.50 163.35 164.29 1.168 0.584 0.830 79.14 0.482
16 0.728 331.20 174.24 167.61 1.168 0.584 0.811 82.53 0.492
17 0.696 351.90 185.13 170.36 1.168 0.584 0.794 85.85 0.504
18 0.667 372.60 196.02 172.86 1.168 0.584 0.778 89.10 0.515
19 0.641 393.30 206.91 175.34 1.168 0.584 0.764 92.28 0.526
20 0.618 414.00 217.80 177.95 1.168 0.584 0.750 95.41 0.536
21 0.598 434.70 228.69 180.80 1.168 0.584 0.737 98.49 0.545
22 0.581 455.40 239.58 183.92 1.168 0.584 0.726 101.51 0.552
23 0.566 476.10 250.47 187.32 1.168 0.584 0.714 104.49 0.558
24 0.553 496.80 261.36 190.98 1.168 0.584 0.704 107.42 0.562
25 0.541 517.50 272.25 194.87 1.168 0.584 0.694 110.31 0.566
26 0.532 538.20 283.14 198.96 1.168 0.584 0.684 113.15 0.569
27 0.523 558.90 294.03 203.20 1.168 0.584 0.675 115.96 0.571
28 0.515 579.60 304.92 207.57 1.168 0.584 0.667 118.74 0.572
29 0.508 600.30 315.81 212.04 1.168 0.584 0.659 121.48 0.573
30 0.501 621.00 326.70 216.58 1.168 0.584 0.651 124.18 0.573
31 0.496 641.70 337.59 221.17 1.168 0.584 0.643 126.86 0.574
32 0.490 662.40 348.48 225.78 1.168 0.584 0.636 129.50 0.574
33 0.485 683.10 359.37 230.41 1.168 0.584 0.630 132.12 0.573
34 0.480 703.80 370.26 235.05 1.168 0.584 0.623 134.71 0.573
35 0.476 724.50 381.15 239.67 1.168 0.584 0.617 137.27 0.573
36 0.471 745.20 392.04 244.28 1.168 0.584 0.611 139.81 0.572
37 0.467 765.90 402.93 248.86 1.168 0.584 0.605 142.32 0.572
38 0.463 786.60 413.82 253.41 1.168 0.584 0.599 144.81 0.571
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M1 Teye AT 1R910AIAIINALITOUFIAA (Maximum shear stress) 1AZAIAW
BuilszanSHanuuuifa (Effective vertical stress) $9'1801nMamsasuauasnanameans
Tavl¥aauunuan11) San Fernando, USA (1971) WuNDAY UK 1.47 - 255.29 A latieu
ADATNUUAT 1AZAT Teye, fll5fousuaA Magnitude scaling factor (MSF) 1aza13n3wa
Y04 Effective Overburden Pressure, Ko WUUA10E1U%I9 15.43 — 183.16 N 1atiiduaon1519

csj ya aa 4 csj @ 3’ 1 0911
LN T mﬁwmﬁmmﬂq DALNUA LﬂWWZiu“Hu’Jﬁﬂ Filter Material 1’1']\19%1111!1'9]}']81!1!1/]11.!1!

& o 1 Aa 9 ¥ Y A 1A
Wau1A Teye lag Teyc, Auns1zd laonms I¥aaunduau 119 San Fernando, USA
o o 1 o a . . o Y
(1971) samsanaiuanulasaselunsing Liquefaction Tasauisoswia ldein

[

4 H
PAIAIUTLHINA Teye, NUAT Teye WU laodIulva$udag Filter Material U310

q

2 1

NsaUAaITIdIuANUlasafeiosnil 1.0 ualudiuniadaaiuanuilasans
' A & Ay oy d oA A o A A a = A
WA 1.0 Ao unMuMeihuTnugIuasy aaadlugln 4.28 tazilioiinsandenan
T A ~ 9 a 4 osj o I . = [
uruau T 1Flumsinsizd 19 10 tian1sal uagian15al Simulated Sadao (510821D8AR
d' 1 :ﬂ' ] a d‘d 1 [ 1 tﬂy a A U
M15199 4.9) WUNAAULHUAY THINTAIOATUTIGIGAVRINUAY (PGA) 130 a_ §IN11 0.4g
= a . . I a 1 3 A A 1 a A W 1
w8 Tomenaa Liquefaction 1Hunnausnauiniy vaginauuruau lniniisoasusagaga
dy a A ° ' 1 a . . £ a 7
YoINUAU (PGA) N30 a__ #1111 0.4g 92 1T Tonaiia Liquefaction 18 FIHANITUATIZHA
YA 1 P o a sq Y L. A ~ ~ Vo '
1dfiaraeandestumsInsILHN ISaun5 Empirical tazilo/Soufisunidnsiaiuainy
[ a a 4 3 a a 4 1T Aa 1
Uaoadun131na Liquefaction 910MTUATIZHN 2 25 TaeWarsannnaauuduau vl wumn
] ] a g 9 I 1w 1 [ 9J
dulngmsuniiei lagldnamsnoudusaneanasmaniiadadiuanulasansiioy

1 a o
AMIM3AATILH 1aen3 1¥auns Empirical
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Y a J a . . 9 o
maei 4.9 ﬁﬁqﬂﬂaﬂ’lﬁ'ﬂmi’lgﬂﬂ'ﬁm@ Liquefaction TaoldmanmsaouausInunamans lu

MINATIEN
A 4o i 1na Liquefaction Taihia Liquefaction
AAUUNHAU LT
Zone ¥I3V94 FS Zone ¥I3V94 FS
1. Calexico (PGA = 0.19g) - - 1,2,3,4,5 1.324 —3.696
2. Chile (PGA = 0.64g) 1,2,3,4,5 0.505-0.901 5 (mwhu) 1.039 — 13.084
3. Christchurch (PGA = 0.53g) 1,2,3,4 0.630—-0.983 3 (‘UNET"JL!),S 1.002 — 8.655
4. Haiti (PGA = 0.42g) 2 (ma?hu) 0.904 — 0.960 1,2,3,4,5 1.000 — 6.341
5. Hawaii (PGA = 0.72g) 1,2,3,4,5 0.360 — 0.942 5 (’UN’G”J‘N) 1.117 - 8.510
6. Kobe (PGA = 0.68g) 1,2,4,5 0.425-0.998 | 3,5 (‘UNTCT"J‘L!) 1.000 —2.526
7. Loma Preita (PGA = 0.23g) 1 0.625-0.970 2,3,4,5 1.017 — 4.554
8. Nisqually (PGA = 0.35g) - - 1,2,3,4,5 1.299 —4.450
9. San Fernando (PGA = 1.07g) 1,2,3,4,5 0.387 - 0.924 5 (UNEIN) 1.112-11.887
10. Sumatra (PGA = 0.06g) - - 1,2,34,5 1.290 — 3.397
11. Simulated Sadao (PGA = 0.03g) — - 1,2,34,5 1.501 — 3.429
97' . e Filter Material
VAVAVAVIav e ey v
AT i
poarst 'g%’%&%g&#‘ S PEL B Fs.tioeni 1.0
AVANIY, vt QRO ,
LR PRVGTOT o, B Fs. 1.0
< B YAV AWA AN A VL
- R RPERER]
ﬁb'gggv 7 oK) “%-
PP PO,
PRI A S D
BKEER: ATAv e
S S AV v YN VAV AN S A VAV, s >
A AROAHOIBTIA AL AT TN,
v, SEavavi S AN

AT

o
e
5

b
W
N

A

2

I iy
EALECOE

Ly

AT

AR
Bo -

d‘ a A a < _ . . A Yo o J 1A
g'lh’l 4.28 Uil]ﬂ!ﬂlﬂﬂﬂﬁﬂaﬂﬁm Liquefaction LEJE]llﬂﬁJ!,Li\iﬂi$ﬂ1ﬂ1ﬂmﬂﬂﬁmlmuﬂu1ﬁ3

San Fernando, 1971 Hu11a 6.6 Sna05 & naITMANUALIROUFIEA
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a d d a Y o A
4.6 Naﬂ]i)!ﬂi1$ﬁﬂlu1ﬂ!!ﬁ$§$ﬂ$§]1ﬂ€gﬂﬂuﬂﬂﬁ1ﬁ!!§juﬂu"l‘ﬂ3ﬁﬁ'ﬂWﬁﬂﬁg‘ﬂﬂﬂ'i’)ﬂ]!m@‘u

a I . . o a Y 1A < . .
NWANITAUATIEN Liquefaction N9 2 1% UlﬂW‘]J’MLﬂﬂﬂﬁﬂQmim Liquefaction Tuung
Y ) [ [l
a % . . J a a 9 a
UTNUURITUIAA Filter Material usioiansandsanmanuiiuaiadiTomaizinanay
urudu Taddvuanugunsaung wu Jvuaminuaauuduau 1) San Fernando, USA
a A < 9 A a dy AR A W [ dy a
(1971) vSnagsunassazia vl lden ewmnusnaiuidnuinoasus sl uau
~ d' a = d‘ ] a d’d 1
189 0.02g — 0.04g (Ornthammarath et al, 2010 ) tazilefinrsandenauunuan lINEeni
1 [} a a I'4 3 a, Y
Simulated Sadao WU 11 Tondina Liquefaction 1081un1531A512HN4 2 35 wenaniises
d‘ =1 (% d' 1 a dy = A a 9 A di
doulinasogluninunudnymiousnumaldveilszimalne Avsosdouszues uaz
[ 9 [
FOUROUANDINZTY AIDIHINNINAATOUAADIAZIANTZUIM 430 A Tawas 1ag 300 A Tawas
o W o A A [ 1 ° Y Aa T A d? A T A <3 a
M9y Huneinsosdouadnanasoi naukuau 11t aauuduau Iinezina

MIAANDUNAINUAINYITZIZNN

o @ 4 1 1" @ 1 4 a

inﬂﬂ’ﬂichﬂJ‘W‘u‘ﬁi%‘ﬂ’JNmE]G]iHSQEj‘NQ’mJENﬁuﬂu (Peak Ground Acceleration, PGA)
[ o ] 4 ] a o [
ﬂ'U53fJZ‘VI'Ni]'lﬂGl'lllﬂuﬂﬂuﬂﬂa'l\ulﬂu@uulﬂ'] TﬂElal“laf}!,L“lJUﬁ]'lﬁ@ﬂﬂ']iaﬂ'ﬂ’ﬂuwaﬂﬂ'lu
AT D (Attenuation Model) Y94 Etava and Villaverde (1973) nUN ﬁ15ﬁ51l§ﬂ@j’ﬂqﬂﬂlﬂd
Y
NUAY (Peak Ground Acceleration, PGA) ﬂzﬁmaﬂaqmmzazmwNmﬂg@quﬁﬂam

1 =) d! S 1 =) = %3

urudau 117 Faaziianaaaaunlusgialszua 20 Alawasusn asealns, 2551) aauaaaly

~ d? (% T A 9 A T A A o a o
E‘]J‘VI 4.29 Tﬂ&ﬂluagﬂmummmuwuﬂu”lm Ll,ﬁ3%Wﬂ‘llfJqu,aﬂaUL!WUQU‘Jlﬁ’JﬂuHJW’JLﬂinﬁGlH

v Y 1
QUIAITBANUINTAI1OATUTIGIGAVOINUAY (Peak Ground Acceleration, PGA) 1ag1uiou

ﬂﬁ@\‘iﬁ&?ﬂ@[ﬂ@ﬂﬂﬁ%ﬂﬂ! 1.07¢g

1 4 T A 1 o a 1T @ 1 4 a
Yauazszezenngaguinauruau lnans ldinandas usegegavesiuau
. 1 a 9 A Y v A
(Peak Ground Acceleration, PGA) §1149) mnm“l@gmm@uﬁmﬁQﬁqﬂ”lﬂmmﬂm 4.10 1ag
1 ~ I % 1 dy a a dy AR & o A A [ 1T A
A1 PGA 11 0.03g 1uA19a 15N UANUT AN UNAN S M Uam N U Fsan sk uan 11
Aa " 1 A < 1 . .
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MIMUINMIA TN ALTUNOUFIGA (Maximum shear modulus) lag1udn Tagld

44 : S A a ,
AUNITN 2.14 Fuauolae Seed et al (1986) LazAIANNLITINAURDY (Shear wave velocity)
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-G, =(35)1,000)6.9)>*(3,083.89)™
-G, =1678482.023b/ ft? = 80,365.72kN/n’
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m3

Loy = 209.71% = 4,379.78%

b
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3.1) MIugaduTURoUFIgA
+\0.4
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N
a 81,692.67x1,000 —,
VAR ? M. —-193.14ny's
P 2190-9
m

-G, =81,962.67kPa V, =193.14m/s



128

NMANUIN .

a d ci U d' d 1. A d'
wami’ami1zﬁm‘snJaﬂugﬂﬂnimma‘nmmﬁuaummmqmimamuﬂu"lmﬂ“l%”!u

v
o A

a d = A ' a v A
NIFIUAIISH nimﬂammuﬂu"lmmaq NITMNITUIVDU

a9



129

d‘ a 4 A o A Y A 3‘
A1T19N A-1 Wﬁﬂ’lijlﬂfl"]gﬁﬂ’lfl'lf]_laﬂugﬂﬂ’l')ﬁmf]ﬂa’lﬂ“]fum]@u NNATUNUDUN

) NoWT MnWT RWT MxWT
Earthquakes Slip Dfmn Yield Dfmn Yield Dfmn Yield Dfmn Yield
e (m) Acc. (g) (m) Acc. (g) (m) Acc. (g) (m) Acc. ()
Calexico 1 0.0000 0.244 0.0000 0.224 | 0.0010 0.149 0.0000 0.136
Mw = 7.0 2 0.0074 0.560 0.0000 0.567 | 0.0012 0.318 0.0010 0.235

PGA =0.19¢g 3 0.0000 0.244 0.0000 0.195 0.0000 0.114 0.0000 0.102

Tp=10.44 4 0.0000 0.233 0.0000 0.215 | 0.0004 0.145 0.0000 0.128
Chile 1 0.0983 0.264 0.2153 0.231 0.3255 0.148 0.2225 0.137
Mw = 8.8 2 0.2997 0.575 0.2688 0.620 | 0.6258 0.317 0.3031 0.235

PGA = 0.64g 3 0.0387 0.268 0.1801 0.194 | 0.0505 0.136 0.0451 0.122

Tp=0.20 4 0.0727 0.257 0.1893 0.220 | 0.2345 0.145 0.1726 0.131

Christchurch 1 0.0172 0.264 0.0309 0.231 0.0332 0.148 0.0255 0.138

Mw =6.3 2 0.0185 0.575 0.0111 0.620 | 0.0464 0.318 0.0329 0.235

PGA =0.53g 3 0.0027 0.268 0.0206 0.195 | 0.0049 0.136 0.0045 0.122

Tp=10.24 4 0.0126 0.258 0.0274 0.220 | 0.0260 0.145 0.0204 0.132
Haiti 1 0.0151 0.264 0.0328 0.023 | 0.0600 0.148 0.0508 0.137
Mw=17.0 2 0.0035 0.575 0.0023 0.621 0.0101 0.318 0.0090 0.235

PGA =0.42g 3 0.0023 0.268 0.0130 0.194 | 0.0061 0.136 0.0053 0.123

Tp=0.84 4 0.0103 0.257 0.0313 0.220 | 0.0481 0.145 0.0414 0.131
Hawaii 1 0.0959 0.264 0.0166 0.231 0.2851 0.148 0.1622 0.137
Mw = 6.7 2 0.1695 0.575 0.1237 0.620 | 0.6427 0.317 0.2121 0.235

PGA =0.72¢g 3 0.0339 0.268 0.1276 0.195 | 0.0355 0.136 0.0327 0.123

Tp=0.28 4 0.0682 0.257 0.1485 0.220 | 0.1981 0.145 0.1251 0.131
Kobe 1 0.2060 0.264 0.3134 0.231 0.4360 0.148 0.3620 0.137
Mw = 6.9 2 0.1714 0.575 0.1551 0.620 | 0.3366 0.317 0.2181 0.236

PGA =0.60.g 3 0.0701 0.268 0.1575 0.194 | 0.0861 0.136 0.0756 0.123

Tp=10.30 4 0.1559 0.257 0.2869 0.220 | 0.3613 0.145 0.3030 0.131
Loma Preita 1 0.0000 0.264 0.0008 0.231 0.0090 0.149 0.0063 0.139
Mw =7.0 2 0.0000 0.550 0.0000 0.611 0.0073 0.327 0.0061 0.245

PGA =0.23g 3 0.0000 0.267 0.0006 0.195 | 0.0001 0.136 0.0000 0.123

Tp=0.16 4 0.0000 0.258 0.0006 0.221 0.0068 0.145 0.0046 0.132
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) NoWT MnWT RWT MxWT
Earthquakes Slip Dfmn Yield Dfmn Yield Dfmn Yield Dfmn Yield
e (m) Acc. () (m) Acc. (g) (m) Acc. () (m) Acc. (g)
Nisqually 1 0.0000 | 0.240 | 0.0000 | 0.219 0.0000 0.146 0.0000 0.135
Mw = 6.8 2 | 0.0000 | 0.463 | 0.0000 | 0.471 0.0000 0.282 0.0000 0.201
PGA =0.35g 3 0.0000 | 0.237 | 0.0000 | 0.185 0.0000 0.118 0.0000 0.100
Tp =2.46 4 ] 0.0000 [ 0.231 | 0.0000 | 0.210 0.0000 0.142 0.0000 0.129

San Fernando 1 0.1430 | 0.264 | 0.1898 | 0.231 0.2198 0.149 0.1889 0.138

Mw = 6.6 2 0.2081 | 0.575 | 0.1531 0.621 0.2322 0.318 0.1510 0.235
PGA =1.07g 3 0.0834 | 0.269 | 0.1280 | 0.195 0.0568 0.136 0.0528 0.122
Tp=0.20 4 0.1202 | 0.257 | 0.1781 0.220 0.1840 0.145 0.1568 0.132

Sumatra 1 0.0000 | 0.150 | 0.0000 | 0.143 0.0000 0.077 0.0000 0.064
Mw = 8.4 2 0.0000 | 0.292 | 0.0000 | 0.312 0.0000 0.174 0.0000 0.112
PGA =0.06g 3 0.0000 | 0.154 | 0.0000 | 0.123 0.0000 0.051 0.0000 0.044
Tp=0.10 4 0.0000 | 0.144 | 0.0000 | 0.134 0.0000 0.070 0.0000 0.060

Simulated Sadao 1 0.0000 | 0.141 | 0.0000 | 0.134 0.0000 0.067 0.0000 0.062

Mw =84 2 0.0000 | 0.256 0.0000 0.282 0.0000 0.130 0.0000 0.095
PGA =0.03g 3 0.0000 | 0.140 0.0000 0.109 0.0000 0.045 0.0000 0.040
Tp=0.10 4 0.0000 | 0.134 0.0000 0.127 0.0000 0.062 0.0000 0.057
HUIYLYA: NoWT = No water table

MnWT = Minimum water table

RWT = Regular water table

MxWT = Maximum water table

Dfmn = Deformation

Slip No. fingasluasidlduaas1ilugilin 3.8
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) NoWT MnWT RWT MxWT
Earthquakes Slip Dfmn Yield Dfmn Yield Dfmn Yield Dfmn Yield
e (m) Acc. () (m) Acc. (g) (m) Acc. (g) (m) Acc. (g)
Calexico 1 0.0003 | 0.254 | 0.0000 | 0.272 0.0000 0.264 0.0000 0.263
Mw = 7.0 2 0.0000 | 0.310 | 0.0000 | 0.324 0.0000 0.309 0.0000 0314
PGA =0.19g 3 0.0000 | 0.288 | 0.0000 | 0.305 0.0000 0.292 0.0000 0.294
Tp=0.44 4 0.0032 | 0.298 | 0.0000 | 0.311 0.0000 0.306 0.0000 0.310
Chile 1 0.0993 | 0.254 | 0.0798 | 0.270 0.0569 0.270 0.0443 0.270
Mw = 8.8 2 0.0317 | 0312 | 0.0293 | 0.328 0.0183 0.342 0.0128 0.341
PGA = 0.64g 3 0.0276 | 0.291 | 0.0218 | 0.309 0.0205 0.313 0.0168 0312
Tp=0.20 4 0.1269 | 0.297 | 0.1143 | 0.311 0.0518 0.323 0.0344 0.326
Christchurch 1 0.0133 | 0.254 | 0.0079 | 0.270 0.0171 0.272 0.0146 0.271
Mw =6.3 2 0.0041 | 0.312 | 0.0026 | 0.332 0.0000 0.339 0.0000 0.339
PGA =0.53g 3 0.0039 | 0.291 | 0.0037 | 0.310 0.0071 0.313 0.0065 0.312
Tp=0.24 4 0.0111 | 0.298 | 0.0078 | 0.311 0.0172 0.324 0.0000 0.326
Haiti 1 0.0142 | 0.255 | 0.0118 | 0.271 0.0166 0.270 0.0180 0.270
Mw =7.0 2 0.0049 | 0313 | 0.0052 | 0.329 0.0011 0.342 0.0015 0.343
PGA =0.42¢g 3 0.0053 | 0.292 | 0.0050 | 0.310 0.0033 0.315 0.0037 0.316
Tp=0.84 4 0.0096 | 0.297 | 0.0109 | 0.312 0.0073 0.325 0.0076 0.330
Hawaii 1 0.0887 | 0.254 | 0.0617 | 0.270 0.0799 0.270 0.0572 0.270
Mw = 6.7 2 0.0428 | 0312 | 0.0275 | 0.328 0.0314 0.342 0.0233 0.341
PGA =0.72¢g 3 0.0416 | 0.291 | 0.0290 | 0.309 0.0291 0.313 0.0267 0.312
Tp=0.28 4 0.1000 | 0.297 | 0.0768 | 0.311 0.0987 0.323 0.0569 0.326
Kobe 1 0.2007 | 0.254 | 0.1671 0.270 0.2121 0.270 0.1964 0.270
Mw =6.9 2 0.1042 | 0.312 | 0.0906 | 0.328 0.0959 0.342 0.0859 0.341
PGA =0.60.g 3 0.1088 | 0.291 | 0.0890 | 0.309 0.1063 0.313 0.1005 0312
Tp=0.30 4 0.1775 | 0.297 | 0.1665 | 0.312 0.1825 0.323 0.1512 0.326
Loma Preita 1 0.0000 | 0.251 | 0.0000 | 0.265 0.0000 0.261 0.0000 0.268
Mw = 7.0 2 0.0000 | 0.298 | 0.0000 | 0.307 0.0000 0.311 0.0000 0.325
PGA =0.23g 3 0.0000 | 0.283 | 0.0000 | 0.293 0.0000 0.294 0.0000 0.301
Tp=0.16 4 0.0000 | 0.289 | 0.0000 | 0.303 0.0000 0.299 0.0000 0.319
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) NoWT MnWT RWT MxWT
Earthquakes Slip Dfmn Yield Dfmn Yield Dfmn Yield Dfmn Yield
e (m) Acc. (g) (m) Acc. () (m) Acc. (g) (m) Acc. (g)
Nisqually 1 0.0000 | 0.247 | 0.0000 | 0.252 0.0000 0.263 0.0009 0.273
Mw = 6.8 2 0.0000 | 0.288 | 0.0000 | 0.294 0.0000 0313 0.0001 0.348
PGA =0.35g 3 0.0000 | 0.273 | 0.0000 | 0.284 0.0000 0.290 0.0001 0314
Tp=2.46 4 0.0000 | 0.285 | 0.0000 | 0.287 0.0000 0.309 0.0001 0.334

San Fernando 1 0.1297 | 0.254 | 0.1214 | 0.270 0.1322 0.273 0.1323 0.270

Mw = 6.6 2 0.0840 | 0.312 | 0.0789 | 0.332 0.0808 0.342 0.0770 0.341
PGA =1.07g 3 0.1022 | 0.291 | 0.0938 | 0.310 0.0915 0.313 0.0882 0.313
Tp=0.20 4 0.1219 | 0.297 | 0.1138 | 0.311 0.1250 0.324 0.1158 0.326

Sumatra 1 0.0000 | 0.202 | 0.0000 | 0.208 0.0000 0.208 0.0000 0.205
Mw = 8.4 2 0.0000 | 0.228 | 0.0000 | 0.232 0.0000 0.239 0.0000 0.234
PGA =0.06g 3 0.0000 | 0.215 | 0.0000 | 0.222 0.0000 0.226 0.0000 0.224
Tp=0.10 4 0.0000 | 0.227 | 0.0000 | 0.231 0.0000 0.235 0.0000 0.230

Simulated Sadao 1 0.0000 | 0.179 | 0.0000 | 0.187 0.0000 0.184 0.0000 0.182

Mw =84 2 0.0000 | 0.200 | 0.0000 0.207 0.0000 0.208 0.0000 0.207
PGA =0.03g 3 0.0000 | 0.189 0.0000 0.199 0.0000 0.199 0.0000 0.197
Tp=0.10 4 0.0000 | 0.200 0.0000 0.208 0.0000 0.203 0.0000 0.203
HUIYLYA: NoWT = No water table

MnWT = Minimum water table

RWT = Regular water table

MxWT = Maximum water table

Dfmn = Deformation

Slip No. fingasluasialduans1ilugii 3.9
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Earthquakes Slip no. AI(INn.) +52.00 tNAI(3INN.)
Dfmn (m) Yield Acc. (g) Dfmn (m) | Yield Acc. (g)
Calexico 1 0.0000 0.244 0.0015 0.202
Mw=17.0 2 0.0074 0.560 0.0018 0.494
PGA =0.19¢g 3 0.0000 0.244 0.0000 0.189
Tp=0.44 4 0.0000 0.233 0.0005 0.199
Chile 1 0.0983 0.264 0.4413 0.202
Mw = 8.8 2 0.2997 0.575 0.9737 0.493
PGA = 0.64¢g 3 0.0387 0.268 0.0832 0.224
Tp=10.20 4 0.0727 0.257 0.3202 0.198
Christchurch 1 0.0172 0.264 0.0450 0.202
Mw = 6.3 2 0.0185 0.575 0.0721 0.494
PGA =0.53g 3 0.0027 0.268 0.0080 0.224
Tp=0.24 4 0.0126 0.258 0.0355 0.198
Haiti 1 0.0151 0.264 0.0817 0.202
Mw = 7.0 2 0.0035 0.575 0.0157 0.495
PGA =0.42¢g 3 0.0023 0.268 0.0101 0.224
Tp=0.84 4 0.0103 0.257 0.0660 0.199
Hawaii 1 0.0959 0.264 0.3858 0.202
Mw = 6.7 2 0.1695 0.575 0.9982 0.493
PGA =0.72¢g 3 0.0339 0.268 0.0582 0.224
Tp=10.28 4 0.0682 0.257 0.2697 0.198
Kobe 1 0.2060 0.264 0.5955 0.202
Mw = 6.9 2 0.1714 0.575 0.5306 0.493
PGA =0.60.g 3 0.0701 0.268 0.1421 0.224
Tp=10.30 4 0.1559 0.257 0.4967 0.199
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ﬂsiﬁszﬁmﬁuﬁ’negﬁ +68.00 nst’fmmzé’uﬁuﬁuﬁna;ﬁ
Earthquakes Slip no. NAI(INN.) +52.00 tNAI(INN.)

Dfmn (m) Yield Acc. (g) Dfmn (m) Yield Acc. (g)
Loma Preita 1 0.0000 0.264 0.0123 0.203
Mw=17.0 2 0.0000 0.550 0.0114 0.509
PGA =0.23g 3 0.0000 0.267 0.0001 0.224
Tp=0.16 4 0.0000 0.258 0.0093 0.198
Nisqually 1 0.0000 0.240 0.0000 0.199
Mw = 6.8 2 0.0000 0.463 0.0000 0.439
PGA =0.35g 3 0.0000 0.237 0.0000 0.194
Tp=2.46 4 0.0000 0.231 0.0000 0.194
San Fernando 1 0.1430 0.264 0.2989 0.203
Mw = 6.6 2 0.2081 0.575 0.3617 0.494
PGA=1.07¢g 3 0.0834 0.269 0.0934 0.224
Tp=10.20 4 0.1202 0.257 0.2519 0.198
Sumatra 1 0.0000 0.150 0.0000 0.105
Mw =84 2 0.0000 0.292 0.0000 0.271
PGA =0.06g 3 0.0000 0.154 0.0000 0.081
Tp=0.10 4 0.0000 0.144 0.0000 0.096
Simulated Sadao 1 0.0000 0.067 0.0000 0.091
Mw =84 2 0.0000 0.130 0.0000 0.203
PGA =0.03g 3 0.0000 0.045 0.0000 0.075
Tp=0.10 4 0.0000 0.062 0.0000 0.085

UUYLYA: Dfmn = Deformation
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15199 9-1 HANMIAATIZH Liquefaction Taoldaums Empirical mmmqmimuwuﬂu”lm

Calexico, Mexico (2010) F40y11A 7.0 3nines az PGA = 0.19¢

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 2.54 1.087 0.544 2.140 12.67 4.984
2 | 0987 41.40 21.78 5.04 1.087 0.544 1.679 19.88 3.941
3 0.979 62.10 32.67 7.51 1.087 0.544 1.457 25.87 3.444
4 | 0973 82.80 43.56 9.95 1.087 0.544 1318 31.19 3.137
5 | 0.965 103.50 54.45 12.34 1.087 0.544 1219 36.06 2.922
6 | 0958 124.20 65.34 14.69 1.087 0.544 1.143 40.60 2.764
7 | 0.949 144.90 76.23 16.97 1.087 0.544 1.083 44.88 2.644
8 | 0937 165.60 87.12 19.17 1.087 0.544 1.034 48.95 2.554
9 | 0923 186.30 98.01 21.23 1.087 0.544 0.992 52.84 2.488
10 | 0.905 207.00 108.90 23.13 1.087 0.544 0.956 56.59 2.446
11 | 0.883 227.70 119.79 24.83 1.087 0.544 0.925 60.20 2.425
12 | 0857 248.40 130.68 26.28 1.087 0.544 0.897 63.71 2.425
13 | 0.827 269.10 141.57 27.47 1.087 0.544 0.872 67.11 2.443
14 | 0.794 289.80 152.46 28.43 1.087 0.544 0.850 70.42 2.477
15 | 0761 310.50 163.35 29.17 1.087 0.544 0.830 73.65 2.525
16 | 0.728 331.20 174.24 29.76 1.087 0.544 0.811 76.81 2.581
17 | 0.696 351.90 185.13 30.25 1.087 0.544 0.794 79.89 2.641
18 | 0.667 372.60 196.02 30.70 1.087 0.544 0.778 82.92 2.701
19 | 0.641 393.30 206.91 31.13 1.087 0.544 0.764 85.88 2.758
20 | 0.618 414.00 217.80 31.60 1.087 0.544 0.750 88.80 2.810
21 | 0598 434.70 228.69 32.10 1.087 0.544 0.737 91.66 2.855
22 | 0581 455.40 239.58 32.66 1.087 0.544 0.726 94.47 2.893
23 | 0.566 476.10 250.47 33.26 1.087 0.544 0.714 97.24 2.923
24 | 0553 496.80 261.36 33.91 1.087 0.544 0.704 99.97 2.948
25 | 0541 517.50 27225 34.60 1.087 0.544 0.694 102.66 2.967
26 | 0.532 538.20 283.14 35.33 1.087 0.544 0.684 105.31 2.981
27 | 0523 558.90 294.03 36.08 1.087 0.544 0.675 107.92 2.991
28 | 0515 579.60 304.92 36.86 1.087 0.544 0.667 110.50 2.998
29 | 0.508 600.30 315.81 37.65 1.087 0.544 0.659 113.05 3.003
30 | 0.501 621.00 326.70 38.46 1.087 0.544 0.651 115.57 3.005
31 | 0.496 641.70 337.59 39.27 1.087 0.544 0.643 118.06 3.006
32 | 0.490 662.40 348.48 40.09 1.087 0.544 0.636 120.52 3.006
33 | 0485 683.10 359.37 40.91 1.087 0.544 0.630 122.96 3.005
34 | 0.480 703.80 370.26 41.74 1.087 0.544 0.623 125.37 3.004
35 | 0.476 724.50 381.15 42.56 1.087 0.544 0.617 127.75 3.002
36 | 0.471 745.20 392.04 43.38 1.087 0.544 0.611 130.11 3.000
37 | 0467 765.90 402.93 44.19 1.087 0.544 0.605 132.45 2.997
38 | 0.463 786.60 413.82 45.00 1.087 0.544 0.599 134.77 2.995
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15199 9-2 HANMITAATIZH Liquefaction Taoldaums Empirical mmmc{}mimuwuﬂu”lm

Christchurch, New Zealand (2011) Failvua 6.3 5PN LAz PGA = 0.53¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 7.09 1.244 0.622 2.140 14.50 2.045
2 | 0987 41.40 21.78 14.07 1.244 0.622 1.679 22.75 1.617
3 0.979 62.10 32.67 20.95 1.244 0.622 1.457 29.61 1.413
4 | 0973 82.80 43.56 27.74 1.244 0.622 1318 35.70 1.287
5 | 0.965 103.50 54.45 34.42 1.244 0.622 1.219 41.27 1.199
6 | 0958 124.20 65.34 40.98 1.244 0.622 1.143 46.46 1.134
7 | 0.949 144.90 76.23 4735 1.244 0.622 1.083 51.36 1.085
8 | 0937 165.60 87.12 53.47 1.244 0.622 1.034 56.02 1.048
9 | 0923 186.30 98.01 59.23 1.244 0.622 0.992 60.47 1.021
10 | 0.905 207.00 108.90 64.53 1.244 0.622 0.956 64.76 1.004
11 | 0.883 227.70 119.79 69.25 1.244 0.622 0.925 68.90 0.995
12 | 0857 248.40 130.68 73.30 1.244 0.622 0.897 72.91 0.995
13 | 0.827 269.10 141.57 76.63 1.244 0.622 0.872 76.80 1.002
14 | 0.794 289.80 152.46 79.30 1.244 0.622 0.850 80.59 1.016
15 | 0761 310.50 163.35 81.38 1.244 0.622 0.830 84.29 1.036
16 | 0.728 331.20 174.24 83.02 1.244 0.622 0.811 87.90 1.059
17 | 0.696 351.90 185.13 84.39 1.244 0.622 0.794 91.43 1.084
18 | 0.667 372.60 196.02 85.62 1.244 0.622 0.778 94.89 1.108
19 | 0.641 393.30 206.91 86.85 1.244 0.622 0.764 98.29 1.132
20 | 0.618 414.00 217.80 88.14 1.244 0.622 0.750 101.62 1.153
21 | 0598 434.70 228.69 89.55 1.244 0.622 0.737 104.90 1.171
22 | 0581 455.40 239.58 91.10 1.244 0.622 0.726 108.12 1.187
23 | 0.566 476.10 250.47 92.78 1.244 0.622 0.714 111.28 1.199
24 | 0553 496.80 261.36 94.60 1.244 0.622 0.704 114.41 1.209
25 | 0541 517.50 27225 96.52 1.244 0.622 0.694 117.48 1.217
26 | 0.532 538.20 283.14 98.55 1.244 0.622 0.684 120.52 1.223
27 | 0523 558.90 294.03 100.65 1.244 0.622 0.675 123.51 1.227
28 | 0515 579.60 304.92 | 102.82 1.244 0.622 0.667 126.46 1.230
29 | 0.508 600.30 315.81 105.03 1.244 0.622 0.659 129.38 1232
30 | 0.501 621.00 32670 | 107.28 1.244 0.622 0.651 132.26 1.233
31 | 0.496 641.70 337.59 109.55 1.244 0.622 0.643 135.11 1.233
32 | 0.490 662.40 348.48 111.84 1.244 0.622 0.636 137.93 1.233
33 | 0485 683.10 35937 | 114.13 1.244 0.622 0.630 140.72 1.233
34 | 0.480 703.80 37026 | 116.43 1.244 0.622 0.623 143.47 1.232
35 | 0.476 724.50 381.15 118.72 1.244 0.622 0.617 146.20 1232
36 | 0.471 745.20 392.04 | 121.00 1.244 0.622 0.611 148.91 1.231
37 | 0467 765.90 402.93 123.27 1.244 0.622 0.605 151.58 1.230
38 | 0.463 786.60 413.82 125.52 1.244 0.622 0.599 154.23 1.229
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Offshore Bio, Chile (2010) Fallvua 8.8 3AMeT 1Az PGA = 0.64¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 8.56 0.890 0.445 2.140 10.37 1211
2 | 0987 41.40 21.78 16.99 0.890 0.445 1.679 16.28 0.958
3 0.979 62.10 32.67 25.30 0.890 0.445 1.457 21.18 0.837
4 | 0973 82.80 43.56 33.50 0.890 0.445 1318 25.54 0.762
5 | 0.965 103.50 54.45 41.57 0.890 0.445 1219 29.53 0.710
6 | 0958 124.20 65.34 49.48 0.890 0.445 1.143 33.24 0.672
7 | 0.949 144.90 76.23 57.18 0.890 0.445 1.083 36.74 0.643
8 | 0937 165.60 87.12 64.57 0.890 0.445 1.034 40.08 0.621
9 | 0923 186.30 98.01 71.53 0.890 0.445 0.992 43.27 0.605
10 | 0.905 207.00 108.90 77.93 0.890 0.445 0.956 46.33 0.595
11 | 0.883 227.70 119.79 83.62 0.890 0.445 0.925 49.29 0.589
12 | 0857 248.40 130.68 88.51 0.890 0.445 0.897 52.16 0.589
13 | 0.827 269.10 141.57 92.54 0.890 0.445 0.872 54.95 0.594
14 | 0.794 289.80 152.46 95.75 0.890 0.445 0.850 57.66 0.602
15 | 0761 310.50 163.35 98.27 0.890 0.445 0.830 60.30 0.614
16 | 0.728 331.20 17424 | 10025 0.890 0.445 0.811 62.89 0.627
17 | 0.696 351.90 185.13 101.90 0.890 0.445 0.794 65.41 0.642
18 | 0.667 372.60 196.02 103.39 0.890 0.445 0.778 67.89 0.657
19 | 0.641 393.30 206.91 104.87 0.890 0.445 0.764 70.32 0.671
20 | 0.618 414.00 217.80 | 106.44 0.890 0.445 0.750 72.70 0.683
21 | 0598 434.70 228.69 | 108.14 0.890 0.445 0.737 75.05 0.694
22 | 0581 455.40 239.58 110.01 0.890 0.445 0.726 77.35 0.703
23 | 0.566 476.10 250.47 112.04 0.890 0.445 0.714 79.62 0.711
24 | 0553 496.80 26136 | 114.23 0.890 0.445 0.704 81.85 0.717
25 | 0541 517.50 27225 116.56 0.890 0.445 0.694 84.05 0.721
26 | 0.532 538.20 283.14 | 119.00 0.890 0.445 0.684 86.22 0.725
27 | 0523 558.90 294.03 121.54 0.890 0.445 0.675 88.36 0.727
28 | 0515 579.60 304.92 124.16 0.890 0.445 0.667 90.48 0.729
29 | 0.508 600.30 315.81 126.83 0.890 0.445 0.659 92.56 0.730
30 | 0.501 621.00 32670 | 129.54 0.890 0.445 0.651 94.63 0.730
31 | 0.496 641.70 337.59 | 132.29 0.890 0.445 0.643 96.66 0.731
32 | 0.490 662.40 348.48 135.05 0.890 0.445 0.636 98.68 0.731
33 | 0485 683.10 359.37 137.82 0.890 0.445 0.630 100.67 0.730
34 | 0.480 703.80 370.26 | 140.59 0.890 0.445 0.623 102.65 0.730
35 | 0.476 724.50 381.15 143.35 0.890 0.445 0.617 104.60 0.730
36 | 0471 745.20 392.04 | 146.11 0.890 0.445 0.611 106.53 0.729
37 | 0467 765.90 402.93 148.85 0.890 0.445 0.605 108.45 0.729
38 | 0.463 786.60 413.82 151.57 0.890 0.445 0.599 110.34 0.728
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M15199 9-4 HANMIAATIZH Liquefaction Taoldaums Empirical mmmc{}mimuwuﬂu”lm

Haiti Region, Haiti (2010) Fadlvuna 7.0 SNABS AL PGA = 0.42¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 5.62 1.087 0.544 2.140 12.67 2.255
2 | 0987 41.40 21.78 11.15 1.087 0.544 1.679 19.88 1.783
3 0.979 62.10 32.67 16.61 1.087 0.544 1.457 25.87 1.558
4 | 0973 82.80 43.56 21.98 1.087 0.544 1318 31.19 1.419
5 | 0.965 103.50 54.45 27.28 1.087 0.544 1219 36.06 1322
6 | 0958 124.20 65.34 32.47 1.087 0.544 1.143 40.60 1.250
7 | 0.949 144.90 76.23 37.52 1.087 0.544 1.083 44.88 1.196
8 | 0937 165.60 87.12 4237 1.087 0.544 1.034 48.95 1.155
9 | 0923 186.30 98.01 46.94 1.087 0.544 0.992 52.84 1.126
10 | 0.905 207.00 108.90 51.14 1.087 0.544 0.956 56.59 1.107
11 | 0.883 227.70 119.79 54.88 1.087 0.544 0.925 60.20 1.097
12 | 0857 248.40 130.68 58.08 1.087 0.544 0.897 63.71 1.097
13 | 0.827 269.10 141.57 60.73 1.087 0.544 0.872 67.11 1.105
14 | 0.794 289.80 152.46 62.84 1.087 0.544 0.850 70.42 1.121
15 | 0761 310.50 163.35 64.49 1.087 0.544 0.830 73.65 1.142
16 | 0.728 331.20 174.24 65.79 1.087 0.544 0.811 76.81 1.167
17 | 0.696 351.90 185.13 66.87 1.087 0.544 0.794 79.89 1.195
18 | 0.667 372.60 196.02 67.85 1.087 0.544 0.778 82.92 1.222
19 | 0.641 393.30 206.91 68.82 1.087 0.544 0.764 85.88 1.248
20 | 0.618 414.00 217.80 69.85 1.087 0.544 0.750 88.80 1.271
21 | 0598 434.70 228.69 70.97 1.087 0.544 0.737 91.66 1.292
22 | 0581 455.40 239.58 72.19 1.087 0.544 0.726 94.47 1.309
23 | 0.566 476.10 250.47 73.53 1.087 0.544 0.714 97.24 1323
24 | 0553 496.80 261.36 74.96 1.087 0.544 0.704 99.97 1.334
25 | 0541 517.50 27225 76.49 1.087 0.544 0.694 102.66 1.342
26 | 0.532 538.20 283.14 78.10 1.087 0.544 0.684 105.31 1.348
27 | 0523 558.90 294.03 79.76 1.087 0.544 0.675 107.92 1.353
28 | 0515 579.60 304.92 81.48 1.087 0.544 0.667 110.50 1356
29 | 0.508 600.30 315.81 83.23 1.087 0.544 0.659 113.05 1.358
30 | 0.501 621.00 326.70 85.01 1.087 0.544 0.651 115.57 1.359
31 | 0.496 641.70 337.59 86.81 1.087 0.544 0.643 118.06 1.360
32 | 0.490 662.40 348.48 88.63 1.087 0.544 0.636 120.52 1.360
33 | 0485 683.10 359.37 90.44 1.087 0.544 0.630 122.96 1.360
34 | 0.480 703.80 370.26 92.26 1.087 0.544 0.623 125.37 1359
35 | 0.476 724.50 381.15 94.08 1.087 0.544 0.617 127.75 1.358
36 | 0.471 745.20 392.04 95.88 1.087 0.544 0.611 130.11 1.357
37 | 0467 765.90 402.93 97.68 1.087 0.544 0.605 132.45 1.356
38 | 0.463 786.60 413.82 99.47 1.087 0.544 0.599 134.77 1.355
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Hawaii, USA (2010) FIWVUIA 6.7 30003 118 PGA = 0.72¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 9.63 1.143 0.572 2.140 13.32 1.383
2 | 0987 41.40 21.78 19.12 1.143 0.572 1.679 20.90 1.093
3 0.979 62.10 32.67 28.47 1.143 0.572 1.457 27.21 0.956
4 | 0973 82.80 43.56 37.69 1.143 0.572 1318 32.80 0.870
5 | 0.965 103.50 54.45 46.77 1.143 0.572 1219 37.92 0.811
6 | 0958 124.20 65.34 55.67 1.143 0.572 1.143 42.69 0.767
7 | 0.949 144.90 76.23 64.32 1.143 0.572 1.083 47.19 0.734
8 | 0937 165.60 87.12 72.64 1.143 0.572 1.034 51.47 0.709
9 | 0923 186.30 98.01 80.47 1.143 0.572 0.992 55.56 0.691
10 | 0.905 207.00 108.90 87.67 1.143 0.572 0.956 59.50 0.679
11 | 0.883 227.70 119.79 94.07 1.143 0.572 0.925 63.31 0.673
12 | 0857 248.40 130.68 99.57 1.143 0.572 0.897 66.99 0.673
13 | 0.827 269.10 141.57 104.11 1.143 0.572 0.872 70.57 0.678
14 | 0.794 289.80 15246 | 107.72 1.143 0.572 0.850 74.05 0.687
15 | 0761 310.50 163.35 110.55 1.143 0.572 0.830 7745 0.701
16 | 0.728 331.20 17424 | 112.78 1.143 0.572 0.811 80.76 0.716
17 | 0.696 351.90 185.13 114.64 1.143 0.572 0.794 84.01 0.733
18 | 0.667 372.60 196.02 116.32 1.143 0.572 0.778 87.19 0.750
19 | 0.641 393.30 206.91 117.98 1.143 0.572 0.764 90.31 0.765
20 | 0.618 414.00 217.80 | 119.74 1.143 0.572 0.750 93.37 0.780
21 | 0598 434.70 228.69 | 121.66 1.143 0.572 0.737 96.38 0.792
22 | 0581 455.40 239.58 123.76 1.143 0.572 0.726 99.34 0.803
23 | 0.566 476.10 250.47 126.05 1.143 0.572 0.714 102.25 0.811
24 | 0553 496.80 26136 | 128.51 1.143 0.572 0.704 105.12 0.818
25 | 0541 517.50 27225 131.13 1.143 0.572 0.694 107.94 0.823
26 | 0.532 538.20 283.14 | 133.88 1.143 0.572 0.684 110.73 0.827
27 | 0523 558.90 294.03 136.73 1.143 0.572 0.675 113.48 0.830
28 | 0515 579.60 304.92 139.68 1.143 0.572 0.667 116.20 0.832
29 | 0.508 600.30 315.81 142.68 1.143 0.572 0.659 118.88 0.833
30 | 0.501 621.00 32670 | 145.74 1.143 0.572 0.651 121.53 0.834
31 | 0.496 641.70 337.59 | 148.82 1.143 0.572 0.643 124.14 0.834
32 | 0.490 662.40 348.48 151.93 1.143 0.572 0.636 126.73 0.834
33 | 0485 683.10 359.37 155.05 1.143 0.572 0.630 129.29 0.834
34 | 0.480 703.80 37026 | 158.16 1.143 0.572 0.623 131.83 0.833
35 | 0.476 724.50 381.15 161.27 1.143 0.572 0.617 134.33 0.833
36 | 0471 745.20 392.04 | 164.37 1.143 0.572 0.611 136.82 0.832
37 | 0467 765.90 402.93 167.46 1.143 0.572 0.605 139.27 0.832
38 | 0.463 786.60 413.82 170.52 1.143 0.572 0.599 141.71 0.831
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Kobe, Japan (1995) FAVUIA 6.9 ?ﬂma{ 1oy PGA = 0.68g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 9.10 1.104 0.552 2.140 12.87 1.414
2 | 0987 41.40 21.78 18.05 1.104 0.552 1.679 20.19 1.118
3 0.979 62.10 32.67 26.88 1.104 0.552 1.457 26.28 0.977
4 | 0973 82.80 43.56 35.59 1.104 0.552 1318 31.68 0.890
5 | 0.965 103.50 54.45 44.17 1.104 0.552 1219 36.63 0.829
6 | 0958 124.20 65.34 52.57 1.104 0.552 1.143 4123 0.784
7 | 0.949 144.90 76.23 60.75 1.104 0.552 1.083 45.58 0.750
8 | 0937 165.60 87.12 68.60 1.104 0.552 1.034 4971 0.725
9 | 0923 186.30 98.01 76.00 1.104 0.552 0.992 53.67 0.706
10 | 0.905 207.00 108.90 82.80 1.104 0.552 0.956 57.47 0.694
11 | 0.883 227.70 119.79 88.85 1.104 0.552 0.925 61.15 0.688
12 | 0857 248.40 130.68 94.04 1.104 0.552 0.897 64.70 0.688
13 | 0.827 269.10 141.57 98.32 1.104 0.552 0.872 68.16 0.693
14 | 0.794 289.80 152.46 | 101.74 1.104 0.552 0.850 71.52 0.703
15 | 0761 310.50 163.35 104.41 1.104 0.552 0.830 74.80 0.716
16 | 0.728 331.20 17424 | 106.52 1.104 0.552 0.811 78.01 0.732
17 | 0.696 351.90 185.13 108.27 1.104 0.552 0.794 81.14 0.749
18 | 0.667 372.60 196.02 109.86 1.104 0.552 0.778 84.21 0.767
19 | 0.641 393.30 206.91 111.43 1.104 0.552 0.764 87.23 0.783
20 | 0.618 414.00 217.80 | 113.09 1.104 0.552 0.750 90.18 0.797
21 | 0598 434.70 228.69 | 114.90 1.104 0.552 0.737 93.09 0.810
22 | 0581 455.40 239.58 116.88 1.104 0.552 0.726 95.95 0.821
23 | 0.566 476.10 250.47 119.04 1.104 0.552 0.714 98.76 0.830
24 | 0553 496.80 26136 | 121.37 1.104 0.552 0.704 101.53 0.837
25 | 0541 517.50 27225 123.84 1.104 0.552 0.694 104.26 0.842
26 | 0.532 538.20 283.14 | 126.44 1.104 0.552 0.684 106.95 0.846
27 | 0523 558.90 294.03 129.14 1.104 0.552 0.675 109.61 0.849
28 | 0515 579.60 304.92 131.92 1.104 0.552 0.667 112.23 0.851
29 | 0.508 600.30 315.81 134.75 1.104 0.552 0.659 114.82 0.852
30 | 0.501 621.00 32670 | 137.64 1.104 0.552 0.651 117.38 0.853
31 | 0.496 641.70 337.59 | 140.55 1.104 0.552 0.643 119.91 0.853
32 | 0.490 662.40 348.48 143.49 1.104 0.552 0.636 122.41 0.853
33 | 0485 683.10 359.37 146.43 1.104 0.552 0.630 124.88 0.853
34 | 0.480 703.80 37026 | 149.38 1.104 0.552 0.623 127.33 0.852
35 | 0.476 724.50 381.15 152.31 1.104 0.552 0.617 129.75 0.852
36 | 0471 745.20 392.04 | 155.24 1.104 0.552 0.611 132.15 0.851
37 | 0467 765.90 402.93 158.15 1.104 0.552 0.605 134.52 0.851
38 | 0.463 786.60 413.82 161.05 1.104 0.552 0.599 136.87 0.850
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Loma Preita, USA (1989) Fadlvua 7.0 AT 1Az PGA = 0.23¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 3.08 1.087 0.544 2.140 12.67 4.117
2 | 0987 41.40 21.78 6.11 1.087 0.544 1.679 19.88 3.255
3 0.979 62.10 32.67 9.09 1.087 0.544 1.457 25.87 2.845
4 | 0973 82.80 43.56 12.04 1.087 0.544 1318 31.19 2.591
5 | 0.965 103.50 54.45 14.94 1.087 0.544 1219 36.06 2.414
6 | 0958 124.20 65.34 17.78 1.087 0.544 1.143 40.60 2.283
7 | 0.949 144.90 76.23 20.55 1.087 0.544 1.083 44.88 2.184
8 | 0937 165.60 87.12 23.20 1.087 0.544 1.034 48.95 2.110
9 | 0923 186.30 98.01 25.71 1.087 0.544 0.992 52.84 2.056
10 | 0.905 207.00 108.90 28.00 1.087 0.544 0.956 56.59 2.021
11 | 0.883 227.70 119.79 30.05 1.087 0.544 0.925 60.20 2.003
12 | 0857 248.40 130.68 31.81 1.087 0.544 0.897 63.71 2.003
13 | 0.827 269.10 141.57 33.26 1.087 0.544 0.872 67.11 2.018
14 | 0.794 289.80 152.46 34.41 1.087 0.544 0.850 70.42 2.046
15 | 0761 310.50 163.35 35.31 1.087 0.544 0.830 73.65 2.086
16 | 0.728 331.20 174.24 36.03 1.087 0.544 0.811 76.81 2.132
17 | 0.696 351.90 185.13 36.62 1.087 0.544 0.794 79.89 2.182
18 | 0.667 372.60 196.02 37.16 1.087 0.544 0.778 82.92 2.232
19 | 0.641 393.30 206.91 37.69 1.087 0.544 0.764 85.88 2.279
20 | 0.618 414.00 217.80 38.25 1.087 0.544 0.750 88.80 2.321
21 | 0598 434.70 228.69 38.86 1.087 0.544 0.737 91.66 2.358
22 | 0581 455.40 239.58 39.53 1.087 0.544 0.726 94.47 2.390
23 | 0.566 476.10 250.47 40.26 1.087 0.544 0.714 97.24 2.415
24 | 0553 496.80 261.36 41.05 1.087 0.544 0.704 99.97 2.435
25 | 0541 517.50 27225 41.89 1.087 0.544 0.694 102.66 2.451
26 | 0.532 538.20 283.14 4277 1.087 0.544 0.684 105.31 2.462
27 | 0523 558.90 294.03 43.68 1.087 0.544 0.675 107.92 2.471
28 | 0515 579.60 304.92 44.62 1.087 0.544 0.667 110.50 2.477
29 | 0.508 600.30 315.81 45.58 1.087 0.544 0.659 113.05 2.480
30 | 0.501 621.00 326.70 46.55 1.087 0.544 0.651 115.57 2.483
31 | 0.496 641.70 337.59 47.54 1.087 0.544 0.643 118.06 2.483
32 | 0.490 662.40 348.48 48.53 1.087 0.544 0.636 120.52 2.483
33 | 0485 683.10 359.37 49.53 1.087 0.544 0.630 122.96 2.483
34 | 0.480 703.80 370.26 50.52 1.087 0.544 0.623 125.37 2.481
35 | 0.476 724.50 381.15 51.52 1.087 0.544 0.617 127.75 2.480
36 | 0.471 745.20 392.04 52.51 1.087 0.544 0.611 130.11 2.478
37 | 0467 765.90 402.93 53.49 1.087 0.544 0.605 132.45 2.476
38 | 0.463 786.60 413.82 54.47 1.087 0.544 0.599 134.77 2.474
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Nissqually, USA (2001) Failvu1A 6.8 SIADS 1AL PGA = 0.35g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 4.68 1.121 0.561 2.140 13.06 2.790
2 | 0987 41.40 21.78 9.29 1.121 0.561 1.679 20.50 2.206
3 0.979 62.10 32.67 13.84 1.121 0.561 1.457 26.68 1.928
4 | 0973 82.80 43.56 18.32 1.121 0.561 1318 32.17 1.756
5 | 0.965 103.50 54.45 22.73 1.121 0.561 1219 37.19 1.636
6 | 0958 124.20 65.34 27.06 1.121 0.561 1.143 41.87 1.547
7 | 0.949 144.90 76.23 31.27 1.121 0.561 1.083 46.28 1.480
8 | 0937 165.60 87.12 35.31 1.121 0.561 1.034 50.48 1.430
9 | 0923 186.30 98.01 39.12 1.121 0.561 0.992 54.49 1.393
10 | 0.905 207.00 108.90 42.62 1.121 0.561 0.956 58.36 1.369
11 | 0.883 227.70 119.79 45.73 1.121 0.561 0.925 62.09 1.358
12 | 0857 248.40 130.68 48.40 1.121 0.561 0.897 65.70 1.357
13 | 0.827 269.10 141.57 50.61 1.121 0.561 0.872 69.21 1.368
14 | 0.794 289.80 152.46 52.36 1.121 0.561 0.850 72.62 1.387
15 | 0761 310.50 163.35 53.74 1.121 0.561 0.830 75.96 1.413
16 | 0.728 331.20 174.24 54.82 1.121 0.561 0.811 79.21 1.445
17 | 0.696 351.90 185.13 55.73 1.121 0.561 0.794 82.39 1.479
18 | 0.667 372.60 196.02 56.54 1.121 0.561 0.778 85.51 1.512
19 | 0.641 393.30 206.91 57.35 1.121 0.561 0.764 88.57 1.544
20 | 0.618 414.00 217.80 58.21 1.121 0.561 0.750 91.57 1.573
21 | 0598 434.70 228.69 59.14 1.121 0.561 0.737 94.52 1.598
22 | 0581 455.40 239.58 60.16 1.121 0.561 0.726 97.43 1.619
23 | 0.566 476.10 250.47 6127 1.121 0.561 0.714 100.28 1.637
24 | 0553 496.80 261.36 62.47 1.121 0.561 0.704 103.09 1.650
25 | 0541 517.50 27225 63.74 1.121 0.561 0.694 105.87 1.661
26 | 0.532 538.20 283.14 65.08 1.121 0.561 0.684 108.60 1.669
27 | 0523 558.90 294.03 66.47 1.121 0.561 0.675 111.30 1.674
28 | 0515 579.60 304.92 67.90 1.121 0.561 0.667 113.96 1.678
29 | 0.508 600.30 315.81 69.36 1.121 0.561 0.659 116.59 1.681
30 | 0.501 621.00 326.70 70.84 1.121 0.561 0.651 119.19 1.682
31 | 0.496 641.70 337.59 72.34 1.121 0.561 0.643 121.75 1.683
32 | 0.490 662.40 348.48 73.85 1.121 0.561 0.636 124.29 1.683
33 | 0485 683.10 359.37 75.37 1.121 0.561 0.630 126.80 1.682
34 | 0.480 703.80 370.26 76.88 1.121 0.561 0.623 129.29 1.682
35 | 0.476 724.50 381.15 78.40 1.121 0.561 0.617 131.75 1.681
36 | 0.471 745.20 392.04 79.90 1.121 0.561 0.611 134.18 1.679
37 | 0467 765.90 402.93 81.40 1.121 0.561 0.605 136.59 1.678
38 | 0.463 786.60 413.82 82.89 1.121 0.561 0.599 138.98 1.677
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San Fernando, USA (1971) FaiUIR 6.6 TNNDT AT PGA = 1.07¢g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 1431 1.168 0.584 2.140 13.61 0.951
2 | 0987 41.40 21.78 28.41 1.168 0.584 1.679 21.36 0.752
3 0.979 62.10 32.67 42.30 1.168 0.584 1.457 27.80 0.657
4 | 0973 82.80 43.56 56.01 1.168 0.584 1318 33.52 0.598
5 | 0.965 103.50 54.45 69.50 1.168 0.584 1219 38.75 0.558
6 | 0958 124.20 65.34 82.73 1.168 0.584 1.143 43.62 0.527
7 | 0.949 144.90 76.23 95.59 1.168 0.584 1.083 4822 0.504
8 | 0937 165.60 87.12 107.94 1.168 0.584 1.034 52.59 0.487
9 | 0923 186.30 98.01 119.59 1.168 0.584 0.992 56.78 0.475
10 | 0.905 207.00 108.90 | 130.28 1.168 0.584 0.956 60.80 0.467
11 | 0.883 227.70 119.79 | 139.80 1.168 0.584 0.925 64.69 0.463
12 | 0857 248.40 130.68 147.97 1.168 0.584 0.897 68.45 0.463
13 | 0.827 269.10 141.57 154.71 1.168 0.584 0.872 72.11 0.466
14 | 0.794 289.80 152.46 | 160.09 1.168 0.584 0.850 75.67 0.473
15 | 0761 310.50 163.35 164.29 1.168 0.584 0.830 79.14 0.482
16 | 0.728 331.20 17424 | 167.61 1.168 0.584 0.811 82.53 0.492
17 | 0.696 351.90 185.13 170.36 1.168 0.584 0.794 85.85 0.504
18 | 0.667 372.60 196.02 172.86 1.168 0.584 0.778 89.10 0.515
19 | 0.641 393.30 206.91 175.34 1.168 0.584 0.764 92.28 0.526
20 | 0.618 414.00 217.80 | 177.95 1.168 0.584 0.750 95.41 0.536
21 | 0598 434.70 228.69 | 180.80 1.168 0.584 0.737 98.49 0.545
22 | 0581 455.40 239.58 183.92 1.168 0.584 0.726 101.51 0.552
23 | 0.566 476.10 250.47 187.32 1.168 0.584 0.714 104.49 0.558
24 | 0553 496.80 26136 | 190.98 1.168 0.584 0.704 107.42 0.562
25 | 0541 517.50 27225 194.87 1.168 0.584 0.694 110.31 0.566
26 | 0.532 538.20 283.14 | 198.96 1.168 0.584 0.684 113.15 0.569
27 | 0523 558.90 294.03 | 203.20 1.168 0.584 0.675 115.96 0.571
28 | 0515 579.60 304.92 | 207.57 1.168 0.584 0.667 118.74 0.572
29 | 0.508 600.30 315.81 | 212.04 1.168 0.584 0.659 121.48 0.573
30 | 0.501 621.00 32670 | 216.58 1.168 0.584 0.651 124.18 0.573
31 | 0.496 641.70 337.59 | 221.17 1.168 0.584 0.643 126.86 0.574
32 | 0.490 662.40 348.48 | 22578 1.168 0.584 0.636 129.50 0.574
33 | 0485 683.10 359.37 | 230.41 1.168 0.584 0.630 132.12 0.573
34 | 0.480 703.80 37026 | 235.05 1.168 0.584 0.623 134.71 0.573
35 | 0.476 724.50 381.15 | 239.67 1.168 0.584 0.617 137.27 0.573
36 | 0471 745.20 392.04 | 244.28 1.168 0.584 0.611 139.81 0.572
37 | 0467 765.90 402.93 | 248.86 1.168 0.584 0.605 142.32 0.572
38 | 0.463 786.60 413.82 | 253.41 1.168 0.584 0.599 144.81 0.571
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Sumatra, Indonesia (2007) Fav1A 8.4 3AM0T 1Az PGA = 0.06g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 0.80 0.901 0.451 2.140 10.50 13.082
2 | 0987 41.40 21.78 1.59 0.901 0.451 1.679 16.48 10.343
3 0.979 62.10 32.67 2.37 0.901 0.451 1.457 21.45 9.041
4 | 0973 82.80 43.56 3.14 0.901 0.451 1318 25.86 8.233
5 | 0.965 103.50 54.45 3.90 0.901 0.451 1219 29.89 7.670
6 | 0958 124.20 65.34 4.64 0.901 0.451 1.143 33.65 7.254
7 | 0.949 144.90 76.23 5.36 0.901 0.451 1.083 37.20 6.940
8 | 0937 165.60 87.12 6.05 0.901 0.451 1.034 40.57 6.703
9 | 0923 186.30 98.01 6.71 0.901 0.451 0.992 43.80 6.532
10 | 0.905 207.00 108.90 7.31 0.901 0.451 0.956 46.90 6.420
11 | 0.883 227.70 119.79 7.84 0.901 0.451 0.925 49.90 6.366
12 | 0857 248.40 130.68 8.30 0.901 0.451 0.897 52.81 6.364
13 | 0.827 269.10 141.57 8.68 0.901 0.451 0.872 55.63 6.412
14 | 0.794 289.80 152.46 8.98 0.901 0.451 0.850 58.37 6.502
15 | 0761 310.50 163.35 9.21 0.901 0.451 0.830 61.05 6.627
16 | 0.728 331.20 174.24 9.40 0.901 0.451 0.811 63.66 6.774
17 | 0.696 351.90 185.13 9.55 0.901 0.451 0.794 66.22 6.932
18 | 0.667 372.60 196.02 9.69 0.901 0.451 0.778 68.73 7.090
19 | 0.641 393.30 206.91 9.83 0.901 0.451 0.764 71.19 7.240
20 | 0.618 414.00 217.80 9.98 0.901 0.451 0.750 73.60 7.376
21 | 0598 434.70 228.69 10.14 0.901 0.451 0.737 75.97 7.494
22 | 0581 455.40 239.58 10.31 0.901 0.451 0.726 78.31 7.593
23 | 0.566 476.10 250.47 10.50 0.901 0.451 0.714 80.60 7.673
24 | 0553 496.80 261.36 10.71 0.901 0.451 0.704 82.86 7.737
25 | 0541 517.50 27225 10.93 0.901 0.451 0.694 85.09 7.787
26 | 0.532 538.20 283.14 11.16 0.901 0.451 0.684 87.29 7.824
27 | 0523 558.90 294.03 11.39 0.901 0.451 0.675 89.45 7.851
28 | 0515 579.60 304.92 11.64 0.901 0.451 0.667 91.59 7.869
29 | 0.508 600.30 315.81 11.89 0.901 0.451 0.659 93.71 7.881
30 | 0.501 621.00 326.70 12.14 0.901 0.451 0.651 95.80 7.888
31 | 0.496 641.70 337.59 12.40 0.901 0.451 0.643 97.86 7.891
32 | 0.490 662.40 348.48 12.66 0.901 0.451 0.636 99.90 7.891
33 | 0485 683.10 359.37 12.92 0.901 0.451 0.630 101.92 7.888
34 | 0.480 703.80 370.26 13.18 0.901 0.451 0.623 103.92 7.884
35 | 0.476 724.50 381.15 13.44 0.901 0.451 0.617 105.89 7.879
36 | 0.471 745.20 392.04 13.70 0.901 0.451 0.611 107.85 7.873
37 | 0467 765.90 402.93 13.95 0.901 0.451 0.605 109.79 7.867
38 | 0.463 786.60 413.82 1421 0.901 0.451 0.599 111.71 7.861
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A15197 9-11 #NAN3AATIZH Liquefaction IaalHeuns Empirical vosaduuauau 11,

Simulated Sadao H33U11A 8.4 FNM0T 1AL PGA = 0.03g

V4 rd C. oy, T.. MSF CSR, Ko T FS
(m) (kN/m2) | (kN/m2)
1 0.994 20.70 10.89 0.40 0.901 0.451 2.140 10.50 26.164
2 | 0987 41.40 21.78 0.80 0.901 0.451 1.679 16.48 20.686
3 0.979 62.10 32.67 1.19 0.901 0.451 1.457 21.45 18.081
4 | 0973 82.80 43.56 1.57 0.901 0.451 1318 25.86 16.466
5 | 0.965 103.50 54.45 1.95 0.901 0.451 1219 29.89 15.340
6 | 0958 124.20 65.34 2.32 0.901 0.451 1.143 33.65 14.509
7 | 0.949 144.90 76.23 2.68 0.901 0.451 1.083 37.20 13.879
8 | 0937 165.60 87.12 3.03 0.901 0.451 1.034 40.57 13.406
9 | 0923 186.30 98.01 3.35 0.901 0.451 0.992 43.80 13.064
10 | 0.905 207.00 108.90 3.65 0.901 0.451 0.956 46.90 12.841
11 | 0.883 227.70 119.79 3.92 0.901 0.451 0.925 49.90 12.731
12 | 0857 248.40 130.68 4.15 0.901 0.451 0.897 52.81 12.728
13 | 0.827 269.10 141.57 4.34 0.901 0.451 0.872 55.63 12.824
14 | 0.794 289.80 152.46 4.49 0.901 0.451 0.850 58.37 13.005
15 | 0761 310.50 163.35 4.61 0.901 0.451 0.830 61.05 13.254
16 | 0.728 331.20 174.24 4.70 0.901 0.451 0.811 63.66 13.548
17 | 0.696 351.90 185.13 478 0.901 0.451 0.794 66.22 13.864
18 | 0.667 372.60 196.02 4.85 0.901 0.451 0.778 68.73 14.181
19 | 0.641 393.30 206.91 492 0.901 0.451 0.764 71.19 14.481
20 | 0.618 414.00 217.80 4.99 0.901 0.451 0.750 73.60 14.752
21 | 0598 434.70 228.69 5.07 0.901 0.451 0.737 75.97 14,988
22 | 0581 455.40 239.58 5.16 0.901 0.451 0.726 78.31 15.186
23 | 0.566 476.10 250.47 5.5 0.901 0.451 0.714 80.60 15.347
24 | 0553 496.80 261.36 5.35 0.901 0.451 0.704 82.86 15.475
25 | 0541 517.50 27225 5.46 0.901 0.451 0.694 85.09 15.574
26 | 0.532 538.20 283.14 5.58 0.901 0.451 0.684 87.29 15.648
27 | 0523 558.90 294.03 5.70 0.901 0.451 0.675 89.45 15.701
28 | 0515 579.60 304.92 5.82 0.901 0.451 0.667 91.59 15.738
29 | 0.508 600.30 315.81 5.95 0.901 0.451 0.659 93.71 15.762
30 | 0.501 621.00 326.70 6.07 0.901 0.451 0.651 95.80 15.776
31 | 0.496 641.70 337.59 6.20 0.901 0.451 0.643 97.86 15.781
32 | 0.490 662.40 348.48 6.33 0.901 0.451 0.636 99.90 15.781
33 | 0485 683.10 359.37 6.46 0.901 0.451 0.630 101.92 15.776
34 | 0.480 703.80 370.26 6.59 0.901 0.451 0.623 103.92 15.768
35 | 0.476 724.50 381.15 6.72 0.901 0.451 0.617 105.89 15.758
36 | 0.471 745.20 392.04 6.85 0.901 0.451 0.611 107.85 15.747
37 | 0467 765.90 402.93 6.98 0.901 0.451 0.605 109.79 15.735
38 | 0.463 786.60 413.82 7.10 0.901 0.451 0.599 111.71 15.722
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ﬂ1§1\3ﬁ ?-12 HANITAUAITITH quuefactlon I@ﬂﬁl%waﬂ’li9’]E]Uﬁ'uﬂ\jﬂq\iwaﬁ1amﬁma\uw{ﬂﬂ'ﬁm

uruAY 117 San Fernando, USA (1971) $35u119 6.6 301007 11ag PGA = 1.07¢g

Element Max. Efft. Vertical ‘Cm Magnitude ‘E%L
No. Shear Stress | Overburden Stress rd (=0.65T_,) Scaling CSR, Kg FS
(kN/m2) O',, (kN/m2) (kN/m2) Factor (kN/m2)

2927 103.00 90.80 0.966 64.69 1.168 0.152 1.019 54.029 0.835
2962 123.00 99.60 0.959 76.70 1.168 0.152 | 0.986 57.377 0.748
2961 150.00 130.00 0.953 92.95 1.168 0.152 | 0.899 68.223 0.734
3001 164.00 138.00 0.951 101.33 1.168 0.152 | 0.880 70.923 0.700
3008 195.00 151.00 0.936 118.63 1.168 0.152 | 0.853 75.197 0.634
3029 237.00 169.00 0.918 141.41 1.168 0.152 | 0.820 80.908 0.572
3031 302.00 206.00 0.873 171.32 1.168 0.152 | 0.765 92.020 0.537
3059 363.00 250.00 0.817 192.80 1.168 0.152 | 0.715 104.359 0.541
3083 395.00 253.00 0.781 200.50 1.168 0.152 | 0.712 105.171 0.525
3132 441.00 272.00 0.728 208.57 1.168 0.152 | 0.694 110.240 0.529
3138 491.00 310.00 0.667 212.89 1.168 0.152 | 0.663 120.020 0.564
3141 528.00 329.00 0.616 211.37 1.168 0.152 | 0.649 124.751 0.590
3146 552.00 344.00 0.591 211.97 1.168 0.152 | 0.639 128.419 0.606
3184 549.00 317.00 0.566 201.87 1.168 0.152 | 0.658 121.774 0.603
3190 572.00 356.00 0.539 200.53 1.168 0.152 | 0.632 131.314 0.655
3233 589.00 375.00 0.526 201.43 1.168 0.152 | 0.620 135.828 0.674
3243 572.00 384.00 0.513 190.64 1.168 0.152 | 0.615 137.938 0.724
3255 543.00 415.00 0.501 176.99 1.168 0.152 | 0.599 145.077 0.820
3310 457.00 342.00 0.490 145.42 1.168 0.152 | 0.641 127.934 0.880
3321 211.00 337.00 0.480 65.86 1.168 0.152 | 0.644 126.715 1.924
3390 470.00 446.00 0.497 151.74 1.168 0.152 | 0.584 152.032 1.002
3348 531.00 389.00 0.505 174.38 1.168 0.152 | 0.612 139.102 0.798
3427 434.00 143.00 0.500 141.12 1.168 0.152 | 0.869 72.583 0.514
3428 602.00 594.00 0.507 198.21 1.168 0.152 | 0.528 183.159 0.924
3469 615.00 448.00 0.519 207.36 1.168 0.152 0.583 152.475 0.735
3546 756.00 504.00 0.520 255.29 1.168 0.152 0.559 164.607 0.645
3583 648.00 341.00 0.528 222.35 1.168 0.152 0.641 127.690 0.574
3611 619.00 352.00 0.531 213.48 1.168 0.152 | 0.634 130.353 0.611
3626 613.00 311.00 0.532 211.78 1.168 0.152 | 0.662 120.271 0.568
3698 544.00 235.00 0.542 191.82 1.168 0.152 | 0.730 100.245 0.523
3764 507.00 206.00 0.558 183.79 1.168 0.152 0.765 92.020 0.501
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4 a P . D) 7
ﬂ1§1\1ﬁ 9-12 (ﬂ'f?)) WaN13IATIEH Liquefaction TﬂElﬁl“lfwaﬂ1§@]@ﬂﬁu'€]ﬂﬂ1ﬂ/‘lﬁﬁ’lﬁﬁiﬂ]@ﬁ

g saiukuAu 117 San Fernando, USA (1971) #iiluuia 6.6 Sniaes uag PGA = 1.07g

Element Max. Efft. Vertical ‘Cm Magnitude ‘Em,L
No. Shear Stress | Overburden Stress rd (=0.65T_,) Scaling CSR, | K4 FS
(kN/m2) O',, (kN/m2) (kN/m2) Factor (kN/m2)

3842 466.00 161.00 0.573 173.54 1.168 0.152 | 0.834 78.398 0.452
3868 457.00 148.00 0.573 170.18 1.168 0.152 | 0.859 74.223 0.436
3907 426.00 135.00 0.594 164.57 1.168 0.152 | 0.887 69.917 0.425
3928 420.00 124.00 0.594 162.25 1.168 0.152 | 0914 66.159 0.408
3967 390.00 111.00 0.627 158.90 1.168 0.152 | 0.950 61.564 0.387
4013 359.00 107.00 0.648 151.32 1.168 0.152 | 0.962 60.113 0.397
4058 343.00 106.00 0.651 145.15 1.168 0.152 | 0.965 59.747 0.412
4118 309.00 109.00 0.681 136.82 1.168 0.152 | 0.956 60.841 0.445
4141 287.00 106.00 0.731 136.34 1.168 0.152 | 0.965 59.747 0.438
4171 276.00 109.00 0.718 128.80 1.168 0.152 | 0.956 60.841 0.472
4186 258.00 109.00 0.747 125.34 1.168 0.152 | 0.956 60.841 0.485
4227 237.00 110.00 0.757 116.68 1.168 0.152 | 0.953 61.203 0.525
4259 218.00 110.00 0.794 112.55 1.168 0.152 | 0.953 61.203 0.544
4286 190.00 112.00 0.842 103.98 1.168 0.152 | 0.947 61.924 0.596
4315 167.00 113.00 0.865 93.88 1.168 0.152 | 0.944 62.283 0.663
4338 152.00 113.00 0.873 86.23 1.168 0.152 | 0.944 62.283 0.722
4369 127.00 107.00 0.905 74.70 1.168 0.152 | 0.962 60.113 0.805
4388 117.00 114.00 0.905 68.82 1.168 0.152 | 0.941 62.641 0.910
4398 113.00 109.00 0.901 66.17 1.168 0.152 | 0.956 60.841 0.920
4431 88.30 104.00 0.925 53.06 1.168 0.152 | 0.972 59.012 1.112
4454 69.20 99.70 0.944 42.48 1.168 0.152 | 0.986 57.414 1.352
4468 58.50 87.80 0.951 36.14 1.168 0.152 | 1.031 52.861 1.463
4481 49.00 84.90 0.960 30.58 1.168 0.152 | 1.043 51.720 1.691
4519 25.40 62.20 0.970 16.01 1.168 0.152 | 1.163 42.250 2.639
4526 23.10 64.50 0.974 14.62 1.168 0.152 | 1.148 43.259 2.958
4532 4.97 39.20 0.989 3.19 1.168 0.152 | 1.367 31.297 9.797
4535 3.47 25.70 0.994 2.24 1.168 0.152 | 1.585 23.786 10.606
4541 3.70 24.80 0.995 2.39 1.168 0.152 | 1.605 23.241 9.712
4542 2.69 20.60 0.991 1.73 1.168 0.152 | 1.712 20.601 11.887
4543 4.68 13.90 0.990 3.01 1.168 0.152 | 1.965 15.952 5.295
4544 2.28 13.20 0.993 1.47 1.168 0.152 | 2.001 15.426 10.485
4539 9.18 36.20 0.982 5.86 1.168 0.152 | 1.406 29.719 5.074
4529 20.60 59.90 0.972 13.01 1.168 0.152 | 1.179 41.228 3.168
4534 12.30 44.70 0.980 7.84 1.168 0.152 | 1.306 34.085 4.350
4537 10.20 48.80 0.985 6.53 1.168 0.152 | 1.266 36.086 5.525
4540 14.10 20.20 0.991 9.08 1.168 0.152 | 1.724 20.340 2.239
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Abstract: Klong Sadao Dam, the largest dam inHoi Kong, Bang Klam and Hat Yai districts are
Songkhla, Southern Thailand, is located next tai-Th concerned about stability of Klong Sadao dam
Malaysian border with water storage capacity of B6. particularly after a major earthquake of 9.0 Rickhat
million cubicmeter. Downstream areas include Sada@aused tsunami on 9f December 2004. The objective
Klong Hoi Kong, Bang klam and Hat Yai Districts lwit of this preliminary study was to evaluate dynamic
total population of 530,692. A major earthquake9dd response of Klong Sadao dam subjected to a sindulate
Richter that caused tsunami on"2@f December 2004, earthquake having the magnitude of 8.8 Richtermeak
have raised concern about stability of Klong Sa&mn ground acceleration of 0.65g. Dynamic propertieshsu
to local people and authorities. The objective bist as natural period, shear wave velocity and maximum
study was to evaluate the dynamic responses ofgKloehear modulus of the dam were determined. Horitonta
Sadao Dam subjected to an earthquake. Simulatelisplacement and acceleration of the dam were
maximum horizontal ground acceleretion of 0.65g wasalculated.

used and dam responses were calculated. Simulatign

results showed that horizontal acceleration of tlen 2'SEISMICITY AND EARTHQUAKE

increased with its height. Maximum horizontal dam The seismicity of Klong Sadao dam was determined
displacement of 0.1054 meter was founded at th& ofe based on the seismic data recorded by the Intenti

the dam. Seismological Center, U.K. and Thai Meteorological
Key Words: Klong Sadao Dam / Dynamic Response / Department, covered all of the earthquakes with
Earthquake /Peak Ground Acceleration epicenters located within 500 kilometers from Klong
Sadao dam [1] as shown in Figure 1. The major activ
1. INTRODUCTION faults in the area are Ranong and Klong Ma Ruitsaul

which showing, so far, low seismic activity. Howeey

Klong Sadao dam was built in 1989 to meet réutuf h . thauakes. thei icent il
demand of water supply of Hat Yai and SongkhlaﬁlreaOr € major earthquaxes, their epicenters weca
Sumatra, Indonesia with maximum magnitude of 9.0

Klong Sadao dam project involved construction of..
storage dam across Sadao river, one of the majof’Chter'
tributary of U-Tapao river which was the present ra
water source. The function of the dam is to augndeyt
season flows in U-Tapao river to meet the raw water
demand of the Hat Yai-Songkhla Waterworks [1]. The
dam site is located next to the Thai-Malaysian borat

Ban Huai Khu, approximately 10 km in the southeaaste
direction of the Sadao District, Songkhla Provintae
catchment area is 89.9 square kilometers and water
storage capacity is 56.74 million cubic meters. Tan

dam is zoned earthfill having height of 38.50 meter
(from bottom of cutoff trench). The crest and foatidn
elevations of the dam are 72.50 m MSL., and 34.00 m
MSL, respectively [1].

Generally a dam is a large facility with low charafe
failure but high damage is expected if failure ascu
Klong Sadao dam is located in earthquake watchiag a
according to Thai Building Code (1997) [2] thus,

residents of downstream areas including Sadao, KlofFig. 1. Seismicity map in study area adopted from [1].




3. KLONG SADAO DAM IMFORMATION

The Klong Sadao dam is an earthfill dam cdnsis
main dam, saddle dam, reservoir and spillway. Three
materials were used in the construction of the dam
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shown in Figure 2. The impervious earth was made b¥ig. 4. The mean effective stress of the dam (kPa) in full

clay. The random material consisted of weathered
sandstone, shale and mudstone. The filter matesasl
made of sand [1]. The shear strength parametedsuof 5. DYNAMIC ANALYSIS

reservoir condition.

materials are tabulated in Table 1.

Elevation (m.MSL)
T T 1

I tmperviousearth [ ] Random Material [l Fitier Marerial

| 1 | 1 1 | 1 | L 1 1 | 1 | L 1 L 1 | 1 1

70 420 M0 00 90 80 0 60 S0 <40 30 2 40 0 M0 2 W 40 s & 0 &
Distance (m)

Fig. 2.Cross Section of Klong Sadao Dam.

Table 1.Properties of dam materia[4].

% 100 140

4. FINITE ELEMENT MODELLING

5.1 Determine Dynamic Properties

Maximum Shear M odulus and Shear Wave Velocity

The measured maximum shear modulug,(Gdata
were not available for Klong Sadao dam, thus theyew
calculated based on their available data such lassgan,
internal friction angle and standard penetration
resistance. The maximum shear modulus values of the
dam materials were calculated using an equation
proposed by Seed et al. [3] (Eq. 1). When maximum
shear modulus obtained, it is possible to calcuthte
shear wave velocity using the relationship of étast
continuum mechanics as shown in Eq. (2). The
calculated maximum shear modulus and shear wave

velocity of Klong Sadao dam are tabulated in Table
c Unit We;ght € |5 ’;8\  \os
5 k) | 2|35 Gy ~ 35x1000Ng,) () @)
o o ~ Lt [}
5 = 5 S )
b o =y @ . 2
N 3 Y © a = % Gmax - pvs )
[a) = =i < QL c
3 8§ |£< where Guay is maximum shear modulus, 18/ih Eq. (1)
i and kPa in Eq. (2), &is N-value measured in SPT test
1 | Impervious delivering 60% of the theoretical free-fall energythe
Earth 18.04| 18.83| 45.10| 13 . —. . -
2 | Random drill rod, o is effective confining pressure (It V,
Material 20.50 | 21.47| 21.50| 29 is shear wave velocity (m/s) and is density of material
3 | Filter (kg/m).
Material 19.12| 20.10| 0.00 | 30

Table 2.Calculated maximum shear modulus and shear
wave velocity of Klong Sadao dam emials.

The dam was modeled by two dimensional (2-D
finite element method (QUAKE/W) consisted of 2,38(
nodes and 4,545 elements. The bottom of the dam W
modeled as fixed boundary in both vertical an

horizontal directions as shown in Figure 3. Forl ful

Maximum Shear Shear Wave
) Materials Modulus, Guax | Velocity, Vs
(kPa) (m/s)
APnpervious Zone 80,343.33 204.56
H Random Material 81,669.89 193.11
Filter Material 89,175.51 205.58

reservoir condition, the max mean effective stiafsthe

dam was 427 kPa, as shown in Figure 4.

100 —

Elevation (m.MSL)

0
40 20 10 00 0 0 D W H 40 D D 0 0 0 D D H N O N W

Distance (m)

0 100 110

Fig. 3.Finite element mesh of Klong Sadao Dam.

Modulus Reduction (G/Gn.) and Damping Ratio
Curves

As suggested by Ishibashi and Zhang (1993)[4], the
relationships between the modulus reduction facaoic
damping ratio and cyclic shear strain were caledlat
using effective confining pressure and plasticitgex
based on Eq. (3) and (4), respectively, and shawn i
Figure 5. The effective confining pressure and tileg
index [1] of Klong Sadao dam used in the calculaaoe
shown in Table 3.

G

G

max

=K (y,P1)o, "™ ®
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Table 4. Results show that the natural periodsi®fdam

13 2 The calculated natural periods of the dam are &édlin
£=0333-" exid- (;01453 ! ){OSBE{ G ] _ 15478 +1} ) B
ranged from 0.4 - 0.5 second.

max max

where G/G.y is modulus reductiono'r'n is effective T = 261H (5)
b=
confining pressure (kPa), Pl is plasticity index,is Vs
damping ratio (%)y is cyclic shear strain and, whereTy, is natural period of dam (sedy, is maximum
height of the dam or embankment (m) avidis shear
0402 wave velocity (m/s).
K(7,P1)= 051+ tan |n[wj Y (mis) _
e Table 4.Calculatednatural period of Klong Sadao dam
materials.
04 . Natural Period of the darip
m(y, Pl)—m, = 0272{1—tan?{|n[0'000556j ﬂexp(— 0014%P1%2) Materials (sec)
r Impervious Zone 0.493
Random Material 0.491
0 for PI=0 Filter Material 0.452
n(Pl) J 3.37x10°PI***  for 0 <PI<15
7.0x10° PI-97® for 15 < PI<70 5.2 Dynamic Response

2.7x10°PIH1° for PI > 70 . ,
The maximum peak ground acceleration of Klong

Sadao dam as shown in Thailand hazard map for PGA

Table 3.The calculated effective confining pressure and . - g
ap corresponding to a probability of exceedance of 10%

plasticity index of Klong Sadao DHih

X — o 50 years [6] was 0.02 - 0.04g. However, to be able
Materials Effective Confining mg:gcg determine the seismic resistant of the dam, ground
Pressureo, (kPa) ' motion data having the magnitude of 8.8 Richter and
Impervious Zone 86.86 5 0:659 of peak ground a_\cceleranon (P_GA) as shown in
. Figure 6 was used. This ground motion was recorded
Random Material 112.27 0 from accelerogram at Colegio San Pedro by USGS [7]
Filter Material 104.85 0 9 9 y '

0.8

Modulus Reduction Curve
1.00 I\h 0.6
0.80 0.4 | |
0.60 \
0.40 |— =#=—ImperviousZone \

—8—Random Materizl \
020 I e Filtar atarisl
0.00 L

0.0001 0.0010 10,0100 0.1000 1.0000 10.0000 -0.4

0.2 i o

G fGmax

0.0

-0.2 1

Acceleration (g)

I

Cyclic Shear Strain ()

-0.6

-0.8

Damping Ratio Curve 0 5 10 15 20 25 30

o [ Time (sec)
g - Fig. 6. The ground motion used in dynamic analysis
2 530 | ——Imperviowszone / — 1g. ©. grou | u | Y | ySIS.
;E 0.15 |— —S—=Random Materizl
E o0 | —aFilterMsterisl )
& | S The dynamic response of Klong Sadao Dam was
.00 Bl — achieved via 2D-finite element method (QUAKE/W). An
00001 0.0010 00100 01000 10000  10.0000 earthquake with peak ground acceleration (PGA) of
Cyclic Shear Strain (%) 0.65g was used to induce the dynamic behaviorhief t

) ) ) _ dam. The deformed finite element mesh (Figure 7),
Fig. 5.The modulus reduction and damping ratio curvesshowed the horizontal displacement of the dam.ds w

used in the analysis. found that the maximum horizontal displacement of
_ 0.1054 meters occurred at the crest of the dam. The
Natural Period calculated horizontal acceleration of the dam

The natural period of dam is significant in dynami®ignificantly increases with dam height and it's swa
analysis because the resonance will occur if tharah Scaled up to 1.16g also at the crest of the dashasn

period of dam coincides with the period of groundn Figure 8. Furthermore, the maximum shear staess
motion excitation. The natural period of Klong SadaMaximum shear strain of the dam, founded at baskeof

dam was determine using equation proposed m near the impervious core zone, were 238 kPa and
Gazetas and Dakoulas (1991) [5] as shown in Eq. 5. .49% respectively, as shown in Figure 9 and Figlre



Fig. 7.Deformed finite element mesh showing horizontal

displacement.

Elevation (m.MSL)
Elevation (m.M5SL)

A"

The maximum shear stress and maximum shear strain
of the dam were decreased with increasing dam
elevation. Furthermore, the maximum shear stress an
maximum shear strain of the dam, founded at basleeof
dam near the impervious core zone, were 238 kPa and
0.49%, respectively.

Results of this preliminary study showed that,
eventhough the dam was excited by the simulated
earthquake having ground motion of 0.65g which was
much hihger than local ground motion, it's respense
found in this study showed no significant dam hdzar
The Klong Sadao dam was safe from the simulated
earthquake. However, in order to have better
understanding of dynamic response of the Klong 8ada
dam, more analysis should be made. Determination of
permanent deformation and liquifaction of the dam i
being conducted by the authors to ensure the #abfl

s/
{
\

N

/ N
L

o

0o 05 10 15 -0.10 -0.05 0.00

Maximum Horizontal Acceleration (g) Maximum Horizontal Displacement (m)

the dam.
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Fig. 8Horizontal acceleration and displacement results
in the impervious earth zone.

[1]

(2]

Fig. 9 The maximum shear stress (kPa) of the dam in full
reservoir condition.

[3]

Fig. 10The maximum shear strain of the dam in full
reservoir condition.

[5]
6. CONCLUSION

A preliminary study of the dynamic response of
Klong Sadao dam was achieved via a 2-D finite etemel®]
analysis using a peak ground acceleration of 0.&&¢g
simulated ground motion. Dynamic properties of the
Klong Sadao dam were calculated based on available
dam properties. The calculated maximum shear medulu
and shear wave velocity ranged from 80,343 — 89,116
kPa and 193 — 206 m/s, respectively. In additidwe, t
calculated natural period of the dam ranged from-0.

0.5 second.

Simulation results showed that the displacement and
acceleration of the impervious core zone increasitu
increasing dam height. At the crest of the dam, the
maximum horizontal displacement was 0.1054 meters
that equaled to horizontal deformation to dam heigh
ratio of 0.27% and the maximum horizontal acceierat
was 1.16g.
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