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Thesis Title Study of Critical Cumulative Rainfall for Landslide Warning : A Case

Study of Klongsai Subdistrict, Nathawi District, Songkhla Province

Author Mr. Tanaphot Jiratananuvong
Major Program Civil Engineering (Geotechnical Engineering)
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ABSTRACT

In Thailand, rainfall-triggered landslides have caused economic difficulties and
even loss of life. This study focuses on a landslide prone area of Songkhla province. A selected
study area was Baan Koklukmee, Klongsai subdistrict, Nathawi district, Songkhla province,
where a landslide took place on January 1%, 2012. Ground surveying, field testing, and laboratory
testing were conducted to collect necessary data for development of a numerical landslide model.
Seepage analysis of rainwater through the slope was conducted using finite element method.
Slope stability analysis was conducted to assess the factor of safety of the failed slope using
Bishop’s simplified method. Study results show that the landslide site was 197.71 m long, 0.8 —
1.2 m thick with approximate inclined angle of 28 degrees. Simulation results of the actual
rainfall event from December 29“1, 2011 to January 2"d, 2012 indicate that while the critical
cumulative rainfall exceeded 310 mm, the corresponding factor safety of the slope was less than
unity and landslide occurred. The simulation results can truly be depicted the actual landslide,
thus the developed landslide model can be effectively used for computing the critical cumulative
rainfalls for several landslides and rainfall conditions. Accordingly, a series of critical cumulative
rainfall graphs and maps were constructed. They can be used for landslide warning purposes in

the study area.

Keywords: Slope stability, Engineering property, Shear strength, Rainfall, Finite element,

Critical cumulative rainfall
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a < ° . . a {
) AUVUIANATUWTUD (Uniformed grade soil) NINEDY AUNTVIA
3 A v g I '
AaziameInuiluaIulvg
a < 1 A Aa d a [l
V) AUVNAUAVIAYG I (Gap grade soil) MINYD ﬂu‘ﬂmmwmumiwmu

3 ' 9 A = A &
agn Lmallu'm‘ﬂﬁuﬂﬁ']\?uf’)fJiﬂﬂWﬁ@LWl‘UhlllﬂJlﬁﬂ mmnmmmslmlumﬁm"lﬂ (AN, 2545)

Sieve analysis
{U.S. Standard sieve)

No. 200 100 40 10 4 3 3in 3in,
100 I | : L H | I o
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1 ! .//-1 /]

H Uniforma__,h/ / /

8¢ !
& i . 7 ” 0 =
s | / £
£ T i s
52 ! | / / g8
EE @0 ; - e - 40 3 E
£s * 1A P 83
£x : 3T
ae ] ’ .g 5
2% a0 : e - 60 =%
2 > o
] B . ! ]_/ Well graded ?, =
& - 20 Gap graded -\/ ! 4'/ c%
= 80
|t ! 4 .
0 FeTTr ] 1e Ll RNEET Ll Ll 100

0.0 0.0 0.1 1 10 _ 100

Grein diameter {mm}

3Uf 2.3 unum @AM isAumuENYBEN1IAAE (Holtz and Kovacs, 1981)



M3197 2.2 TUNYTLONYDIAUAINNIATFIY Unified Soil Classification System (USCS)

Group
Criteria for assigning group symbol
Symbol
Gravel Clean Gravel C>4and 1 <C<3 GW
More than 50 % Less than 5 % fines C<4andor1>C>3 GP
Coarse — grained soils  of coarse fraction Gravel with fines PI< 4 or plots below A - Line GM
More than 50 % of retain on No.4 More than 12 % PI> 7 and/or plots above A - Line GC
seive fines
retained on No. 200 Sand Clean Sand C>6and 1<C<3 SW
seive 50% or more of Less than 5 % fines C<6and/or1>C>3 SP
coarse fraction Sand with fines PI< 4 or plots below A - Line SM
passes No.4 seive More than 12 % PI> 7 and/or plots above A - Line SC
fines
Silt and Clays PI< 4 or plots below A - Line CL
Inorganic
Liquid limit less PI> 7 and/or plots above A - Line ML
Fine — grained soils than 50 (LL — oven dried) / (LL — oven dried )
Organic OL
50 % or more passes <0.75
No. 200 seive Silt and Clays PI plots on or above A - Line CH
Inorganic
Liquid limit 50 PI plots below A - Line MH
or more (LL — oven dried) / (LL — oven dried
Organic OH
<0.75
Highly Organic Soils Primarily organic matter, dark in color, and organic order Pt
= a .
2.1.3 D3ZUIUMIBNAIAY (Infiltration Process)
= 1A 2 é! d‘ =) %} ra A g’;
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mmmﬂmmd@,@m@ﬂaﬂﬂﬂwuﬂwmmﬂm”lﬂﬁlu%uﬂu FIFWTOUUIUIFUA UM NYT 18

g a I 1
mmwumemu"l?ﬁﬂu 4 97U

v 9

A 2 Y o a X ya o
@Nﬁ?ﬂ?ﬂu]Tﬂﬂ@ai’)ﬂﬁu]@ﬂﬂzuﬂ31usﬁuiﬂalﬂﬂqﬂu

1) Saturation Zone #1188 dIuNOgUUFAUT IV INARIAY

1 HE 1 gl.z a a o [
2) Transmission Zone L1894 a3uNUN varusuauluvazaudsly

. =2 1 Aa = 1 & =
3) Wetting Zone 18D ﬁ?u(ﬂllfnﬁlﬂaﬂul!ﬂaﬂﬂ’]ﬂ’nusﬁu@a@ﬂﬂjquaﬂ

= X A A X =2
SHNAIMUBUISUAUNNUYUNTUAIINAN

. = ' A = & ' <3
4) Wetting Front Hi180 Faunumsasuudasnnurueg1NsIAGE?

o A T { 1 a A v a I NY v w o a
ﬂi%‘ﬂ\‘]ﬁjﬂﬂﬂgllu”l "Jfﬂcﬂuuanﬂiﬂllﬂﬂizﬁj1QﬂulﬂfJﬂﬂﬁJﬂuL!WQllﬂﬂﬂTQGHﬂlﬁlu ﬂﬂllﬁﬂﬂiugﬂ‘ﬂ 24



Inltlal molsture

Saturation
Ponded surface Water content (@)
— N v
ﬂiSaturatmn zohe, p.
Transition Zcme r
Transmission zone__
'y [
X
=
o
()
k-l
3
N / o
LS - Wett]
\ etting zone | L
\ 7’__—— K
N, 7/
\Wemng m__/,/{/

‘l.lﬁ 2.4 UWNUNWHEAINTE ‘]J’J‘Llfﬂi%NﬁﬂﬂuuﬂﬂﬁWNﬂ%N1mﬂ'ﬂN"]f‘LlGl,‘Llﬂ'Ll

(Adaped from Hillel, 1982)

o a d o v A
Green Amp (1911) teruoLUUS OINRAB AM AR d 115 DN NTRNMS Inady
. 3 Yya =~ wa o dal = o . v Aaa
(Infiltration) Tasmyrualiauliguantiaiuidgiiomeiny (Homogenous material) TUNTA
A = 9y 1 =2 1a Ja A1 o =< . ..
FuanszEudgnszuIumsFuasgan Tagldaulinoasims Inady (Hydraulic conductivity,
" v 9 = % d' J 1 J 1T W = a
Ky winuanuduvestSnanimanasu uaee luunniiasasinis lvaduvesduvae
! 3 ? A X
dUAIA811 (Saturated hydraulic conductivity, Ksat) taziSunanirluyaduszdiaunniu
o @ ~ v 2 = g a = ]
awszaunuan aadaalugii 2.5 Taslugessuduna ty Wsmaniluausziianiu 6;
Y é’, = g’/ A A 9 1 = = %’ a =
nuAaEANIANUEN NG UIgNIzUIUMT Inadulsuanih luavezlinniu 0

2 a a a g 4 ] a g4 9 1 @ a
T@‘(’Ji]zLimnmﬁnmW’mumﬂuu&ﬁ@nmmuulﬂ@umimmq 93 W1N§$@Uﬂ31ﬂ§ﬂaﬁﬂl@\1ﬂu

VolumetricWater Content(8)

Soil Depth

i.lﬁ 2.5 NINUERANINTY TJ’J‘Llﬂ”liLﬂﬁ&lutlﬂaﬂﬂ’ﬂu%‘HIﬂﬂﬂﬁ“ﬁﬂJENWL!

I o o a
(gmfm]ﬂuazwmunmﬂsmﬂgﬁuazgmim, 2555)



ad = Y oA
2.1.4 NQUHNUGUMS IHaduveuhrIuAY
. ) 2 ' Yy
Henri Darcy (1856) Janaaein13 lmaveaiin1uuvansie Darey 1aAU
o 1 o X I [ 1 @ 1 o
WUBATINT InaruTagwgu (Porous media) FuiludadiuTagasanuiinmsgydonasa
(Head loss, h) wazdadrunniuduanuenveaduniamslva awaaluzin 2.6 vaaq
1 Y

MINATBUINOHIAIMIFYTINGINUVOINT THaRIULNING Y 11azTIN15AAAY Piezometers
H ] 1] ] I [
NszazrinanuamuuuIms lva L Tagndsausinveassuuiluaumsndaauved Bemoulli

equation AYAUN15N 2.1 (Philip and Wayne, 1988)

SRR R
A P e

Datwn level\

517 2.6 Muaasmsgadenasuvesns lvalunnansie (attps:/interpore.org)

U

PV P, V.
L4 L 47 =2+247 +h 2.1
y 29 y 29
~ v [ g
Taof P, = sndanuauveai
1 aOI 3 g
y = whshminvea
< =

Vip = ANNGIY0INS Inady
AVE Andunan1uga

hho, = emsgadeveanainy
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W15 WMaduriudaansunningala vean1s va wuiia

Q q

2 A

1 o 3 [ a @ [
ANULANANUDIANYU1TIVN (Total head) 51]631’71?1}145]ﬂ“l/l\iﬁf)\ilJJEJ“Wmiﬂﬂmﬂizﬂ‘ﬂﬂiu ﬁ%@igﬂﬂ

o 3

9 a =) [ A 1T o =S [ = 1 ° 9 4
9190 (Datum) tAYINU SUAUNMNUMTFUFTIWAIU HINANYUITIN sznouaie Ang
2
1Y 3 o < . \ v
ANVAUUDIUT (Pressure head, P ) ﬂﬂﬂﬂ?ﬂJLi’JﬂJ@\‘]ﬂﬁqﬁa (Velocity, 2—) HAgANYNIUG
g

(Elevation head, Z )

4 < ] @ 1o v ¥ 4
Lﬁmmﬂmmmmmmi"lwamumﬂmqwguﬁmmum ANUU AANY

2
<3 \' . . = 1 o A o & =
AIULI 2— ‘ll@\iﬂ”l'iulﬁﬁiuﬁﬂﬂ”liallﬂﬂ Bernoulli equation fl]\ithUTJﬂWfl]ﬁﬂﬂ PRNUUAMTTULTY
9

g

wasnuansouaad ldaaaunisn 2.3

- e

9
J 1% v 3 a [ 1
ﬂTﬂWiquﬁﬂWﬁQﬂuuulﬂuﬂﬁigﬂﬂﬂTﬂ'ﬂiJaWﬂL?)fN‘U’ENLWNTﬁWJ Darcy
= Y o v J o [ a [ I [ 1
%Qiﬁ‘ﬂ??ll?fiJWl!‘ﬁﬂJ@\?@@]ﬁTﬂ”lﬁllﬁﬁ ﬂ?ﬂ”lﬁgfglﬁﬂ‘l/‘lﬁﬁﬁ?ﬂl!ﬁ$§$8$ﬂTQﬂTiqﬁﬁlﬂuﬁﬂﬁﬁuﬂJﬂﬁ
H '
anan K iSenm Hydraulic conductivity W30 Permeability Wienonadsend maulseans

o

v H @ o J o A = ' =~
mi"lwac?mmummm VIFAAIPNANNAUNUTAITUNITN 2.3 138N NYUONAIY

%:kﬂl 23)

[ d' A J = 1
Iﬂﬂ'ﬁ)@]i'lﬂﬁlﬂa ﬂullﬂaﬂﬂl@ﬁﬁﬂﬂu’liﬂﬂﬁ’E]i%flm/n\?ﬂﬁ]lﬁa L3N AUAN

o 90} o 4 . . . [ {
VOUFUTLAVIMTOANNAATUN AT (Hydraulic gradient, |) A3aun1sh 2.4

- _ dh_h
' odL L @4
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2.1.5 ANNTNINVOIAY

A ~a o A Y] 1 Y] 1 a o Y =
LUBUANNAUNIDICAUANNNUISHIN 2 ﬁ;ﬂiuﬂu i]g'Vﬂ‘l‘VilJﬂTibl‘Via"IﬁJ

’é 1 [ 1 U 3 a a = ’é 1 a dy = 1
61]@\1“19”1!“11’0\13']\153W31ﬂlilﬂﬂu1u113aﬂu ﬂ']'lllfﬂlﬂﬁﬂﬂ15vl,‘ﬂaclfllell@\1u1w1uﬂuu 138N
1 o a 2 =3 [l oy < . a [ A v ¥
ﬂ')ﬁiﬁjjgfﬁ"nﬁﬂ"ﬁ?Wﬁ‘b’llW'llHl@\?lﬂ (k) Tﬂﬂmﬂwa%ummmmuﬂu UINAUNIDIZAUUIN

~ = a [ [ 1 < a o < g a
'C;jTiy,LﬁfJ]lﬂ LWTI%LL?QL@'EJ@WHHGU’ENW’JigW’J'l\?‘lf@\?'ﬂﬂ"l]@\ullﬂﬂuﬂ“].lﬂ’.l’lllﬁ’.lﬂ15vl‘ﬂaGIJ@Q‘L!'IGL‘L!WL!

o A 2 d =
aserumsn 2.5 suilullawnguosand
Vv = ki (2.5)

{ 2
Tagh v o= auE0Ims iMasy
[ a Q( =< 1) gol
= duilszansms Imaduruve i
. Y J
i = anuaIasuUNYamans

W W

2.1.6 MRS LNTUNOUVD AN

[

MAITVUT VRO UVDIAY WAL HUIBUTURDUGIFA (Maximum shear
o a a Aa oa I [] ~ 1
stress) VUTEUIUMINIVOIAUVULINANINUA 130T UHUIBUTUROUFIFANADYUUTZ U
a d' a Yo A o a o w [ Y o Y Aa d' (% a’/ =
oo Tuyaau dean IasunsaReunszsinaumumawzsyld s liinamsnaoudnu vineda
NANITNLAINUIT AN DU
4 =\ o =) 1 SO} -7 =) g.’/ 4 -7
WONUIININTLINVIAAU 19U UIHINIAAUFUDUNNANY W3 011159
MeUBNUINTZI WIAAUIZEDNUTIR NS NEaNgaueslulIaawe 113 taziiions e
o A 1 A ds@’ a 1 9 d' o Yy A 1 Y d'
mnszmhiaunuIvIuyanu luamansamumuns innnszi 1d ¥seo1anann lausanin
° ] ] 1 a a a o a 4 o
ATLMNAININAINNUISTUR DU IUAULIAAY (Shear stress, 7) VIAAUNILINANTIAADUA
[l Y
a Aa oA . Aa oA [ a < a Y
WIDNAMINA (Failure) FINITNUAVLN A NHULAAV U UTZUNVUDINIAAULINNND U TLUL
A a a dy A A a Y A 9):, A
MnamsnLail Ae szuuiaauansamumuusadou ladmngs
a < Y Y [ v 4 1 1
Coulomb (18 B.E.) Aa1n351 T uera I unuanudunus 52 1a1avue
= % 1 gz d‘ a a 9 [
usaReuNUNIBTIInINNszunlagveaaduluglvesaumsyudunse awaaslugy

1 2.7 naavouwansiiavewaay ssausaiou 18 lugvesnitonses e aeunsn.e
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gﬂﬁ 2.7 MNLHAAN Non — Linear Mohr — Coulomb failure envelope (Goodman, 1980)

Tq = oOgtang+c (2.6)
d' o W w = a o
Taoi T = MATUUIARDUVUISUIUMINIR
Ot = WUWBUTINANUUUIZUIUMINLR
¢ = ywaeamumeluuiaau
1 =< 1 3 a
c = aMIgAMZITHINLIAAY

AANUAUMUUTIROUVDIAY (Shearing resistance) Usznoudle 2

P2 9 = a . .. ! =
@\‘]ﬂﬂi$ﬂﬂ°ﬂ Ulﬂl,!ﬂ Mﬂlﬁﬂﬂﬂ'luﬂ'lﬂcluﬂ?ﬁ@u (Angle of internal friction) UAZAINITIALNY

[

1 g a . 1 9 a 2 ()
THINNAAU (Cohesion) IﬂElﬂ'lﬂ'J’lllﬁ’luﬂ?ulli%ﬁﬂuﬂl@ﬂﬂuﬂz%u@ﬂﬂﬂﬁﬂ‘ﬂzﬂﬁWﬂﬂﬂWUﬂl@ﬁ

3 a A da o a =X a < . . A =2
Waau vazlsmannurunies luniaay Feauwaey (Cohesionless soil) %$hlllﬂJﬂﬁEJﬂ!ﬂ1$

¥

g
=Y U g @ T A Aa <
UANDATTIUUDIUINUNADNUN

a 1A < ' 1
m"umm@@umﬂmmummzﬁ)Em %?Qﬁwaslﬁ'mmmﬁﬁumu

[

Y
a ' IS a ] a ) @
lliﬂla@uﬂlflﬂﬂueﬁuﬂ1Jl|Mlaﬂ@ﬂ'luﬂ'lflﬁlui%'ﬁ’ﬂﬂm@ﬂu AZANUUHULUUIDINIAAY d1UTU

q

a < =2 . . N o ' 1 o 1 X da S a 9 =KX 1 9
AULUADLLBYA (Cohesive soil) ioandIuvosmiinaeNuNAIveulaA UL T IHA I
1 Y A a ,é‘ [ = 1 B a = g A

ﬂ”lﬂ?]"lll@11!1/]11!&!5\1@@uﬂ]ﬂﬂﬂuﬂmﬂﬂﬂﬁﬂﬂlﬂmi%Ti’JNLiJﬂﬂ‘L!“]NL‘]J‘L!Nﬁmﬂﬂmﬂlliﬂ‘ﬂ"ﬁﬂi%’g

]1‘1/1‘19/)11 HAZANUHU LU UYDINIAAY
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2.1.7 nguraansalszansua

A aAd o ¥ . y
ANNaNAAYEIAUNDNAIAIEN (Saturated soil) 1HOTTIVINA1BUBN

v o

o A [ a 1 [ Q% o a { o 3 a
nsziauazdana lfinanuloussa Ui s u Taeusnundudadutina Y (Effective  stress)
= 1 =< 1) o H a Y o o d
NdIUNINezT U Tasanuauues lunIad Y (Pore — water pressure, Uy) Taglianudunwus
1 [ [ ’é a 1 a 1 Y]
FEUINHUIBUIIT tazganuauvea lumaaungalan Tuwiadui “Total stress” AIANNS

2.7 (Terzaghi, 1925)

o = oy, 2.7
Taeh o = WUHIBUSITINAINLUINY (Total stress)
o' = WU aNnTwa (Effective stress)
Y
U, = u59auinluInsaueauIadu (Pore — water pressure)

a 3 ] a A = Y I ] A
AUINANENUNUIOLSIUTEaNTHA ’Eﬂ‘ﬂiJﬂ’NﬂJﬁiﬂlelﬂ’N WunuesIn
a X 1 I a J a < ES 1 A A ]
Lﬂﬂﬁuigﬁ’JNLMﬂﬂu muﬂluﬂmmaz@ﬂﬂuuwmmsaﬂszﬁmwa ﬁ]%ﬁﬂﬂﬂﬁﬂ NAUDIVDIVIUIY
Aa X Y aaa a a < = = ]
UIINNAUVU smn‘uﬂgﬂ'ifn‘vmmumaam@iummmmamﬂmmzmmmmﬂu“lugﬂmamuaﬂ

usalseaniwalddaauns 2.8 (Terzaghi, 1967)

T = (af —uw)f tang'+c' (2.8)

[ VS

Tagh T = MASUUTIROUVUTLUIUMITNL

A

(Gf - Uw)f = WUIUIINANVYTEANTHALUTZUILAITNY

O 5 = WUUTINANVUUTZUIUMINLA

9
Uyt = w33 I INS U AU IUTE UL T W]
@' = yudsamunelunlaauilssanina

1 ' =2 ' < A a A
C = aIMsoamzsenNulaaullseansia
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a oA a v A a A Y 2 [ a A
m3ntAvesntaaulninganssy ldawrselndiResnunganssun
manziulaongnsniaNaue 1ag Mohr and Coulomb Taarvua 1331 uiaduaziEumsis
MINTAID1NANUDINDS LnuNanInyeantsusaluraduduiatuduvo nmMINa

(Failure envelope) ﬁ’mﬁmalugﬂ 2.8
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H A o Aaa J
gﬂﬁ 2.8 Mnnaaazluuumsnia (Rvg, 2540)
A a = ] a I = v ¥ a
Warnamsiasuudasvesnuisuseluuianu deuaziinnuauung
2 4 ' o 3 a
Yuluniaduale (Pore — water pressure, Uy) tiiesmsuenmnnuduiiluuiaduesnas
1 ] {0 1 1 3 A 1 gi 1 ] Aa A
mmﬁmﬁwmwmmmﬁmmuizmmmmmmu i56n71 HUIELSIUTTANTHA (Effective
g 2 H J 1 o w a o 4 @
stress, O'I) mﬁmwmuuﬂumaﬂumﬂmamwaGl,ﬁ’mawmﬂuaﬂmm Lﬁmmnmmm
9o’ a 1 3 a @ 3 1 < a 'o 1A
ﬂlmuﬂumaﬂu%mwaGl,ﬁﬁmﬂua@ﬂmﬁu uazumﬁﬂﬂmuszmmmwmm !,Wllfﬁ’f)\i‘tﬂﬂ
Aa A gJJ ~ o [ Y] ?:’ Y 9 =KX A a 9
“lumaﬂgmmaﬂsamﬂmzmmsamummmmmuﬂﬂgﬂﬁmmumsﬂﬂwmﬂiammﬂﬂ

o w a @ 1

FIAFAVIAUAINANITHAINMUIBNTITIN (Total stress, O ) IAINITNATDUNIAAUILADI

o Y A A Yy @ A a tg A X I [
%TﬁﬂQﬂ?iﬂﬂﬁ@ﬂjﬁlﬁmﬂi‘lﬁﬁﬂiﬂmﬂﬂﬁﬂﬂﬁﬂTW‘mﬂﬂﬂlu1u‘ﬁﬁiNﬂﬂ@ F9921 I UMITHIM LY

9 ' Y
o

Aa a 1o & Y [ Y] A a K a [ [
usalszanina Tag ludutludeansiuaanusiimavuluwiaduuassiala
A Y1 o o A a a 4 ~ 4 ]
madenlesmmauneuvesaulunsianzinnilyiinamaasiia
o a 4 I [ A A d Y as [l
ANHULMITIATIZHODNIIY 2 aNHUL A BATIZHAIITHUIYTITIY (Total stress, O ) 1Az
a <Y axy [] Aa A . 1 ) [ " o w A A EX
AATIEHAITHUIOLTIUTEANTNA (Effective stress, O ) dMSUAINIAIv0INIanun ey
a d A a T 3 [ A
AT AATIZHEDITNINUDIAIAAUIZLULUT U 3aANUTZAD
1. S, 130 Undrained shear strength d135UAUMilgIDUAMAZIININD
<3 Aa oA 9 9
a$alaesmTentAuuuuiiula (4 = 0 Condition)

] 9
°

9
2. Cy, @ 30 Total strength A5 vAUTU IouAwa: linsuanuaui

'
a Aa 2 [

3. C, @' %39 Effective strength FIMTUAUBUAIAINITONIILANINA

g IS [ g 9y 1 A A g 1 ~
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A o o a 'IQ' v Y :’

2.1.8 ngufndsvesavlaiduaidien
. 92 = = A a Y v A A v 9 %’
Biot (1941) l&i5mauengumsanuiinedtosnuau lusuaadieni

3 a 12 o 3
(Unsaturated soil) Iag'ldtaquengufmsszuneiivesau liouaaaae1i1 (Theory of consolidation
9

for unsaturated Soil) 91NUU (Croney et al, 1985) @i uausaumsnilenselsz@ninadmsy

a 1A o Y g [ A
ﬂu"lmummﬂm ANTUNITN 2.9
o = o-pu, (2.9)

a 4 a
MswesuseaeluuIafy (Bounding factor)

o—
pO}
(@]
=19
h_
I

Bishop (1951) lasinaueaumsnileusadssaninadmsuaui liousad
Y aoz [ A:; & [ 1 [} 1Y v J d' d‘
A18111 A9aUN13N 2.10 FEsoaIna amnsamanuduusvesSinasnasuulas

14 Fumreusalszansmaluduna 1 (uednwal, 2546)

o = (o-u)+x(u,-u,) (2.10)
Taon U, = ussauomaluuiadu (Pore — air pressure)
a s A 4 v @ A (J Bol
7 = WNleesnentieanuszauANUINAIAI81N (Parameter related

to degree of saturated soil)
i1 ' 9
X = 1 euIaAUdNAIAIN (Saturated soil)

7 = 01l uaaaunia (Dry soil)

Coleman (1962) Iétaueuuzliinsleniiiensian (Reduce stress
. 3 ' . o
variable) (1)1 (01 —Uy), (03 —=Uy), uag (U, —Uy) UNUHUIBLT I IULAY (Axial load), IO
A
Muta (Confining pressure) UaZLTIAUUT (Pore — water pressure) lumsnageutuua LAY
. . = o v o J = (% = A o ' A
(Triaxial test) ¥99za115011 lmanudunusvealSualudlsnenileaduniisusan
! i 14 o 2
nlasuuilasludun lusudrderila
g a a Y g}/ a ] d‘ v 9 Ly 1Y
AN MNUAU TAeET5uA UTenouae YUAUA1T NI1NAITOUNUNY
Aa A v aol a (9 ' o
a¢1191nR7AU (Ground surface) 1aziiszauiir1dan (Ground water table) 11eda0g 1 1duIa

v
o

A A ] o ¥ ya < Y Y 2 A a A o ] T a A o Y ¥
ﬂ‘lﬁ/]@EJG]1ﬂ']153@Uu11@]ﬂul@u1ﬂﬂ?ﬂu1“ﬁﬂﬁﬂﬂﬂuu%?ﬂ!ﬂﬂﬂﬂ”l']'nﬂuﬂll@]?]ﬂ'JEJHT (Saturated
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. = 1 9 [ so' a a a [ 1 = B~ 1 A a [] A
soil) Faazaana liussauin luwiaauvesauysnuaIna1Na N uyIn FIUUIAAUNDYLHIUD

a 3

' o % qya Ay ) ' A AA Yy a A =2 a
ﬂ’J'lﬁgﬂllu']Glﬁﬂu (Vadose zone) 32UAIYAU 2 @IU AD AUNDUAIAIYAULUDIVINLIIAIND

1 o 9

4 N v v
Y9911 (Capillary saturated soil) ttazAuf 1iduAIRI811 (Unsaturated soil) aananalugii 2.9

Y Y
U o

= =) A ° A = o Y Y
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e

A o A

a Ao Y A = | < v Y A
AUAINAIUTUN (1) WWﬂiJﬂWiqmuLﬁﬂu']Lu@Qﬂ?ﬂﬂ?ﬁiﬁlﬂﬂﬂ%kﬂuﬂ\i!ﬁuﬂ (2) HagrnINUUUANRAY
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=2 o Y A & & S 9 J Y o 3 < 2
UINMIFUNISUTAIAUTUN (3) HBING 3 NI a]uﬁﬂNaiﬂllﬁﬂﬂuu’lﬂﬂ’l!ﬂuaﬂﬂﬂﬁu

Variation in Negative
Pore-water Pressure

Steady state

. Steady state
“"f‘;’::‘” infiltration AVA
* Qwy J
Cover o322\ Ground
‘ I l ] pecdeeeeg 111
4
Steady state ‘4:\ s
Unsaturated flow downward o7
} aw P Vadose Zone
Steady state L
flow upward () y
f Qwy < Gravitational

= == = == (+) Static equilidrium e head

with water 1able

Saturated {Qwy =0) /s’ (Negative Pore-water Pressures)

Datum

AR, g Wat |

517 2.9 nnaasanyazidunsaauinluniady (Fredlund and Rahardjo, 1993)

1A 1A o ¥ .

Fredlund (1993) ldtduenaulidoud2a1e11 (Unsaturated soil) 9%
[ so’ [ [ { [ v Ida [
‘]Jigﬂ@‘]_lﬁjjﬂ LINAUUDIUN llﬁgllﬁ\iﬂu@']ﬂ']ﬂﬂ\jﬁuﬂ'ﬁﬁ 2.11 IﬂﬂﬁﬂqwuﬁﬂwuﬁlsﬁQléjumﬁq N

A = b & v o J = a 4 . .
llﬁﬂﬂiugﬂ“ﬂ 2.10 %43 ¢ Lﬂuﬂj'lilﬁilwu‘ﬁﬁgﬁj'mlliﬂﬂﬁﬂ@lllﬂﬁﬂcﬁ (MatI’IC suction, v,
o = ' ] a a a . | = A A
Uy —UW) ﬂﬂﬂ'lﬂ'ﬁflﬂlﬂ'l$33W31an@@uﬂi$ﬁﬂ<ﬁwa (COheSlOl’l, C ) !Nﬂllﬁﬂﬂﬁﬂﬂ!ﬂmiﬂcﬁﬂﬂ']
2 b < A EY Ada A o 9 H b = Y 1 a o
HINUU ¢ NISHATNINUVUAIY Ll,aﬂuﬂim‘ﬂﬂu@‘u YU ¢ :¢ “lfqgﬂghlﬂlslﬁrllﬂf]flﬂll

ﬁ'llﬂTiﬁ 2.6
r = cHo, —u,)tang'+(u, —u, tang’ (2.11)

A b v v ' o @ w A a =
I@]EWI ¢ HUANVAUNUTISUINNIAITULITURDUUBDIAULASLLIIAIAA

a s A g
wnsnsNLNAY, (Uy —uy,)
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Extended Mohr-Coulomb
Tailure envelope
|

Shear stress, T

s V-
e \
- x
T ;
| [
= | | .

L
0 Net normal stress, {g - ug)

51/ 2.10 MwuARIAWAUNUF 2119 Matric suction 71 Cohesion (Fredlund and Rahardjo, 1993)

4 o ?
Vanapali et al. (1996) lataueaumsmsaulidudiae1in (Unsaturated

. 9y Y o o o . .. 9 a 4 1
soil) Tasms l¥aumsdusnanyal (Soil- water characteristic curve) tazlynslimesuae

a A

usalsz@nsea (¢, ¢ ieaninaumsi 2.1 m ¢° dumasfiaadmaliugedulidud

v o

Y % A o A a 1 dy 1 I a 9 ~
ﬂ’)‘(’JUHJﬂ'Iﬁ\ﬁ’]Jl,l,i\‘]mf]uellﬂQﬂﬂgﬁﬂﬂ%’)ﬂﬂ’)'m%u LmiuﬁﬂWWﬂ'ﬂﬂJLﬂu%iﬂlmﬁ]%&uﬂilﬂﬁﬂu

MUATEAUANNDUA TULIAAY (Degree of saturation, S, ) AIAUNIIN 2.12

1 1 0 _0 1
r = cHo, —utang+(u, —u, ) | 22— |tang'|  (2.12)
)
4 o A
Taoi O, = sumahluaulasdfSunas
0, = Bwahluauleedsunasnausudiaieni
Y a
0, = Hwnahawdeluaulaelsuag

2.1.9 ngufussnainluanlidudadaemi
a A [ = 3 a . . ya o
ngufneINULIIRah luIadAY (Soil suction) 1AGugAWALTAY Road
Y 4 'Q‘ v
Research Laboratory (1948) 1/5zimaAsangy e3uiena Inaveussdailuuaduin lusudiae
9 ]
mﬁluﬁtymmmmmin uaxclumiﬂimgn The Soil Mechanics Symposium {399 Moisture

eyep . . . . Y KX ax a = 3 a da
Equilibrium and Moisture Change in Soil Tagldauenaitnmsmysunausedainluwaduiil

Yy a an . X anAay ¥ [ a = . .
139 N0I91NIT Thermodynamic Context %Q’J‘H‘VIllﬂﬂ”l’i&l’fmi‘ifluﬂN’Jﬁ’lﬂiillﬂjgw (Aitchison,

1965)
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' ¥ ¢
Edlefsen and Anderson (1943) lIdtauaiusadaiinma 1 viunede aaneg
Y 4 1 o a g a
wasnudaszyeainluau mmiu 1uil a.a. 1965 ldesurennasnudaszveainluuiadu
g’/ ] ¥ @ v o [ v Y] 4
uueusoia I8 lugduuuarmduduning (Relative humidity) 3naNudunus voaranwamans
1 % a o a 901 a o 901 1
(Thermodynamic) 5¢#1319059R et TuAY W3 onasnudaszveainluau uazis s uiea
Ul Y o d‘ d‘ =1 a o a a
dannsonaad ladseaunsn 2.13 uazilioomalgurgl 20 °C (@ungioimaluanzilng)

= Y v A
ﬁlgﬁ"ljJWﬁﬂ!GUfluﬁllﬂWﬁllﬂﬂ\‘]ﬁllfﬂj‘]ﬂ 2.14

RT  (u
vy = ———=In= (2.13)
VW0 v uV0
Uy
y = —(135022)In| = (2.14)
Uy,
Taoh w = ussdaludu (Soil Suction, kPa)
R = mAsivesns (8.31423 J/mol-K°)
T = guupiduysel (K°)
Vw, = daunduvesanuuLuYenil (me/kg)
oy = iminvesledi (18.016 kg/kmol)
Uy = useauloeaiu (kPa)
Uy, = usssuleshiiguin (kPa)

. . Y a = d‘ 1 1 =3 a
Aitchison (1965) laoT11efaunsh 2.14 Nawsedsga luanTagsw
. 9 @ o A . . . . é
(Total suction, l//) 1sgnounIeny 2 84A1)55N0 A Matric suction 8% Osmotic suction 4
Y = Y o dy
Wawazdeald aail
=2 2 J . . = A =2
1) U39PIQANNTAY (Matric suction) WHIEAI AMUAAINIANVAINTD
] g 9 < A A AR %} Yo & A 1 = a c'dy Y
Tumsgaguindmiaau vieusengai nudaau aws@gamms natiulswnaunuls s
j} a 1 A %’ 1 a 4 . 901 1 1 A A ] A [
anuauluau wu lunsainihegluanzadad (Hydrostatic) 11 1u¥03I9AUN DM UBIZAY

9

. o, y !
111881 (Ground water table) ﬂzagmﬂsl,ﬁ’aﬂnmﬂﬁa (Tension) 9101 IMITNYDAIAIUAI
=

=]

A dy ' a 4 . . 2 Ay [ ' Y 1
HINPNHIOUINAAULTYNINULTINANNT DY (Matric suction, /4 ) FINAWNU 2 T7IU hl?”l!l,ﬂ
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% < o ¥ S A
) N3N (Adsorption) uJumi@ﬂﬂnummumuﬂumﬂﬂlmmﬂﬂu

9 ]
CY [

% o ' da 2 o ~ SN |
TagdunannusaseninilszgnivivedJuanavei mgasuilszmniazinavnluvae 7
a A Ay 1 9 'o A a dy Y Ada A Y] =
VIDAUUANUFUADUUINA wiammju"lﬂcluﬂimmuumgmﬂﬂimgﬂ@mmag 491529
"2 o 3
mmumzﬂwuunm"ﬁj
a as . . < < 3 A = a A
¥) ANAaIIA (Capillarity) 1(JUMIYATHUULBININUTIAIHNBDY
] ¥ . v 1 o I a . : J
LUUVBIUT (Cohesion) LngLiqﬁmﬂwzﬂuizmnmﬂuaumﬂmmm@mu (Adhesion) c'fﬁﬂﬁﬂgmsm
dy 9 o < ' H o Vi1 o~ ¥ 1
ummia‘ﬂﬂam"l@mnmiumaawummaﬂ@uaﬂumi}zmm@"l@m thawnse lvavull
{ 1T Aa 9o’ %

Tuvaonld aaaaslugii 2.11 uazdsgmnsaduna ldnanivesasavziidnaue Idud
Y X 1 3 L% o 901
aela/luii G?Nmmﬁ’wmﬂm’mzﬁuagnmmmmwam tagszauaNugIveiluvaen

= = v A Y1 a Ao I I V@ S A ] 1
mmmmmﬂunmu”lmmuuaﬂymzmugwgummmaﬂﬂizﬂ1ﬂag%a”lﬂ1ugumu HAZFDIIN

[ S A Y1 a 1 4 [ J o 1 ) Yo a
ISHINIUAAU LHJ'J’I@‘L!%%B]J'lﬂﬂ'g']ﬂﬁalﬁﬂﬁllﬁﬂi']ﬂgﬂ’li‘mﬂ{lﬂa']'Jﬁ']iJ'lﬁﬂu'lﬂJ'lGl"]nglﬂﬂUﬂu

Magnified
soil particles

|- Radius of meniscus

____9.0’."02 crm
@ 0.002 cm

Radius of §

@— MEMsScus

735 on

135¢m

4' = 4 a ==t 1 3 a a =
51J=n 2.11 mwuﬁmminﬁsmmfmﬂi"mg]msmmwamsmzmmmﬂu HaguaoanInang

Y

(Janssen and Dempsey, 1980)

= ' ' . . < = 1 1 I '

2) UIAIYARIUFBI (Osmotic suction) 111 UNTIRIQARIUTDUTUA I

oL . . .

U52n0VYINAINUDATZUINTIAIGA FuTlunTIRIIRegAtioanInaIsaza g uniei

1 a 1 = 1 1 dy v Y =Y A a é

azawogluan Awssdsgarureslazulsundunulsmaasazasveunaeludy dausa
@ ' 2 = V a Ay 1A o 9 ¥ . v & ' =< a

aanantaziinaneaui 11duda818111 (Unsturated soil) A1 Aw3aa9590 I uNIaAY (Total
. =2 g o a = &£ a J = a 4 . .

suction) JUVUNGINUDATZVOITIAIYA FUAADINAT 11TIAIGAUNI NG (Matric suction) Hag

1159AIQARIUFDY (Osmotic suction) (Fredlund, 1993) Aaaun1sf 2.15
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v = (u-u,)+z (2.15)

a w

Tasn £ = UIAIQARIUTDI (Osmotic suction)

Fredlund (1993) 1a85118A10LANA19524314 Saturated soil N1
Unsaturated soil 81051 2 d2u Ao dauilszneuvesausuusssuveaii tazusasuenaly
110U 913 NUAIVDI Contractile skin IIAAHAANTENINNTWUDINA LAZLT IR IY
W1aau HieA3enI1 Matric suction, (u, —u,) Feranuuanaa iz dsunla ey

g a é 1 " ] LY A a 2 d'
Ysunanihluyiaau sezainademasiunsupeuvosauaaslugln 2.12

gﬂﬁ 2.12 MNLAATIAULAZITIAIHILTI Contractile skin (Fredlund and Rahardjo, 1993)

X v A o ¥ a .

AN 1z sz UaNAIA 81190 998A Y (Degree of saturation)
A (A J 1 @ 3 a . o ¥
nlasunilasaanansznuaenssaueInalumindu (Pore — air pressure) ttazusaaui1 luyIa
a [ { ! v o d [ A o
A (Pore — water pressure) Aduanelugii 2.13 AudainNuduNUTV0ITZAUANUDNAIAIY
%,‘ 1 = = Y 3 1 &’ = o t)
11 1aEA NIRRT FaaadlimuIfSnannuauIzing TagasanuaANUAIUNIUIL

ROUVDIAY
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1.E+06
1.E+05 Zone of
residual
saturation
1.E404 - 1
™
~
g L
x 1.E+03
— F
: . -
o Desorption Desaturation
O 1.E+02 - zone
=
wn

1.E+01 - l

Air entry \T
value

1.E+00 + Sorption Capillary
3 saturation
1.E-01 — 7 J,- —
Resndual

water content pegree of saturation or water content

‘l.l‘ﬁll3 ﬂ1WLL’§Tﬂ\“Iﬂ’JTJJ’§T3JW1J‘ﬁ5 mwﬂ‘%mmmmmuiummuua ﬂ'llli\‘l@\i@ﬂi’)ll

(Sillers et al., 2001)

YY) d a
2.1.10 msﬂizmmaé’fuamnymmmﬂu
v W o g a . ..
mﬁﬂizmmfmmﬁLﬁuamaﬂymmmuﬂuﬂu (Soil- water characteristic
9 1
curve, SWCC) Tﬂﬂ“l%’gﬂuummaumi Grain size distribution curve WULT 1A TAY van Genuchten
U] A = 3 A Ay 1d oy E ] ' o w o
(1980) Lﬁumuﬂuﬂmﬁummswuwmﬂum"lmnmm&m magﬂlugﬂmmﬁuwummiﬁmm
4 Y
i lunadu TasdSuanihluweduTael5uas (Volumetric water content) fUL5IAI9AYD
¥ a . . a 4 a A ¥ I a P
uﬂumaﬂu (Matric suction) ﬂTi'J!ﬂi']%‘Viﬂ”lihlﬁa‘UuﬁTQQH Lu{’Nflﬂﬂﬂ']l?]ﬂlﬂﬂﬂ']ﬁ'lmi'lgﬂﬂ
d' a A A v Y %’ =} a A w9 A Y Ay Yo 1 o
ﬂJaUullﬂaﬂﬁ’ml’m’ll!ﬁ%ﬁ]’lﬂ@u‘l/]ulllﬂllﬁ'Jﬂ'JEJu’IlIWQGIﬂiﬂJVIGIﬂJGﬁ’EJu LWﬂiﬁNﬂﬂulﬂiJﬂ'ﬂﬁJlmufﬂ
= o [ v J Y o o 4 Y a 4 Y o o 4
%\‘]fﬂﬂﬂ'ﬁﬂuWﬂ'J'liJﬁiJWH‘ﬁ"U’fNLﬁu’f]ﬁﬁﬂHmﬂﬂi‘]ﬂuﬂ’li'ﬁlﬂiWﬁﬂﬂi‘gﬂ’l Iﬂﬂlﬁuﬂﬂaﬂ‘ﬂﬂ!uﬁ%ﬂuﬂ’li

9
M3 1nad (Permeability function, PF) eunsonadouwinl lanluauy uagludeslfiams

Yy Y
v A v

= v - 1an & ) o A1 QY =
“]N’i]%clﬂﬂ'ﬂﬂllﬂuﬂﬂ/l’g\?"llu !,W]'J‘ﬁuﬁ]zGl“lﬂ')ﬁ']u’]ualuﬂ?iﬂﬂﬁ@ﬂllagﬂﬂﬂﬂ']ahﬁ'lﬂqxi TNUYIY

9 as ' A a 9 a J
Q'Jﬁ]Elﬂﬁ'lfl“l/l'luulﬂl,ﬂu@')‘ﬁﬂigll'lmﬂ'ﬁ]'lﬂﬂﬂ‘lﬂiJUWGU’EN@u“l/l’Nﬂ’lEJﬂ’lWI@Elcl,‘lfﬂllﬂ'li‘l/]'lﬂﬂmﬂﬁ'lﬁﬂﬁ

< '
SRS El, ﬂWI’JmJiG]NlIﬂ’ﬂlIﬂﬂ@l@ﬂu’ﬂﬂﬂ’Nﬂﬁﬂﬂﬁﬂﬂﬁ]i\i LLG]ﬁ1N15ﬂu11ﬂ1ﬂﬂﬂﬂNi’)ﬂﬁ’)
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Y
v 9 o

1) msdszmnanudusadnysivesau lusuddiei

Fredlund and Xing (1994) Idtaueindusadnuaiveniilumiany

ansadszna ldnnnnaveadiaduuazanumnuinvesdy Tasauuaudaauiunsanay
1tag Metric suction 1M1/ Capillary force 99z 1naaruAMTane TAmIzAUNT® (Sand)
AUAZNOUNIIY (Silt) uazAUHY) (Clay) ﬁﬁﬂﬁwuﬂﬂmaﬁuagﬁwﬂw 0 — 1,000,000 n 1@
1hama (kPa) éi’mﬁﬂﬂugﬂﬁ 2.14TA8aUN15UDY Soil- water characteristic curvelgu Iana

qunNg 2.16 tag 2.17 (Fredlund, 1994)

60
= Airentry valve
£ 50 # 5 ‘L F
S
2 40 L A Residual air content
| O .\
a s 1Y
@ 30 !
g Lo} \?\
&) 4"'_- L e
= 20 [~ Adsorption = Descrption curve
GEJ curve A

10 e ! >
5 Residual water ~ b
E o content , ﬁ-——-________

0.1 1 10 100 1000 10000 100000 1000000

Sail suction (kPa)

51 214 amuaasnnuduiusveoudusadnual (Fredlund and Xing, 1994)

®
O(y,a,n,m) =  C(y) > (2.16)
i Ine+ @ /a)m]'
100
Od)=C(y) = E——— 2.17)
2)
Infe+| —
d
I+ (7))
& Y
14D C(y) = =1- L
In(1+1’000’000)
Y,
m+1
uag a=y; m=3.67|n(%) n:&&?ZSWi S = i
®i m@s In(ﬂ)

Vi
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Tagh C(y) = Correction function
Y v 1
OF = ivahlueaulasfsnasngan)asunilasanusu
RNGERLL (Inflection point)
Y v v
Vi = ussdadlunadu (Matric suction) Nyautlasumlas
ANUFUV0IN5T N (Inflection point)
¥ a ia & o 3
- 1801 1MINAUBNAIMIBIN
0 PSnanhluaulasdsunasi
Y v
W, = usepuihluwadu (Matric suction) Residual
o o = Y k)
a = awlsimuagan/asuilasnnuduvesnsiaiiuuy
v o li' = L4
n = dgulsmmuaganniianusugage
o o A o 9 1
m = awlsmmuaganlasuilasnnuduveansiaivais
s = AMUFUVOI (Tangent line)

v o 4

. v 9 L o
Aubertin et al. (2003) latausIsmslszunandusnanyalarian
a, A Y [ Y4
1191025N15U04 Holtz and Kovac (1981) Iagd@unsisuAUINAMNEUNUTUOS Degree of
. 1 . = @ J Y J =
saturation 491 Volumetric water content FIFAUNITAINAD ﬂi%ﬂﬂﬂﬂ’w 2 E)Qﬂﬂizﬂﬂ"u 43
J I J = o a { o a . 2
panlseneuusniiluesndseneuintsuanih luwaaui 1% 1dinae Capillary force Failu
[ %’ a A 9 o a = .
usaauIAfaUNIAIUeNIn 09RlsE NV UNAIN51UAsULa9 Volumetric water content
= o Y a 1 % % a A = é’, 4 é’ [ Y] J
99z M 1MNAA I IANINAAAUNNAININ FINITDI99A1TZNDVILVUBINUAIANIUNTUVDY

< a < a Y A
LUAAU HASVUIAUDIUNAAN ATNNITN 2.18

S, = %=Sc+5;(1—8c) (2.18)
il S: = (1-S,)+1
Tagfi S, = szuanwududIlunIaAY (Degree of saturation)

O, = Wananhluaulae$11a5 (Volumetric water content)

n = anunguluwieau (Porosity)

S = szauanwdudlunafuainusanfiaats (Capillary force)

S, = szauanuond luuIaAuINIsIgaMZiY (Adhesion force)
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. < Aa ¢ o L a 3 <
Adhesion force 1 UNTINUDIAYTLNOUHANINNUANIVDIUILULIA

a X g J v Ao Y1 o 3 a a1 A @ S Aa
auzailuesnlsznounannmlvmussauihluneauinifeay tazanyuzviavoulaAY

= a Ao g 4 o, Y . . a
mummmw;uﬂlmﬂumuﬂumﬂﬂizﬂaUﬁu‘Uﬁuuiw Adhesion force 1lag Capillary force U

J o 1 1 S a [ {
29A1U52NOUHANMINYT MU FDIINVDUNAAY AFUNITN 2.19 Lag 2.20

Taen

Co

b(cm?)

W,

{h 2/3
aC, ———%
61/3(1//]
Vi

m

2 2
1- (%] +1| exp —m(%j (2.20)
4 4

b(sz) W7

eD,(cm) e

(2.19)

0.75
1.17logC, +1

1/2

e

a d (v
M51me3U5udu IR (Curve fitting parameter)
' g a
Auseari luunaau
1 = aol a A 9
Awsaasi luwiaauisuan
AI1FIUTOIIN TUNIaAY
, , da 4 g a
AUFIVDI Capillary rise (cm) mnavuluau
< a A - A )
VUIAUBUTAAY (cm) NHIUAZLATI 10 (a5 1Fua 1da1n
@ 3 a
N15NTLAYNIVDUNUAAU (Grain — size distribution curve)
Pl '
Uszansanuaiudue (Coefficient of uniformity)
VANNAMAI (Liquid limit, %)

J ~ 2
= Anenanmstseunu =402.2 cm
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' 901 a
2) ﬂ’]ﬁTJi33J']fl!ﬂ']ﬂ'J']3Jﬁ'uJ'lﬁﬂ1Uﬂ1iqﬁac§Nm@qu11uujaﬂu
= ¥ A Ay 1A o 9 ¥ 2
ﬂ'JnJﬁ1N13ﬂ1Uﬂ1illﬁacﬁ3Jsllﬂ\1u']cluu'laﬂucﬂllil@i]ﬂ')ﬂ')f]u'mgsllu
o H a . . o a £ 1 ¥ a
’e‘]gﬂﬂﬂmiﬂﬁﬂuﬂuuaaﬂu (Matric suction) llagﬁuﬂigﬁcﬂ'ﬁﬂ'ﬁqﬁa%quum@\iu{luujaﬂu

Y o o C4

. .. ti' = Sol td‘ =\ [ o o
(Hydraulic conductivity) Tuaaneiusedsveaindasulyl azfianudunusnuidusaanyal
%’ a é 1 Y = ] = d' [ [ 4 é LY 1
voar lunnaau Feazaswalinanuauriuiaulasu llamanudunus Faaiaanaid
v A ] ' A S X = '
nsam ldnnmanagon wisn laanmidszunaamuaumsatiamans dalauvaleniu
Yo Y o dal
Tas1ana iaail
o o a J
Brook and Corey (1964) l@¥inaueaumsiuusiassmandinmans
o [ 9 v @ 4 a 1A o Y %‘ LY a Q( =
lumsdna Tagmsudadudaanyaivesdu liduaiae1i uazmiadulssansng lvasy

] %‘ a { 1A v Y %l v {
mwumuﬂu@uﬁ”lmummﬂmmﬁumiﬁ 2.21 uag 2.22

A
0-0 S
o - [ .21)
6.-6 \S
k(S
k, = %:@)3*2" (2.22)
S
4 2 -
Taen S = y = ussaahluwiedu
4 1
6 = smanhluaulasfsues u ganiiasan
9 d' k4
0, =  Bnahludulaslsunes fannzanudunidg
O; = YunahluaulastSinas hannzdudiniei
[ a Q‘{ ] %’ [ o d
ki, = dudszansms Ivaduruveshdusing
o £ . 2 { o
k(S) = dwlszansns Inaduruvesi m gainsan
o a £ < A A o v ¥
ke = dudlszansms lmaduriuvesihfaninzouainieiin
Sp = AW3IAI9A W Air entry
A = ANNFUYDINT IV Soil- water characteristic curvelioAMLT

Lﬁui}ﬂ Air entry

v v = ’.3
van Genuchten (1980) hléljl,ﬁu’f]ﬁﬂﬂ']iﬂ')'liJﬁiJWllﬁﬂl@\i‘]Jiiﬂﬂ!u']slu
3 '
aulagifsuag (Volumetric water content) LL@%ﬁiJﬂWﬁﬂ']illﬂagiJsllﬂQUﬂHN'JﬁﬂLlﬁ]']ﬂﬂWﬂ'lillﬂa

3 ' ? a . . o {
c'?%mmuﬂumaﬂu ﬂ‘Uﬂ']LLﬁ\iﬁ\iuﬂLliJ’mﬂu (Matric Suction) AITUNITN 2.23 LA 2.24
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0 +—"— (2.23)

k L_ (a!//(”‘”)(“ (a'/’n )_m)r (2.24)

S m

[((1+ ay)' )

Y
Fnanhluaulasfsuas
Y H ' Y
i luauTaefSuasnanzgdudidisi
= 3 a
nsaagtnluau
[} a Q( =< 1 gol
FuilseanTaT IMaFURIUVUDIUT (m/s)
o a £ = ] ¥ A A o v ¥
FualseANTAMT IMAaFUAIUVDNINNANILDUAINIBU (m/s)

Y

Fredlund et al. (1994) l&i@uoaumans Inaduvearhnsiuiaain

1w a £ 1 3 a o o v J .
mﬁuﬂszﬁmmﬂwaéﬁumummuﬂumaﬂu AUANUAUNUTUOY Volumetric water content

AATUMITN 2.25

Taen
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~ =
7

Q@ ® @ <

ZN: ®(ey); @(1//)®,(eyi )
‘ %JG)(ey)_Yi@s (‘/’)®-(eyi )

im] €

(2.25)

r'd 9 9
Fualszansms Inaduruueaisduinaaa (m/s)
[ a Q( = v g d‘ A o Y g
Fualszansms Inadur1uve i Nan1ILdNAIA811 (m/s)
% o Aa R % 901 a
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2.1.11 MUy
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L
—2x100 2.28
i (2.28)
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ﬂ1i1\1ﬁ 2.3 9951 IUMSINUAIBEINAULAZ YT EaNTMNMSINUAI0819AY
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<25 AN
26 — 50 e
51-75 wold
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>90 At
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519 2.15 MNYANUVAIBYNAY KU — minature sampling (35107 LAZAUL, 2548)
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a3 o 1T A
2) MIAUAIBENAULVLI/aIdn N (Disturbed Sample)

3 o 1A . <3| <
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m’am%uzwiauu1u1%ﬂﬁeﬂuwmﬂgu&ammmswazmﬂ@mma 2.1.12

310 2.16 MMudaunToUNITFIANBYIYY (Hand auger) (http://denichsoiltest.com)
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Y Y
HUAAT 1AL 30 UAAT Tagazsinsaennansinszuenniae Iisvadluaulaslinen
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Wl lumsen dwaaalugdn 2.18 TagliimsinscAuiNueInana 2 muszezan 15,
9 v v Y
30, 45, 60, 90, 120 W1H Mntiuldhimsianng 9 Tus Tagldhnmsarugusgauiiludans 2

Ifnsnsems Idanugamnuediaue

Y o o J @ < a
ﬂ"l§1ﬂﬁ 2.4 ANUAUNUTICHIN N NUANVLUILTIVDIAUNTY (Meyerhof, 1956)

N KPT (EGAT) Relative
Angle of internal friction, ¢ (degree)
(blows/ft) (blows/20 cm) density
0-4 0-6 25-30 very loose
4-10 6-18 27-32 loose
10-30 18-55 30 -35 medium
30-50 55-92 35-40 dense

>50 >92 38-45 very dense
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4 v o 1 (% < a
M3 2.5 ANUTUNUTIEUIN N AUAMNLUILTIVOIAUHHEYD (Terzaghi 101 Peck, 1967)

N KPT (EGAT) Unconfined compressive strength
) Consistency
(blows/ft) (blows/20 cm) Q, (T/m’)
<2 0-3 <25 very soft
2-4 3-6 25-5.0 soft
4-8 6—14 5.0-10.0 medium stiff
8-15 14 -27 10.0-20.0 stiff
15-30 27-55 20.0-40.0 very stiff
>30 > 55 >40.0 hard

b Actual Cone Head

g A
+—— Rod
| |
. ] o Base Plate
&, Kunzelstab Pemvebrometer Hote ; Dimension n mm,

gﬂﬁ 2.17 MNUAAUATOIONATDUAIGITH TN (Kunzelstab penetration test) (EGAT, 1980)
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Cufar Inner tubs
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. i T -1
- GL = - .
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. foow lr l. Il : W
s
=
PRV £ AL SIS

50 218 amudauAIeINoNATOD Double — Ring infiltrometer test (http:/FAO.org)

2) msnadeuiasvesauluiesljians
n) NINAFBULUVMINOUATY (Direct Shear Test, ASTM D 3080)
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Dial gauge SHEARING DIRECTION
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Load cel ] —t—3
: ‘ ’ _ CLAMPING BLOCKS
| 1 1
57 | -‘
GEOGRID L1717~ 7 - 7 7~ [ ELECTRIG
J - - = , MOTOR
Dial gauge N7 Soil Sample -
i ot . . N H
. e X %S
300 x 300

g'ﬂﬁ 2.19 MNLAAATDINONATD Direct shear test (Indraratna et al., 2009)
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¥) NIINATDU Multi-Stage Direct Shear Test, ASTM D3080-98
Tunaaoumsnounsd (Direct shear test) Iagna lazdnaly

@ ] ] o 1 4 v o
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2hil
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SEiadiannsonageuliflde Shear strength parameter (¢, ¢) F9ANTNINITNATO VLY
Consolidated drained test 1Hunsnageviitinsldiminiedudedeauldiiamsaaioh
uhmseusedudes s Id aufi FnnnnsAsIMIAATh FsansamuIasaTIMIMY
1'1gA 0 ASTM D 3080

Taylor (1950) 11a¢ Fleming (1952) fludfitlszaruanudifalu
M35UN Multi-Stage test Y191 Shear strength parameter (c, ¢) Gllmaullij’guﬁ 9 (Unsaturated soil)
Kenney and Watson (1961) l4naao1s Triaxial 111 Multi - Stage ¥0aaudud 1S euiiousu
HUDUMINATOUEIIUAT WUIAT Shear strength parameter (¢, @) IndIABAUNIA §IU Lumb
(1964) NATOY Multi-Stage triaxial 1uau 118 ufI820111 (Unsaturated soil) W3 euiiousumn
MINATOUFTIUAI WUIIA1 Shear strength parameter (¢, @) unu liuananuae yyson
(2532) I@vhmsnageumdwesduiideniiolznn wunlumsnagenaudronisnaden
Triaxial 1Y Conventional 3¢ 1#A194n31UD Multi-Stage ogiinoamdslszim 10% uag
1@ InaaeY Direct shear AU Triaxial (UFeuHsUAY WL3IA Shear strength parameter (c,

. Vo (=]
¢) U9 Direct shear test WWin1dAI1aNY 00
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UL 19 aAAUR NN 991NNITHAINUBIU (Earth flow) 1AMINALNUNUNT WS D
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Resisting force Fr RIA 74
FS = — = == =— (2.29)
Driving force F, F/A
Resisting moment M,
FS = — = — (2.30)
Driving moment 5
1 o o w a ¥ I o w w
Taeh Ty = M ﬁmmﬁ@uqqqmmmawuc’fiuﬂu‘lﬂquyﬁmaasu
HIUNDUVDIAU
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T = WUWLTUROUNNATVUIFTI
2 dAda
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9 a oA
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v A o Y a a o
Fo = usswwuimldinanisni
Y A a o @ w A a
Mg = Tuuddiuininannmaisuus unouveea

Ju A a 2 o a
MD = TumuATUNNANNUIMTNYRINIAAY
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a 4 a Aaaa
MIAATERIADIINMNVOINAAL TasITalAANEUAA (Limit equilibrium)
sznoude

o

1) qUNA WIoaUNBTIUANHULYDINTNUA HIDHINTIAADUNT

2) Asussmumuiiissnerhldinannuduaavesuiaaunng

3) wisuneumensidiuanulasnny (Factor of safety, F.S.)

[
v vaa 1

1 ] Y i
4) Wasudnyae viseriManasunannel TemanavulliTeen

P
1 v a K

wnumsaTauaNulasateRlindmnga FnisniansuzMINTaNUIZnaTULINNga
Y [ o A I
wazAmeasaInaNvlasansinlsily
EdesINMIBIAIAAUNIIMNITUTARY TugUuuugaauanulasany
% I [ 1 1 1 @

(Factor of safety) FudludadInsernInassdrumu (Resisting force) 90459 (Driving force)
Tagusavundnnin IfawnaasnasudIaaInuLLIaI9 Ao 153 11ua19ved lannnszi
1 a 1 9 I (Y Y] 19 Y A A Y A Aa 9 [ @
aoudany aruusammuitualeanu lildifanisinaeudl Tagssinansatun UL vy

= Y v A o o A A X d d v =< 1] a .
FIBFIAIUNIUNEN AD AEURDUVDIAUF VI UTINFUVDINITIANIZAUVDIAY (Cohesion)
= IS a .. o A Y1 o o Y a
wazyuasanIun e luvealadY (Internal friction angle) Auilsnaawalvmmasaiumuna
Aa oA o d’ o Y a Aa oA 9 Y v d‘ . 1 =
m3natarmaanmldinansnga laueaas 130a0151990 2.7 Terzaghi (1925) ANAD85A 1N
4 % 3 4 o 1 < a A oA
ANAAUNBUTIVUINVUNT BUTITIUNIUAAAL VUL BUTITUNINAIUTIAUNIZINAMTNITAVD
a a { . 3 o A o
a1nau usaRouluAUNanad (Shear strength reduction) (Hutladenyi liusadumuvesnia
a ° 1 I [ A
Auanmad lagauisouiseanilyu 2 anyue Ao
[ v 1 Y Y
1) MAWeWIUNOUNAAAIFINGII TUHAVINNMTINNTUYDI 11
a 2 A A @ A @ ?:’ ya A L%I 90’ A A L%I o Y =<
ey Funeulonuanziduanuazszauhldaungu Usmanhinmuyumlvinsea
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TuyaduananIuaIny
o w A d' d‘ a A o A da! d‘ a o w
2) MAURBUNAAAID1IT IDAUTLTINTTHUNVIUITOY) UNUAAI
9y = o Y1 o @ v A a A Aa
AUMUGIGA (Peak strength) FI9M INAIMAITVUTUROUVDIAUAADITDEYY TUVRIZNAY
d‘ % a oA < =) 9 d‘ 9 d‘ & 9 d' A g’; a
naoualuIZIUNTR sunszRnurdonsInUNIUNeNga Fassdumuiaslunag
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MI19N 2.7 dalsndamanemaamumumsniatazmaanmldinansniavesainau

(Terzaghi, 1925)
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Ordinary Method - v v laivasanusease ey

. . . ra A 1 a
Simplified Bishop Method - v v linasanusaReuszninaulanau
Simplified Janbu Method v v - linasanusaReuszninaulaau
Spencer Method 4 v v HIANDUTEHINNIBAUAINADARIAAY
Morgenstern — Price Method v/ 4 v dwuegluuousedeusgniaiann 1@
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231 MIUATISHAAAUUUUDIUA

a oa

ant a 4 a v I3 a 4 ~ a A
ABMIAATILHANAULVVUUAY UM AATITHNTADIAAUNNTNUA

o I < ) v A a 1 A o a Y a A A
ﬂymztﬂmﬂu%umm VHIUNUANIUBIATIAA UY1INDIUDINY Tﬂﬂummwuwawuﬂumﬂa@u

A v

miatesndn 1 Tu 10 vesnnwenmaaunnia dadaslugili 2.29 nazaunsi 2.31
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Y

W
/ e \ Force Polygon
N'+U

-
-
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" ™~ Failure Surface

31 2.29 AMNUAAINTNTALUVIABIUA (Infinite slope) (UTINA, 2548)

! 2 ! !
£ - c'+hcos ﬁtan¢[(1—m)7/m+m7’] (2.31)

hsin gcos B[(1—m)y, +my.,]

Taen c' = UIPANLIIVRINIAAU
h = ANUANVDILUINITNIIA
L =  yuRseInIaal
¢ = yuasamumeluvesau
[ 1 = 1Y %} Y A a oA o =
m =  89ana@uANNanszauinlaaui et UINLIANUANNAN
YDULUINIA
1 3OI -7 g =)
ym = wWeMmInsuveIaY
1 aol v a a a
Y= wihsdhminlseaninavesau

' aol v a A @
Vsat =  VMUIWUIUUNVDIAUDNAD
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d a a
232 MFAAZHIADYINNUYDIAIAAHAIEIT Bishop’s Simplified Method
a L4 a
M5 AATEHIADYTAINVDIAIAAUAIGIT Bishop’s simplified method
& axdy vo A A v aq 9 A amd & v 2 and
s lasuanutisuinniiga Tdauualszunvniadludiunilavealfennay §3351m
[ a { o a 4 I ay A o { o 1 qy { [
MU AATIEHoaMIUAUY (Slice) MuuUIAI AT INNTE AT UTNDY
a a o ¥ 1% {
Tuanmaugauinsan Tasawsonnsanuseanisuaelaswdaalugili 2.30-2.31

HAZAUNTN 2.32

51 2.30 nMMUAAINITTINSIZHAI8TT Bishop’s simplified method (Das, 1994)

n=

o

(cb, +W, tang + Atan ¢)i

- m
=1
FS = - — 2(0) (2.32)
D> W, sing,
n=1
d‘ a0’ 5 a
Tasn W, = iminuiadu
9 ]
T = USUROUUNUIZUIUALUITIUNLIUDIAY
4 ' < a
c = usureuIUUYRINAAY
a { o £ .
b, = anunhevesauiuiuiludue (Slice)

o

Mym = mldnnanwduiuiduaalugili 231

Y
o = agm?)ﬂwmmﬂﬂw,mawu
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1.6
14 1.0
1.2 ///_,_-———-—'— -2 —
. = s T
afn) I
L — —~——] g2
1
0.6 ////}// ™ tang - \\
F8.
a7

-40 -300 -20 -10 0 10 20 30 40 50 60

Ui 231 mwuaasnslvessn My, dviuaunsves Bishop (Das, 1994)

a 4 v J
UTTNA (2548) "lﬁ'muamﬁamswzmﬁﬁ gINNUDIAADU UM (Infinite Slope)
a A oA d' & Y o d‘ = a [ dy
TﬂﬂW%'ﬁmﬁ%uTﬂW‘Uﬁﬁﬂﬂgﬂﬂ 2.32 “]f\i?f’lil”lﬁﬂllﬁﬂx‘]”lﬂﬂﬂﬁuﬂﬁﬂ 2.33 HasuauuagIu adul

a d A a 9 o A a A
1) InEadesnmvesanan Iaglguudiasasuneulssansta

X o~ o Y o
2) suaanusuimaiiguenasnriiing

Y
° U

[ ]

a 4 ~ A A ya AAa a A A
3) wnsiefseuneunsainseauinlaauegNAIau aznsaNnseaAy

L1l

v vl
i ldauegamng

51 2.32 WA NS (Free body diagram) Yoaunaaud 15 UaIR01uA (U55NA, 2548)

c'+hcos? gtang'[1—m)y'+m(y,,, - 7,)]+ In(S,) tana
hsin gcos B[(1—m)y'+my_, ]

FS (2.33)
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Taeh

C = usegamideveandanulszanina
h = ANMVUANVDIAALUIAITNITA
B = yudsIveIaInau
¢ = yuasamumeluvesau
[} 1 =< [ acl ya A A oA v =<
m = eanduanvanszauinldaumieuuinianuaua
VDILUUINIA
LY & -
e = Wisihminyuvesau
] H o a Aa a
Y= wedminlseaninavosd
) %’ % a Q‘ % a
Veat = MHIONMINUBIAUDUAIVDIAY
[ v J ] 0o w w 1Y A o
Q@ = YuANNFURUTIEHINMEET LTI ULAZTEAUAINOUA)

Tun2a@u (Constant parameter)

a J o a v d
2.4 msmmwwﬁ11J?mmuwluazﬁmnqmlmmﬂﬂuuﬂ (Critical Cumulative Rainfall)

A

Okada et al. (1992) I@igueanuduningszninaSinaniey nazmsmiaves
amauma%ﬁwauLm@ﬁlwduaﬂqw (Critical rainfall) el lumsidousedmiunisitaves
amau Tagldnanadanngrudoyamsnaniia, ﬂ‘%mmﬁlwlu, SNYUZYRIAIAAY FaaNTD
wans 8w aanalugili 233 Taoldidurieuinga (Critical rinfall curve) HsvoUVATEHI

3 o ¥ { Y o A o Y a 1 a a A wa
ﬂ‘%mmmv]uim%ﬂm Llﬁgﬂ%ll1mu1ﬂuﬁgﬁﬂﬁﬁ’ﬂﬂﬂaﬂﬂﬂuﬁﬂ'ﬂﬂlﬂﬂ Llﬁ&’ullllﬂﬂﬁ1ﬂﬂu1/‘lﬂﬁ

R =1(..)

80+

60}

401

Hourly rainfall, r (mm/h)

201

0 50 100 150 200 250 300 350 400
Accumulated rainfall. R tmm)

311 2.33 mnuaaavouaALINgA (Okada et al., 1992)
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2.5 M3IASILHMATHANNYNTUIUNIaAY (Antecedent Precipitation Index, API)
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v J 9 1 1 =\ [ @ 4 1 1 [ A o
253%5 (2552) Idauenar APl IanudunusserieaseaunIndNa )

Y
1“%3@@1&, Usuauresneluwianu w%mmmmmma@u HASANUUUIVOITUAU 31D

[ v J 1 Y a 31,; 1 =Y % a A
ANMUFNNUTIE 1199980199 vesutaauluasomaUsuiasirluuiaau vse AP

Taaaanslugzii 2.34 nazaaaunsi 2.34- 2.41

T E,F e
a | alr
I+
vv v
Y water
2 Ay M —
Vi
v soil |
X X
. Vv
ANUNTU (Porosity); n=—
Vi
VV = nVT
. Vi
Volumetric water content; =—
VT
VW = 9\/‘[‘
Q, 2o - Vi
iz@ﬂﬂﬂh@hﬁﬂﬂhM@H; Sr =—
Vv
V-
S, = 2T
nVy
130 0=nS,

aunsomian - APl 1@, APl =nS,H

\<

)

N
W
e 1%
|
'

4
A
N

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)
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Tafi v, Y511a35999919IunIaauY
Vy USnssmveulani
Vi Binasveuhluwiaau
0 BinanhludulaoSinas
n ANUNFUVDIAU (Porosity)
A szauaMuoNdm luany (Degree of Saturation, %)
H =  aumuvessuauy (m)
APl = ﬁ’é}fﬁmmcﬁu%ﬂumaau (mm)

a [ Y N [ a wva
2.6 33‘1]1]@1"]5@'14!7“4‘Vl‘l\?{]?»lﬂ‘lﬁﬂ'iﬂﬂﬂ‘lﬁwmu'l!!WNﬁ!aﬂQﬂﬂﬁﬁiﬁW‘Uﬂ (GIS)

[} Y
Zaruba and Menzl (1982) l&1@u9a1n15 Landslide index ¥9uunviaseaian
A 1 a A A wva o A = o 1 dy [~ Y1 °
NdwanemsnaaIAauNIa Asaunsi 2.42 Feonaumsaena sl ldnawsaii
L { A a oA a 4 o J
Uszgnd lFlumsurunidesssainiadleszuuamsaumagiimeaas (GIS) Tagnsmnuani

VOIAZUUULADZUIVINHAABNTINATIAUNLIA

Landslide Index

=(Rr +Rw)+(RUrRUW)+ (SrSw)+ (LrLw)+ (DFrDFw)+(ArAw)+ (HrHw) (2.42)

Taen
' 19 ~ a a 1 I~ ] ] [
Landslide Index = s:dylemanzinaaunan Taadlumazuuusivvoauaaziasy
Y ~
R = 1awelsuanihdumae
RU = isganueiu
= sanuaasUVINUN
L = idenmslenau
DF = idsszezvinannsosaou
% =) U 3OI
A = 1venaniamssuiieu
H = 1weszauanugauesiunannssauiimsia
r = AINZUUUYBITTIVEA1

1 1 ?7] % QU 1
W = ﬂ?ﬂ’N‘H”I‘I’THﬂﬂJ’ENﬂiﬁ]EJ@]N"’]
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[ v Y
Chau et al. (2004) lAta@uo@NNS Harzard index aaunsh 2.43 Fyunuilade
7 Tade 1dun szauauge yuaraduvesandu nguiugIu nguAUAZNOU (MIALAUAL
a 4 a A owa = AT 9 A o v Y
AZNOU) MINAMANIHIAIAAUNLA IuoAa Andin nazanududusodeu awdiay 1

A q9Ys o ] o ) ¥ A A wa o =
m’e')“lﬂsmm‘umwauwmmmay’a (Overlay) Gluﬂ"l’iﬁ"i'NLLWUVI!ﬁﬂ\m']ﬂﬂuWUﬂﬂ\iﬂﬁ'l\ﬁ/l 2.9

waglugii 2.35

517 2.35 MmudasanpazdoyaVector A5 UMIFouNUToYA (Chau et al., 2004)

Y
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A 2 ¥ v &4 A A oa
13190 2.9 ﬂmﬁuaz%um@way‘aiumﬁﬁsmmumﬁmmmwm (Chau et al., 2004)

Category Layer (j)
Terrain Elavation
Slope angle
Geology Lithology
Soil deposit
Landslide Past events
Potential Runout
Environment Rainfall
Hazard(x) - F(x)iﬁN-H el ﬁw- (2.43)
' J
j=1 j=1
Toii Hazard(x) -  gyfiTemainaanduiitinvedudas Pixel (<1.00)
j - fudoya
i = amavoya
W; - Anhmninvesteya
H;; = AyUFIANIA

J
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a 4 a on a A Y = 9 dy % [] 9
ﬂﬁ’JLﬂﬁgViﬂ"ﬁWU@]GU’ENE]"I@]@]‘L!MPﬂ‘ﬂﬂ’ﬂuﬁu% HAgANHIMUUNUDYNNINUIN
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A v A P A wa A aX ' T ~ A
eannTuagiiulimamsaimsiinvedaIndud Y LazuAazATITINANNTUITINGIVUTI
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AINANNAIMIABIATHTND Loz Invelszang TasliauiTenne o Al
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anidana uazame (2550) ldhmsAnyinmnageumasiuusudouueay
d' [y A [ Y 1 v o = d’ a a a 1
momivayumameunsavuaanMncuanin TagmsAnyunelsziiuTomanmsinaaunau
dy A 9 an 0o w w A o [ a 1 a A .
TuNuNA199 A28ITMINATOUMAIVLTIROUTIHTUNIUANDAY 2 IF A KU-Multi state
direct shear test: KU-MSDS 112 Strength reduction index: SRI M3nadouauiolseiudnonin
a aAa 1 a g‘; 1 Y ==K a A 1 an Y
manaauoaNvesaulY Jududnuianzmanaauoanluanzduan Jminadon’ld
YR a A o o w A [ U ] U A dy
ponuuuldAnyIMgAnssuMsIasuIaimMassuIs IR0 U HAZEATIEIUFRINNLA NN
A 3 < o [l Aa A 1 ] 0o o w
iy YU TASN VA NAIENINUBIAUKIINYARUNGUAI NATOUMAITVUTURDULLLIN DU
4 4 4 E { [ @ ]
asuemaaulanMsanaueImauusuRouiioAuduA IR0t Ni5eniua1 SRI 19ae81
' ¥ a 4 o A v 3
au 2 anne ou'ldun an1zauanuFUIUTITUIIA (Unsoaked) HAZETNIIZIDINAULFUN
I Py . 1
(Soaked)5 iU 1 MsnagovLazNINagol KU-MSDS nagdou 1ag3s Multi-Stage 1uuaag
@ 1 { ¥ gi % ] I
aegnuazlasunlasnnudunivue 3 drednsiuilu 1 gamsnadouNanInagol SRI
WUMAURNINAULNI AT pERzMIaRaIURIMAT ULSURoURgTZH iR 10 D19 50 ALK
nnuInaULEE R UAUMUT S pIaLMIanaINADUY NNIZBAITZTHING 08a 20 D1 70 MU
AungIInRUNTIwlTegarmIanasInniosaz 50 kansnadey KU-MSDS 1aiuloszal
A v A 3 1 a A v I Aa oA a 1 [
ANUDNAANNIINYUAT Shear stress VOIAUIZNAAAIF T ud IHgMINITAYIRALT U 1YY
A a é! [ A @ VN~ 1 % a
nnavulugnuduaniinaInuansnaae SRI taad IMmuNMIguad luauulsenn
1 Yo o o A d' asy o [}
dawaldimassunsudeownlasu lduazdismanaaoutuy SRI TEST tMue d1mSumInaaow
dy A 9 A 9 o @ o A a A dy ~
Tununne el TuNTanaueIfaIs UL AR oUVIA L sANNL) ds ] aina
v Y
mMInageu KU-MSDS uennneg lanansnaaeuiazideauniudiiivedinn lunsimn
Ihpunsauaauiiosnnduanviinlasne 1
] 4 Y o = = a dy A %l 9 9
wsanual (2547) Idvimsfnyuatesnimvesaraauluiuinguiiine laeld
A a o = A a d A a A =
AuauiamMaImnIsy TaerhmsansuielnsgnadesnmataauinasuulasluauSuna
3 kY a 4 a 3 gz a = a o v R
o9 dU A2eMITAATILHNGANTTUMT InaveuiduasFuAY F93AT12H laenann13 Finite
9
element M3d159915ZnOUMIBMITITIHsZMAEz MIdTvFuaY Msd1sraglisema

o Y 9 Y Y 9 A a a A v g a
ﬂTllﬂIﬂﬂﬂTiﬁTi’Jﬁ]ﬂ']ﬂﬂaﬂﬂﬁTi’J5] LW'ﬂﬁ1fnﬁL']JafJLlUJJaQGUﬂﬂguﬂﬁgtﬂﬁﬁiﬂﬁgﬂﬂwuﬂﬁmﬂﬂ
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Y f g
1AAY MIT519AUYTENOVAIINMTETIVFUAUAIINITT Test pit MINATOUAIANVFNI
v Y Y
MINATOUMIHIITUAUAIY Kunzelstab penetation test 1ASANHULTUAUTANINUT 1-4 1A
< [ ] a o o a .
uaz INUAIDE1AUAIA NN NS UNTNATDULITUNDUAIEITIADUATI (Direct shear test)
1 1 ] Y v H
NUNMAITVUTUROUVDIAUAAAAUNDILAVANUDUAUNNUU TAFBIIAINNUDUAIN 15-60 Y%
%’ a ' o 1 2N J
Hf5inanihluauilesn1vi1 19 Shear strength parameter (¢, ¢ ) Tinngaunaz lans1zins lvadu
Tuganems Inauuunsi (Steady) tazanzms lanasuuilasaunal (Transient) #0179
H 4 M Y f %; H ] [
m3 lvanvuasiez ldihrumasaasansil dadnanngldihduiulasundas Feiigluuy
g A [ a 4 =3 a aol ~ =
Wy 5 3uuuu An 1, 3, 5, 10 nag 14 31 Taginszrsevlmsmasn 5, 10, 20, 50 tag 100 1
a P = H ' H a 9 Y
HAMIAATIZHNT Iaduvesguuuihdu wungduumirunazUSunannuduse sy
~ 1 d' o [ %’ dy = 1 1 ~ a d
TNaROMIIAADUAIVDITEA UL IAZANUFUNITINA IASATIADIAD TN 1UMIIUATIZHIADITAN
9Ya a v J . a 4 A AAo o W A = dy
16350 1aAUe1UA (Infinite slope) AATIZHAMAUNLNMAIT VUsURoUURsUas A NLTY
a 4 a 4 < o { 1 <
Tuaun @ laenamsinnziiziuadesnmuuugai linswmsnlasumlasainnuiung
a 1 [ a J I~ a 4
YoIR1AAY (F.S.) YDIUAAZIATIUNIUATIZHIDY Circular failure 1JUMIAATIZHIADITAIN
I o g a a 4 o v o ] °
Tassuuazdua N UUBINIAIAAY MNNANITUATIZHANNTUNUTAINAIIAINITOAHUA
Y { [ ) Aa 1w { 1w
@uveuwariduInganlimanuiunsvesanay (F.S.) 1y 1 1nanutudumasae u
so’ go’ { I L ] [}
paziduazauvesglumihwunlFinsgiluga 1-14 uld
a a 1 g d' A a A .
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9

1 3 ' 3 o A ° 3 A { A
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TFeyaii 18Tianugndesgs ilesnniidasennanimnadeni lansaniugu 18 Felu

Y
MInaaoutaznandineazdealunsnageumuIeazdentiie 3.3.1
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(a.) 122 (b.) ¥ MUHUIFIUVUVDIAIAAY (TM)

3.3.2 MInAaUAMaNTAAMMINENN

NAMIAUTeE AL aaA W & UFNUFIUUY dIunas LAy
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shear strength) HUWUIHUNNAND (Normal stress) LL?I%S%@U@’JW?JEJ&JGI’JGlU‘JJQaﬂu é}?qmmm

HAAIANUFUHUT I8 A9aUNITN 3.3 — 3.4 (UTING, 2548)

T - a+bS+ac (3.3)
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S A
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[} Y
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A v A a 9Yq ¥ o 1 a
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MIMMINAaeY UszNoUAIe MINATOLNAIANND NI WINZVBIAY (Specific gravity, Gs )
MINATBUNINTLIBAIVOULARY (Grain size distribution) MINATBUIATINALDAMNBSITTA
(Atterberg’s limit) Y52noUAIY AINNAMAI (Liquid limit, LL) inANa1aan (Plastic limit, PL)
HAZNITMUNSUAAULU VDDA TN (Unified Soil Classification System, USCS) WaN1INaaoU
annsoaglldfauansluglii 4.12 - 4.13 wagaasdi 4.3 fawaziden il
1) #aMSNAFOUAUA WK UITIULUVDIAIAAU (TM)
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WENAUIMNED (Clayey sand, SC) UANDINTUNIZVDIAYN 2.63 AVATINALKHAD 26.50 % AI1UA
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J 3 d 4
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S 3 g J
WosuaNIUAZLNTAVBST 200 54.77 %
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NUSTVUTIUDY FIUNA LAZTIUANYDIAIAAUNANISNATOU Multi - Stage direct shear
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1) WaNSNATOU Multi - Stage direct shear test UOIAULTNIUTIUUY
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fszfuarusudidieh 88.71% uazqqqﬂﬁmwﬁu 5822 kPa. fi3zAuANUBNAIRI0
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3) HAaMSNATOU Multi - Stage direct shear test YOIAUUTNIUTIUAN
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\ U { Q.l Q‘ 3 90} 1 1 'O \ o 1

69.70% FIFANINU 36.35 DA ﬁimummaumﬁ’aﬂm%.w% A1 C engaminy 2.64 kPa.il

! 2 A 1w { o A o 1
imummanmﬁjﬁﬂm 88.07 % uazqﬁqwmmu 51.83 kPa. ﬁimummanmﬁ'ﬁam 11.84%
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ETM2 0.20 (S = 16.44%) @ TM3' 0.30 - 0.40 (S = 34.23%) TMS3. 0.20 - 0.30 (S = 48.31%) (a)
X TMS. 0.40 - 0.50 (S = 58.13%) ' TM2. 0.20 - 0.30 (S = 63.02%) ® TMG6. 0.40 - 0.50 (S = 79.81%)
+TM2. 0.20 - 0.30 (S = 88.71%) -TMB3. 0.20 - 0.30 (S = 97.44%)
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& MM2. 0.30 - 0.40 (S = 7.10%) B MML. 0.25 - 0.35 (S = 49.39%) MD2. 0.30 - 0.40 (S = 59.42%) (b.)
> MDM2Z2. 0.30 - 0.40 (S = 69.74%)  MM2. 0.20 - 0.30 (S = 72.15%) & MMZ. 0.25 - 0.35 (S =85.82%)
+MDML 0.35 - 0.45 (5 =94.20%)
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31U 4.14 wamsnaToMEFVITUNOUVBIAUAIDINANIZAVANUDNAT (S) (a.) AIUUY

V919U (TM), (b.) @IUNANVBIAIAAY (MM) LIAE ¢.) FIUANVBIAINAY (BM)
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a d v v d wAa v [y Q' o a
4.3.3 AANITAAITICHANNANNHTUIAUTNUANUVISAVAIINDNAIVIIAY
[ v J
1) ANNUANNUTUDI Shear Strength Parameter
‘Viﬁ]ﬂlliﬂlﬁ’ﬂﬂ@ﬂtjﬂ (Maximum shear stress, Tm)ﬁﬁ1ﬁﬂﬂﬁ13ﬁ
@ v o 1 [ A @ ’é a 1 iol Y] v
mmmwu‘ﬁﬂumsmummaumﬁ’wmmamu HUWUIHUNNANDY (Normal stress, O ) LIS
A o ¥ a { o {
STAUAMNINAIAI011UBIAY (Degree of saturation, S) (ANN157 3.3 uag 3.4) awaaslugln
é 1 1 1 A A dy zﬂ' 1 g Y 9
4.15 — 4.17 G]NW‘]J’NﬂWTU’JEJLLNm’eJUQQQQ (Tmax) INUVUINBV UYL UNNANDY (O )
S| ! o 4 o 1 a
maﬁu u,azmimummaumﬁ’wmmamu (S) amay
a 4 [ 4 [
NITUATIENAINNUTUNUD Tmix, O uas S szuu 3 LLﬂuIﬂﬁlﬂ1Wuﬂ
Y I 1 Y] A v 9 g a I 1 1 A
“lmmu X L‘ﬂuﬂﬁ$ﬂ‘Uﬂ’JHJ’f)iJGI’Jﬂ’JEJHT‘U’ENWL!LLﬂH Y uJuﬂmmﬂuﬁqmauqqqmmmﬂu Z
I [ 1 aol o v = Y] v Y o ~ [ 1] v J
LﬂuﬂTﬁu’JﬂuTﬁuﬂﬂﬂﬂU «mmmsaﬁ?ﬂmmanwuﬂﬂ ANATITNN 4.5 NUIMTHIANNUTUNUD
“lugﬂ!,mu Linear plane AR - square “ﬁi;fﬂﬂﬂligﬂl,mﬂ Logarithm plane “’I:NmJ (Parameter,
1 1 " 1 9 A w ?,' a
a) 5zmwﬂmmmgmﬁauqaq@ (Trax) HALAITZALANVIUAIRIITIUDIAL (S) #1130
[ a o [y o a 4 = a
udasmlugiidayudmsuh llmszdiadesnmaussainau

A

! a L4 v I a @ ' a
ﬂ1§1\1ﬁ 4.5 wammm‘iwwmmﬁnwuﬂuiwu 3 UAUIINAUAIDYNINVDIATANY

Location Model Equation R
= g Linear Tmax = 0.8254 + 0.62520- 0.8911S 0.8914
= Log T max = 0.0442 + 0.64030— 0.3749In(S) 0.8029
§ 5 Linear  Tmax = 0.4687 + 0.62360— 0.4784S 0.9583
s £ Log T max=0.0765+0.6185G—0.1393In(S) 0.9119
S S Linear  Tmax = 0.5380 + 0.64830— 0.55998 0.8162
;§ e Log Tmax = 0.0501 + 0.6353C— 0.24111In(S) 0.8160
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9) Soil Water Characteristic Curve (SWCC)
msdnseigaauidvesdinlugluuudusadnuaiveniilufu
(Soil- water characteristic curve, SWCC) L& AINNUE uﬁ’uﬁ FTNINUS 399 (Matric suction) g
WnanhluduTaen310a3 (Water volumetric content) a3t 181455 marszinamndiamnean?
MNANUFUNHUFVOI Grain size distribution curve 1AL ﬂ?mmﬁﬂuﬁuimﬂ?mmﬁauﬁuﬁa,

D, D,, 1ta2 Liquid limit $1A10.375 m’/m’, 0.01 mm., 9 mm. Az 19.134% awaau Tagly

10°

AUMIBUAUD 1A Auberdin (2003) 112 Fredlund and Xing (1994)

v W

4 ) 7 ¥ a Ayy : .
o lidudaanyaiveaihluaunldnnaumsnaus lag Auberdin
Yt v 2 ao A Yo ~ . L. a
(2003) T¥RianugnAvaniuauItetl lasiinmsufieuiiey Soil - water characteristic curve 9
Y o 9 a . . 1T Aa 2
"lﬂﬂugmmmgaﬂu (Unsaturated Soil Hydraulic Database, USDA) ﬂqmugﬂuuu Loam Fauily
" A a A %] a a oA dy A o o [ Y 9 v @ 4 g a 9
nguALTaRmnuMaauNavesnunanud I vl uudidusadnalvesi luau Tasns 14
. . . . . I L [ Y J Y o o t4 ¥ a A
Grain size distribution curve (H1tnaan 1uMITUSUUN WU UTUOATNHAVDIVDIH I UNIaAUI
A Air entry suction 6.5 kPa, Residual water content 0.065 m’/m’ ttazs9msidasuuilasues
. A o Y ~ 1 =) [ 9 a 1
Desorption curve Hanyazind Iduveanis/asuniausu@einugiudeyadu (USDA) ngu

a &2 g Ay w o =
AU Loam "”INL‘1JLlﬂTVIllﬂfl]Tﬂﬂﬁﬂﬂﬁi’)ﬂﬂ?ﬂﬁu”lﬂﬂﬁuﬁﬂﬂugﬂﬂ 4.18

0.50 ‘

—Research Study « Unsoda Data

040 "

0.30

0.20 ‘ 1 \
010 ———HHt——+HH—— - — T ——— \

0.00
0.01 0.1

Volumetric Water Content

10 100 1000 10000
Matric Suction (kPa.)

d‘ Y o o J ?,‘ a o ]
3‘1]7] 4.18 ﬂ?WL!ﬁﬂQLﬁu@ﬁaﬂ‘Hﬂ!ﬂlﬂﬂu11u9]u@]'3’f]ﬁl']ﬂ (SWCO)
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f) Permeability Function (PF)
a s v o = ¥ a < v o J
MIIAIIEHANUTUNUD ma‘lwaﬂnmmu ﬂumaﬂu LTJ UANVUFTUNUD

1 . . T a Q( = 1 901 a a o dy 9Jq Jax
3¢¥1719 Matric suction uazmauﬂﬁmmmﬂwawmummuﬂumaﬂu ﬂu’)%ﬂul‘lﬂcl“b"lﬁﬂﬁ

v J

ﬂimJ'lﬂWlNﬂiﬁ@]ﬁ'lﬁﬁ%@Qlﬁuﬂiﬂﬂ van Genuchten (1980) (713 2.24) c’?ﬂ%’mmﬁuwuﬁﬁu

v o o 3 a ° 1 ' 3 a a A o ¥
lﬁu@ﬁaﬂyﬂ!m@\iu'ﬂuﬂu Iﬂﬂﬂ']ﬂuﬂalﬁ}ﬂ']ﬂ'nuguI}nuell@Qu11uu3ﬁﬂum@ﬂﬂu@uﬁ?ﬁ?ﬂu1

k., UM 191 X 107 wufimasdeIui ¥41dnnnsnadeuninauiualeds Double-Ring
. a S ¥ ~ 1 1 = ] ?3’ a A
infiltrometer test #AN13ATIZA Ianaaslugili 4.19 wunmanuduriuveaiTuyraaull
N15AAA3LID Matric suction 8¢ 1U5I9TENI 6.5 — 10,000 kPa. 141970 11/ Matric suction 1

A g o Y = v %‘ a A
MYHIT M NUTURIHYes Tulaauln1anag

1.0E-03
1.0E-04 o
1.0E-05
1.0E-06 ™G
1.0E-07
1.0E-08
1.0E-09
1.0E-10
1.0E-11 ‘\
1.0E-12 N
1.0E-13 N

1.0E-14 ‘
0.001 0.01 0.1 100 1000 10000

7 4

Hydraulic Conductivity, &; (cm/s)

1 10
Matric Suction (kPa.)

Y a { a 4
511 4.19 Permeability Function ¥99a1aaui 14 lunsinsizims Inad

QU

a d ?; a d' o Y a a a wAa
4.4 wamsanszridsmnanielidngaiimldaafudansioa
9 o Jaa o o 9/?:’.; a A g’;
msawvusiass v lunsamudmrualiruauiinnuaingsy 28.06 0981
ana 4 § {
19817 197.71 AT UANUHUT 1.40 1IAT LAZDANUALVUFIHABNYUIA 0.15 X 0.15 1UAT
2 &2 o [} Aa oA g’/ a 301 1
FINNITY 13,877 node, 12,352 element tazmnuali lusinsniialusuduuazi lianse
=< 1 v ° A . 3 A A a v
Furula msmvuaieu lvveuiun (Boundary condition) Hruinnasuuianadulingzae
Y A ' ° . Y ° Y 1T A
Maaaueg Al uaue (Rainfall, q = 1) Aunmmualdtiense lnasen ldegidase
. " 1 ° ° ?,' 1
(Unit gradient, i) Aedneazarsveanyusiassmvualii ldansa lvadvsesen'la (No

flow, Q =0) A luzin 4.20 Laga13199 4.6



Layer 1 : Colluvail soil ;

SEEP/W Material

93.00

Layer 2 : Bedrock ;

L SEEP/W Material
Very Stiff

SLOPE/W Material
Impenetrable

U

SLOPE/W Material

LL — 19.13 %, O,y — 0.375, D;— 0.001 mm,
Dgo = 9 mm, Kg,, =1.905 x 10~ cm/s.

Unit Weight =17.979 kN!m’,
¢' =3.37 kPa, @' =29.06 Deg.

A

511 4.20 e UVT1a04 Finite element ﬁWW%ﬂﬂﬁ%Lﬂﬁ%ﬁ
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{ v { o o o a 4
ﬂ1§1\1‘ﬁ 4.6 ﬂmaumm,azﬁau”lwamw (Boundary condition) #1¥IULUUINADIUATISH

M3 Inady

(a) Material properties

Material Input Parameter

1. Soil st = 0.375 m'/m’

D10 =0.001 mm., D60 =9 mm.

LL =19.134 %

Keat = 1.913 X 10° cm/s

2.Bedrock K=0

(b) Boundary condition
Material Station Boundary
1. Soil ab, bc, cd Rainfall (g = 11)
ah, hg, gf, fe ~ No flow (Q=0)
de Unit gradient ( i)
e Pressure head (P =0)

2.Bedrock  hi, ij, jk, kI, le

No Flow (Q=0)
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do a H a d
4.4.1 WMNANBSMaVDUVRIAUNTIUMTUATIZH
a J v ] a A Aa oua ~ KR a Y =
MNNIAATIEHADINAUNNAAAUNTANIAANEILT VU TANG N
o o A o o awv dy Jq 9 Ay Y a 4
AUAAABINTIY 5 1UNDUINT danTaaavan nuIveil 1a 1¥man lannmsaszinnmsilszana
9 v W 4 a ~ 4l Y] a do o o A a =
[AuaanyalYeIAY (311 4.18) 15zgnds WAUMIUATIEH AT VLTARDUVDIAUMNI BB YA
v 9 I o A = o o a o
W0 2.1.8 wazitlulddaaumsin 2.11 Fuauelae Fredlund (1993) d1mFVAUATIZHMN
v o o Y I 1 . . < ' [l A
ANVFURUTIEUY 3 1y Mrualiuny X 11/ua1 Matric suction, AU Y (HuA1 viuleusanou
I 1 [l ?,’ o o
999A (Maximum shear stress, Tygy ) HASUNU Z 1A HU2eUIMIENAANY (Normal stress, O )
aqaaalugin 4.21-4.23
A A o , , o A v A Y 4
IWOANNAT Matric suction apasoutiean1vIndavedsuaidunan
[ 0o w w a v W U [ v J
Az audINa IR MaT UUT IR oUFIFAVDIAUARAT (Trgy ) 1INTATEAINA NAMNTOMIANNTUHUS
Y
Tusdnuuszuny (Linear plane) 9nduwusauna 3 vsnw 1dun druuu, daunai uag
FIUANVDIAIAAUAINITIN 4.7 WUIINAIDENAUTINVY (TM) uazaiuald (BM) N1un

A 1 9 s ¥ & Ao A= = Y9 o [
NATDUUAT R — square ADUVINE mummnﬂumm’aﬂclﬂfsuayjamﬂmgmmmuﬂan (MM)

]
A o

R oA I @ Y FY a 4 Aa oA a =
Fa1iA1 R — square gagaiiudumnuvesdoyaiih 114l unmsinsngimsniavesaindu on
Y
namsidenlddeyanndurisnanvesmaaudilinnudeandesnumsnansniavesaln
a a < a o ] I o v A A oA a @ 1 o
AUIF 0 Uinuswmisnaadud i uresnsitavesaiaau (Goyaninan lasy
A A=
NMIaaU s wU IuNURANYT)

v F2
NUMIAATIZHHUATH AUDITUNIZUDIAY 2.63, YUAIANIY

' 1 = J < a ' 1 [l H o
ﬂ’]fJGl.u (¢ ) 29.06 ®371, AINITIAINIZTEHINUAAU (C ) 3.37 kPa. aZATHUWUINUNUDY
H k2 )
AUNANUFUTITVIIA 17.979 kN/m’ Balaanmsnageunuauiiaaadi 1azn19IfINTsuues

ADENAUNA N UITIUNDIVDIAIAAY

519 4.7 Waﬂ153Lﬂ51$ﬁﬂﬁiuﬁuﬁu§1uigﬂﬂ 3 uAU Fuaue lag Fredlund (1993)

r=c+(o, —uy tang+(u, —u,, )tang°

Equation

c’ tan¢' tan ¢b R-Square
AIUVY (TM) 20.03 0.656 0.5477 0.5876
AUNA (MM) 13.21 0.613 0.0002 0.8668

aua1e (BM) 18.02 0.613 0.0013 0.6883
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Max Shear Sress (kPa.)

51U 4.21 ﬂ1Wﬂ31MﬁMﬁﬂfﬁ$ﬁﬁN Max shear stress, Normal stress LQ1¢ Matrix suction

VOIAIBYNAUUTNUTINVUVBIAIANIA (TM)

o v [
51UN 422 2 NANUFUWUTIEHI19 Max shear stress, Normal stress L81g Matrix suction

VDIAIBI AUV TNUAIUAANVDIAANIA (MM)
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Max Shear Stress (kPa.)

Y [ v J 1
qil‘l.lﬁ 4.23 MNMAANVUFTUNUTILHIN Max shear stress, Normal stress Li01¥ Matrix suction

VOIAIBYNAUDITNUTINANVDIAANLIA (BM)

[

a Jd Aa 9o’ a d‘ o Y a a a oA a o dy
miuazilTnahduInganm varaaunamsnda luauitei

vJq 9

Aalsran

—

a J A @ 1 a 4 a an
NITAUATICULITADYTNIN 2 HANNIT llfégljl,l,ﬂ mfnmiwzmaﬁﬂimwmmmmuﬁ’mn

aa a d A a 9 [ Jaa d o o
allﬁﬂ')’lu’ﬁll@!ﬁ LAZNITAUATIECUITDYTNINUDIAINAU IﬂEJGI,G]ﬂ’iaﬂﬂ15ul1/\|lluﬂf]alﬂuﬁa'lﬂiﬂ

%

a 4 X e [ @ a J a { 1 @ =
'JLﬂi'lZWﬂ'liulWﬁé]?il G’]?\WN 2 ’Viaﬂfﬂiﬁ'ﬁﬁﬂﬂ'li’)!,ﬂi'lg’l’il,!,ﬁgﬁuﬂﬁiWUﬁLmﬂﬁ'Nﬂ‘Ll (31uazoYn
1

Y - P y o 2
1o 3.4) TaodSuaniduinldlumsinszdlddoyatSuanheda Tusananitidaiiey
1 1 1 @ H [ v A v I ] A a
AR, AIONIUYY TEHINIUN 29 FUNAY 2554 D9IUN 20510 2555 Fuilusranarina
¥ 1 1 1 o 1 =) =) a A
msitAvesaaay Tagamiiaidy ava. memuyy Jszezinndumiafaainaunia

I a [ A = a 4
Wuszeznie 6.5 nlawas aamanuan 9. wazuaaslugii 4.24 F4eEsouaaInanmsIng Iz
[ = Y o dy
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" NENNANNANNNNNNANENE NNRRRRY ) [TTTT]
350 4 —+Rainfall Intensity ——Cumlative Rainfall j' —1= - ; :
: ‘
300 t !
g . - I A lg *
- Step Time 68 hr.! | | Step Time 84 hr.
—~ 1 ]
E 200 R
el 1 I
E 150 -4
=
£ | I
& 100 } I
1
50 1AM
Losrtrlee |
0 IRSER RN W 34 ‘ N:‘/ [ Ly ol
2 g g =4 g = 3 g 2 2 2 8 =S
& S & S & S & S & 3 & 3 &
o = I = o = = Q T Q N ) N
— (=] — (—] — (=] — > — > — =3 —
&8 § 8 § ®8 § &8 § &8 §&§ 8 § =8
S - & - Q - a = = & = - =
2 & 7 & 3 & zZ 2 B e
Date -Time

v Y 1] Y ' f 1
s 424 amuaasdSunaniwrusieds Tusninaoriidaidu ava. arenuyy #ldlu

U

a 4 a oa a v { o v {
MIAUATIEN NMITNUAUDIAIRAU (’Juﬁ 29 SUNAY 2554 5\1’31!% 2 UNIIAY 2555)

a J ° a
4.4.2 Nﬁf'n5'3!ﬂﬁ‘lg?‘iﬂ‘liﬂﬂi’l‘%u‘“ﬂﬂﬂﬂuﬂ?ﬁﬂu
a o = g a o < 1 a S A
ﬂ']ﬁ'JLﬂiTg‘ﬁﬂTihlﬁacﬁilﬁll@fiu'][luil'Jaﬂu‘ﬂ1Lﬂuﬁ@ﬂ1§3lﬂi?3ﬁlﬁﬂﬂﬁﬂ?7‘l
4 H { 1 a 1 ' o ¥ o
ﬂl@ﬁﬁ?ﬂﬂulﬁ@ﬁﬂ'lﬂﬂ%i]']mu'W\]‘L!ﬁ@'lﬂﬁ\?i;fﬁ'lﬂﬂu‘ﬂgﬁﬁwﬁTﬂﬂ@]ﬁ\‘m'ﬂﬂ'ﬂﬂJﬁ']iJ']ﬁﬂﬂluﬂ'ﬁﬁﬂu']Wuﬂ

a Ao dy 9Jq Y- . d v &
ﬂl@ﬁﬂuﬁTuﬁ%ﬂuqﬂﬂl“BTﬂiuﬂﬁ‘h Geo Studio V2012 Wan%U SEEP/W 41015 DUEAAINAVDL

Jaa 14

puuiaes W luiddwud dwaadlugdi 425 Tasimsiasgduuunlsalfsuaunal

o v 3 I 1 o
(Transient) Tagiidou luisuAY (Initial condition) NNszavIlAAUBgsZADANLIN

HAIINNITIATIZN 1AINITNITAUIFAVDI VT IaDIAIAAUNITR
d’ a [ [ 4 1 =Y %’ a . Y
mewmsmmamauwuﬁizmwﬂﬁmmuﬂuﬂuiﬂmﬁmm (Volumetric water content,@) Ny
FTAVVOIAUMUANNEAN (Elevation) taadlugiil 426 — 4.29(a) MNANNAUTITUIIANDY

a J 2 I =2 o Y a ' 9 Y A A
Nuﬁﬂlﬂﬂlﬂﬁ]ﬂWiﬂ‘lF»IIWI\‘]GI)"J\‘]HJHL'J'Q'llﬂuﬁ]QVI'IGI,Wﬁﬂ'lW@uﬂ’E]HGUW\HWN uA1 0 =0.15 HagLlo

! v 3

a 4 o = o Y A ds! = a A %
Lﬂ@!ﬁ@!ﬂ1iﬂ‘lNuﬁﬂﬂuﬂﬁ@%ﬂﬂ'lﬁlﬁﬂ'l0 INHYUNULIDTLASAIIUAN T@ﬂmmuaummaumu

9 1] '
N3gNe 0 = 0.375 uamﬁamﬁmnmazmnmummﬁimummﬁﬂmﬂwmummu WU 1IAa1

=

= [ . 1 a 1 o ] :, 1 = 1 é I~ dy Y 3 ] %‘
1ReINU (Time step) WU NAMAUNOGAMHUIAINII9ZTA § 1N FuTumsaIiiduani
4
Tuaiadulinig Imannsuuu (ulda A-A) ll§iduais (uada D-D) Mlinanseedy
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7587 (@) 5 (b.)
7.6 —=—2 ht
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75.41 —v— 71 hr
E Tt —— T4 hr
= 750) —+—75Ih¥
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é 74.81 —a— 77 hr
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% = . { 74.2 f } 1 t t t t |
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Volumetric Water Content (m’/m’) Pore-Water Pressure (kPa.)

31l 4.26 Hams$1aeams Inaduveaduluanfy Section A — A
1Y v J 1 Y
(a.) MNANVUAUNWUTIZHIN Volumetric water contentNUElevation

[ v J 1 [
(b.) MAUANNAUNUDTIZHIN Pore- water pressure NU Elevation

53.0 (a') 53.0— (b')
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(b.) MWANNFTUWUDTILHIN Pore- water pressure N1 Elevation
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mﬂc?'ﬁWﬂ'ﬁﬁﬁé{aummﬂaaﬂﬁw:hqﬂ (Minimum factor of safety, F.S.) (N0 7.608 A2
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moisture), We111TN1NA (Base normal force), MAIRILNILLSUFOUYDIAY (Shear strength
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gﬂﬁ 4.31 MWLLEA Critical slice surface YDIAANUA Step time 78
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d o d
4.4.4 WAMSAATZHADYIMNVDIAIAANAIEITAI1AIUA (Infinite Slope)
Y

ATER fyimsimseianSinaniwuaraninga (Critical cumulative
rainfall, CCR) mﬂizqﬂﬁi%”lunmﬁauﬁ’ﬂc?ammaaﬁw"l?f TagmsuaszinnaNyFuius
FEHIN mmwuwm%’uau (Soil thickness, H), mm1uw§u(Porosity, n), uazizﬁumméuﬁa
Tun7a@Y (Degree of saturation, S)Iu1a9e 2.5 155935 (2552) lduaaalifiudiar APl =nSH
@um3f 2.41) sghalsaanumaina APl 19 lumsideuss nunugidassanatelszns
wu Ty lumsidenldiiguan (K) fuaasluaumsi 4.1 esnnd (&) Tuifudes

9
wanedszns wu anuyulueina fudu hldmsldar AP e liutiveulildqe

APl =KXAPI _ +P 4.1
Tagn  AP[, = dwianuguiuluwiedu anailas (1) (mm)
AP = dxtanwguiuluuiafuvesainouni
(t—1) (mm)
K = sguan v nailas

P — afSmanie o na1lae (1) (mm)
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1 9ol =) u

Tunasesnuinumysuanivluazaninga (CCR) amisonsiaiala

[ 1% o [ <3 1 %’ { Y]
Tagdre ¥ uansaasntameld e dmsulaniualsnanhdunlslumsnouns

] I~ [ 1o & [~ 1 4 9.! H 1o &
a1 l5neua1 CCR lisududsaninual APl tiseandSuaniwunanyise ccr lusuilu

1 " W =Y % a g}J ¥ 1 3

doaaumnulsuani luuiadu (4P Matidunano1anateili Runoff 1319 szive 'l

= ¥ XA Y a A ' P = R A D) a
Tumsnynseiliiesnnsuauiian K asudiegedseylawlan duiianasnlvadhllau

naviva az CCR ~ APl viseansamen'ldn daaasluaunisn 4.2 (Usswa, 2548)
CCR~ APl =nSH 4.2)

Jasi  CCR

Y
USnanihwuaeauInga (Critical cumulative

rainfall, mm)

9
APl = W}fﬁﬂmwu%uiumaﬂu (mm)
N = AMUNFUVDIAY (Porosity)
S = 52AUANNONAYIUNIAAY (Degree of saturation,
%)
2 4
H = ANUARUIVOITUAY (m)

[

a d g a Ly 4 a dy
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HANNITANANNNTUAQ (Limit equilibrium) IﬂﬂWﬁ]Tﬁﬂﬂﬁ”IﬂWUG]HJuLL‘}JUaTﬂ@uuﬁ (Infinite
] A oAl Y3 = Yy =) [ g Y A = ~
slope) Tﬂﬂﬁ?lﬂimlﬂﬁﬁ”lﬂW‘Uﬁ"lﬂlﬂu 2030 hlﬂllﬂ ﬂﬁﬂ!ﬁ%ﬂﬂuTi@]@Q'ﬂﬁgﬂﬂaﬂMTﬂ Hasnit

Y
v o ] (% v

Ya { A a & { g { P
seanhldanognszaumauaa awaadlugii 4.32-4.33 uazasaunisi 4.3-4.8 awdiau
o A o2
FIUAUNAFIU AL
a d A a o a 4 9 =S [
1) MIAATLRADYTNNUDIDINAUILTINI AT LA lFngu]ririe
15952 aNSwWa (Effective stress analysis)
1 = 2 :) a
2) smahdunanuuaedunssainduenaDAAINE1IAIAAY
1a =S
uaz lumamsgadelan
¥ v 9
3) meaulinnuumhaueiuaaeANIMIdAn
v ¥ a ' < ¥ A ¥ a Ao v A a
4) MILLNFUAUIINRDNITIY 2 HU Ao FuAuNNgaaTaTlulRe)
<

Y 9 v
ﬂu@ﬁ@ﬂﬂﬂﬁﬁWﬂﬂ (Homogeneous material) uawuwu@qﬁmmummen
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4 Resisting force i — FR_/A - T_f
MNAUNITN 2.29; FS. = — =
Driving force Fo Fp/A ¢
HIMUMINIIA; T = c'-I—O"tan¢'—StanOl 4.3)
ANUNFU; n-_¢6 (4.4)
l1+e
w14, CCR=_% sH 4.5)
1+e

d' a 4 @ o . ~ [ 9.! 19 YA 1
31]‘" 4.32 MNUAAINITUATIEHA1RDUUA (Infinite slope) ﬂimsmuu1a§1muagaﬂm1ﬂ

W sin HL sin .
= B _v ﬂyH

1N A L) sinf

_ C+o'tang'-Stana

F.S. -
MHsin g
FS Cc'+yH cos ftang'-Stan
o MH sin g
cos D tan@' '—StanX
F.S.— ﬂ ¢ = <

sin ﬁ VH sin ﬂ
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'—S (04
F.S.sinﬂ—cosﬂtan¢': &
yH
c'—StanX
H=
(F.S.sim,B — cos,Btan¢')]/
wld cor=—2 c'—Stan¥ €6

1+e

V. (1 +e](F.S.sinﬁ—cosﬂtan¢')
L Cs .

= (% aol Ya ld‘q a
) ﬂimizﬂuuﬂmuagww’mu

Y a 4 v ~ o ¥ a A
qﬁl‘l.lﬁ 4.33 MNUFAINITUATIZHANNDUUA (Infinite slope) NIUITAVUIDINIAY

. WSin,B . ]/SmHLsinﬂ

A L
c’+0'tan¢'—StanO[
F.S.=
]/SmHsinﬂ
F = c'+(]/sm =7, )H cosﬂtan¢'—S tan(X

]/satH sinﬁ
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F.S.]/SatHsin,B =c -|-j/schos,Btan¢'—]/wH cosﬂtan¢'—StanC¥

c'—Stan = H|_F.S.]/Sm sin,B—]/Sm cos,Btan¢'-|—]/W cos,Btan¢’J

H=

B FSY. . sinﬂ—]/wt cosﬂtan¢'+]/w cosﬂtan¢'

CCR=

CCR =

CCR

F.S.

7 sat

7d

e

c'—StanX

c'—StanX
4.7
1+e _F.S.]/Sm sinﬁ—j/mt cosﬁtan¢'+j/w cos,Btan¢'
c'-Stana
(4.8)
l+e e .
7d (1+ Gj[F.S.sm S —cos ftan ¢']+ 7w COS S tan g’
L S i

ﬂ?mmﬁwﬂuﬁxa M%ﬂi]@] (Critical cumulative rainfall, mm)
izﬁ’ummﬁuﬁﬂumaau (Degree of saturation, 0 - 1)
ANV TR (m)

A58 IUFDIIN IULIAAU (Void ratio)
AANVD NI UNIZVOIUIAAY (Specific gravity)

U5 tienveanIaaullszansna (Effective cohesion)

yu@eamuneluvesaulse@nna (Effective internal friction
angle)

Mons1dIUANNIa0ANY (Factor of safety)

QQ'QJS}%

miehminauouiadaerh (Wetunit weight of soil)
vierhminaus (Dry unit weight of soil)
wierhminh (Unit weight of water)

yNAIAAY (Slope angle)

yuANNFURU sz emas UL Ao Az EAUANNINN

luuiaau (Constant parameter)
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(Degree) (m) FS.=0.80 FS.=1.00 FS.=1.20
AIUUU (TM) 31.22 0.9 398.93 389.71 380.58
AIUNAN(MM) 27.83 1.4 421.41 405.99 390.80
@A (BM) 24.44 1.0 398.82 382.04 37135
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Aga

onsaIunNlaeniuiiga (Minimum Factor of Safety, F.S)

Time (hr) 25 50 100 150 200 30.0 40.0 50.0 60.0 70.0 Triggerd
0 (Initial) 7.424 7.437 7.562 7.426 7.419 7.417 7.417 7.417 7.417 7.417 7.425
3 7.584 7.584 7.497 7.453 7.405 4.146 4.146 4.146 4.146 4.146 7.608
6 7.530 7.495 7.055 4.391 1.675 1.483 1.482 1482 1.482 1.482 7.608
9 7.425 7.171 4915 2.890 1412 0.893 0.890 0.890 0.890 0.890 7.608
12 7.235 5.173 2.708 1.866  0.878 0.830 0.830 0.830 0.830 0.830 7.608
15 6.952 4.109 2.180  1.210 0.826 0.818 0.818 0.818 0.818 0.818 7.608
18 6.567 3.545 1.731 0.819 0.816 0.815 0.815 0.815 0.815 0.815 7.608
21 5.768 3.066 1.410 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.608
24 4.760 2.637 1132 0816 0.815 0.815 0.815 0.815 0.815 0.815 7.603
27 4314 2.303 0.823 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.595
30 3.981 2.077 0.818 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.584
33 3.629 1.909 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.573
36 3.324 1.765 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.561
39 3.055 1.627 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.549
42 2.825 1.508 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.538
45 2.628 1.301 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.526
48 2.476 1.332 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.507
51 2.347 1.172 0.818 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.430
54 2.229 0.916 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.269
57 2.136 0.827 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 7.101
60 2.035 0.823 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 6.932
63 1.956 0.829 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 6.763
66 1.884 0.931 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 6.600
69 1.819 1.095 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 6.366
72 1.758 0.827 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 5.621
75 1.701 0.820 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 2.761
78 1.644 0.821 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 0.858
81 1.590 0.821 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 0.929
84 1.546 0.821 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.130
87 1.495 0.821 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.431
90 1.422 0.821 0.817 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.486
93 1.386 0.821 0.818 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.496
96 1.338 0.820 0.818 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.492
99 1.222 0.823 0.816 0.816 0.815 0.815 0.815 0.815 0.815 0.815 1.503

WM RIT = AN uduianasgain@y (Rainfall Intensity, mm/hr)
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Y f E a o 1 .
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gl.l a a 1 9 = Y [ Y4
ANuruvestuaY (H) uazyuaiau ( 8) a1eq laudaslunianuan 1 g ldaanuduius
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NIAURUANTIN CCR =138.60H —6.46 3 + 269.66 (4.10)
nsalluanminun  CCR =134.58H —4.963 + 208.32 (4.11)
nyalluaNmInuINg  CCR=122.11H —4.963 + 222.52 (4.12)
Taoi CCR = TmnanheudzauInge (mm)

H = ANUNUIVOIFUAU (m)

B = YNa1AAY (Degree)

9 ) tﬂy A= Y S o ° =
%'lﬂéll’éllql'ﬁﬂ'liﬁ'liﬂﬁlwuﬂﬁﬂ‘bﬂ ‘]J']UIﬂﬂQﬂﬂll ATUANDDINT Y DIUHDUINA

@ @ a g { { a = Y a J
WHIATIVA ﬂmﬂuﬁu‘ﬁ 24.6791 GﬂiNﬂIﬁLMﬁi HASUANUNUIVDIBUAUTEHIINN 1.00 -2.00

a

a A a Aa oA a v Yo o A %} a
WA 2 VINIUJUINUNINAATNAUND AU EJ"I,@ﬁ]@mumumﬂ‘%mmmduammmﬁ (CCR)

v

v Y
Tasmrua i uUaALTAMUKUT 1.00 LAz 2.00 WaT tazimrualiunuiuaa dvearulsuu

Y [
WHuTzanINgn AIN13199 4.10



116

= ° 3 o < ? a
M19190 4.10 ﬂﬁiﬂlmﬂ"]f‘L!ﬁ"’l]@\‘]LLNHVITEEJTMHWJHQ'%’@TN’JT‘IE]G] (CCR)

ﬁmuazaﬁnqﬂ (CCR, mm) o
"oona1 200 Tadwas GILN
200 — 250 aaLung GETON
250 — 300 Haanag uda
300 - 350 Haawag GOGRE
WINNI 350 UAAUAT T

v o P~ %l a Y v A
paInMsvar U nani ez auIngaansauanslanagili 435 - 4.40
Y v ~ ' a A 1 o a = a
pazagl1dasmsed 4.11 - 4.12 nunyuaeauinasodsuaniruazauinga Fayuainau
i Y1 F a ° a { vy Y1 H
nuannnz lansnanhruazaingad uazyumedunianiossy anSuanhwuasan

S 1 1 A %,/ a 1
INGAG %ﬂmmmwuwmmmumﬁwammﬂmmmﬂuﬁmmmm ﬂ'éﬂ’)ﬁ@ AITUNUN

t;l Y I Y = o Y a 1 Yya A Aa
sldmulannsaiduaniinung anunuvessuas 1.00 wasvzdinalinanuiings
Y

gaga (Snanhduazauingatosannsnsildanaumia 1d) uaznsaiduanmin anumun
Y a dy Y I 1 Aa' Aa a ] = 1 A A

YBIFUAY 2.00 W3 FliHuNNUNINgazina lugafSunaduasauuindi 350 Taawas

= o Y a a oA Lé [ 1 [ 9 [ ~ R d’d Aa wvAa A [ d’

vz IianaAuntia FanaaIna1dideandeanUNIARNEINLMINITAITI & TUN 1 un3IAN

@ 9 [ g}/ A o 1 = o 79 Y o [ A [ a
2555 sanaasludo 4.4 asiuununainanvedunsmi lliszgnalddmsunounsainan

9 ]
wialuwunld

d' % a dy AR Y S o o ~
M3 19N 4.11 ﬂ?mmmvluﬁzﬁu’mqm GU’ENWIWIﬁﬂ‘HTlﬂuIﬂﬂQﬂWZJ ANUANADINTIY DUNDUINA

DRI AN
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Kunzelstab Penetration Test (KPT)
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Station.

Boring No.

Depth
(m.)

Blow Count

N)

Qall (for Sand)

(ksc.)

Qall (for Clay)

(ksc.)

Top

™ 1

0.0

0.2

0.2

0.4

0.00

1.99

0.4

0.6

0.00

1.25

0.6

0.8

0.92

3.81

0.8

1.0

16

7.96

10.85

1.0

1.2

53

31.64

34.53

™ 2

0.0

0.2

0.2

0.4

0.00

2.53

0.4

0.6

0.00

2.53

0.6

0.8

18

9.24

12.13

0.8

1.0

37

21.40

24.29

™ 3

0.0

0.2

0.2

0.4

0.00

2.53

0.4

0.6

0.00

2.53

WaEIme * Ao AIAY W eNIhAUTNaY

a J

o I~ = ) A
Nnsy GIQEN (Loam) ﬂgﬂjﬂﬂjuqqgﬂ\iquu1u11muﬂ1iw%1m1
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Depth Blow Count Qall (for Sand) Qall (for Clay)
Station. Boring No.
(m.) N) (ksc.) (ksc.)
0.6
7 2.20 5.09
0.8
Top ™ 1
0.8
38 22.04 24.93
1.0
0.0
- % %
0.2
0.2
5 0.92 3.81
0.4
0.4
5 0.92 3.81
0.6
0.6
4 0.28 3.17
0.8
0.8
MM 1 8 2.84 5.73
1.0
1.0
14 6.68 9.57
1.2
Middle
1.2
10 4.12 7.01
1.4
1.4
18 9.24 12.13
1.6
1.6
20 10.52 13.41
1.8
0.0
- * *
0.2
0.2
MM 2 3 0.00 2.53
0.4
0.4
4 0.28 3.17
0.6

WaEIme * Ao AIAY W eNIhAUTNaY

a Jd

o I~ = ) A
Ny ﬁi]qq (Loam) ﬂgﬂjﬂﬂjuqqgﬂ\iquu1u11muﬂ1iw%1m1
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Depth BlOW Count Qall (for Sand) Qall (for Clay)
Station. Boring No.
(m.) N) (ksc.) (ksc.)
0.6
5 0.92 3.81
0.8
0.8
6 1.56 445
1.0
1.0
Middle MM 2 15 7.32 10.21
1.2
1.2
14 6.68 9.57
1.4
1.4
21 11.16 14.05
1.6
0.0
- * *
0.2
0.2
7 2.20 5.09
0.4
0.4
5 0.92 3.81
0.6
Bottom BM 1
0.6
4 0.28 3.17
0.8
0.8
7 2.20 5.09
1.0
1.0
19 9.88 12.77
1.2

WaEIme * Ao AIAY nienthaualiou

=

ny

¢
il

@

AR (Loam) Ngnsunaugeds lihwnllumsiaran
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A5199 V.1 HANMINATOUAINITUIIV0IAUAIBIT Double-Ring Test

#1875 Double - Ring

a o

WUA LEAAIAINITINN A.1

an

[
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i
=1

Time Elapsed Elapsed Flow Reading Increment Infill Rate
Start
Time Time Inner Ring Annular Space
Inner Annular
(Duration) (Total) Reading Flow Reading Flow Remark
End R N cm/sec cm/sec
hr : min min min cm. cm'. cm. cm'. “ “
(x107) (x10)
Start 12:40 1.0 6.7
15 15 1,752.3 7,661.6 27.539 40.422
End 12:55 10.0 31.1
Start 12:55 10.9 31.1
8 23 796.5 4,050.6 23.471 40.070
End 13:03 15.4 44.0
Start 13:08 18.2 24
15 38 1,416.0 7,567.4 22.254 39.925 Annular fill
End 13:23 26.2 26.5
Start 13:23 26.2 26.5
12 50 1,416.0 5,652.0 27.817 37.274
End 13:35 325 445
Start 13:39 35.8 10.7
15 65 1,115.1 8,101.2 17.525 42.741 Annular fill
End 13:54 43.8 36.5
Start 14:02 0.5 1.5 Inner and
15 80 1,416.0 7,379.0 22.254 38.931
End 14:17 8.5 25.0 Annular fill
Start 14:17 8.5 25.0
15 95 1,416.0 5,746.2 22.254 30.317
End 14:32 16.2 433
Start 14:39 19.7 4.0
15 110 1,362.9 5,495.0 21.419 28.991 Annular fill
End 14:54 273 21.5
Start 14:54 273 21.5
15 125 1,292.1 5,495.0 20.306 28.991
End 15:09 34.6 39.0
Start 15:17 38.6 10.0
7 132 619.5 3,140 20.863 35.499 Annular fill
End 15:24 42.1 20.0
Start 15:24 42.1 20.0
8 140 654.9 3,454.0 19.298 34.168
End 15:32 45.8 31.0
Start 15:45 1.0 1.0 Inner and
15 155 1,221.3 6,594.0 19.194 34.789
End 16:00 7.9 22.0 Annular fill
Start 16:00 7.9 22.0
26 181 2,106.3 6,908.0 19.097 21.027
End 16:26 19.8 44.0
Start 16:30 19.0 1.0
30 211 24249 7,222.0 19.055 19.051 Annular fill
End 17:00 32.7 24.0
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%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kN/m

140

120

100

60

40

20

1.2

130

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

139

0 1 o] 4 5 7 8
Horizontal Deformation (mm.)
3 4 P 0 h
Horizontal Displacement (mm.)
r/O
/
T
.//
O
v =0.708x + 51.83 ||
RZ=0.995
0 20 80 100

40 - 60
Normal Stress (kN/m-)

Y
NINUDIAIDINAUA UYL BM 2 i%ﬁ“ﬂﬂ’ﬂllﬁﬂ 0.25 1UA9 mm%u 11.84 %
v v ' . .
HEANANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress



140

140

120

%)

100

60

40

Shear Strength (kN/m

20

0 1 2 3 4 < 6 7 8

Vertical Displacement (mm.)

-0.4

Horizontal Displacement (inim.)

130

120
110 —0

100 —
80 2
70
60 /{
50

40
30 y =0.732x+50.32 |

0
20 R*=0.986
10

%)
\

Shear Stress (kIN/m

0 20 80 100

40 - 60
Normal Stress (KN/m-)

$ U 1 a o 1 % g
gﬂﬁ -2 ﬂi?ﬂﬂlﬂﬂ@]ﬁ@ﬂ?ﬂﬂﬂ@]%&ﬁﬂﬂ BM 3 izﬂ‘]_Iﬂ’JnJﬁﬂ 0.25 tUNT ANUTU 25.29 %
naAIANNFURUTTEH I a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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100

%)

Shear Strength (kN/m

-0.8 #

10 %
-1.2

Vertical Displacement (mm.)

Horizontal Displacement (inim.)
100

%)
®
=]

Shear Stress (kIN/m
ho
S S

30 — — g
20 h/O' y=0.753x+19.41

10

0 20 40 - 60
Normal Stress (KN/m-)

v Y
31U A-3 nvlvesdredaAumuKIe BM 2 55AUANNEN 0.25 14A5 AN 43.50 %
o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

0 1 2 3 4 < 6 7 8

0.4
0.3
0.2
0.1
0.0 @

0.2 ,

0.3 d

-0.4 -

0.5 e T
-0.6
-0.7

Vertical Displacement (mm.)

Horizontal Displacement (inim.)

%)

Shear Stress (kIN/m
e
=)
\\

30
20 '\/0/ v =0.638x+ 18.38 ||

0 20 80 100

40 - 60
Normal Stress (KN/m-)

$ U 1 a o 1 % g
gﬂﬁ -4 ﬂi?ﬂﬂlﬂﬂ@]ﬁ@ﬂ?ﬂﬂﬂ@]%&ﬁﬂﬂ BM 3 izﬂ‘]_Iﬂ’JnJﬁﬂ 0.25 tUNT ANUTBU 56.03 %
naAIANNFUIUTEH I a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress



%)

Shear Strength (kN/m

0.2

0.0

-0.2

-0.4

-0.6

-0.8

Vertical Displacement (mm.)

-1.0

-1.2

%)

Shear Stress (kIN/m
w
=}

0.00

Horizontal Displacement (inim.)

/’

-

/

o

g

o

20.00

40.00

60.00

Normal Stress (kIN/m?)

30.00

100.00

v Y
g‘ﬂﬁ A-5 N311U0IAI08NAUANLTIUS BM 2 ’iw’ﬁjﬂ’ﬂllﬁﬂ 0.25 A9 mm%u 69.70 %

% o J 1
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement

b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

140

120

100

60

40

20

0.4
0.2
0.0

02

-0.4
-0.6
-0.8
-1.0
-1.2
-1.4

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

Y
N511v09AI0819AUAYIUY BM 1 ig@ﬁjﬂ’ﬂllﬁﬂ 0.50 tun 3 mm%u 77.43 %

1 2 3 4 5 6 - 8

Horizontal Displacement (inim.)

O
\D

¥=0.638x+ 30.56 |

R*=0.992

100 120 140 160

20 40 60 80
Normal Stress (KN/m-)

% o J 1
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement

b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

100

60

40

20

0 1 2 3 4 < 6 7 8

Horizontal Displacement (inim.)

80 >

h
=}
@]

40

30 ,/ — T
/( v =0.635x+2.6

20 e R3=0.993 I

%)
th

10—

0 60 80 100 120 140 160
Normal Stress (KN/m-)

0 20 4
(Z v a o v (2 = dy
NFINUBIAIDINAUA KU BM 1 52AUANAN 0.50 AT ANNBU 88.07 %
o o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

80

0 1 2 .3 4 5 6 7 8
Horizontal Deformation (imm.)
0.4
0.2
00 gt
TR x :
02 0 1 2 ’! 3 4 ki [} h
L)
-0.4 F
) 1
-0.6 it
]
0.8 R —
-1.0
Horizontal Displacement (inim.)
70
60 /O
50 -
40 /
N /'
20 =]
y=0.578x+ 6.143
10 0/9/ R:=0.998 |
0 i
0 20 80 100

40 - 60
Normal Stress (KN/m-)

Y
NIINUDIAIDINAUA YUY BM 3 i%ﬁ“ﬂﬂ’ﬂllﬁﬂ 0.25 A9 mm%u 91.12 %
o o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

120

100

80

60

40

20

0 1 2 3 4 < 6 7 8

-0.6

-0.8
Horizontal Displacement (inim.)

110
100 £

90 ]

/

30 y=0.719x+ 37.9
20 R* = 0.999

[#%]

0 20 80 100

40 - 60
Normal Stress (KN/m-)

Y
NFINUBIAIDINAUA KU MM 2 i%ﬁ“ﬂﬂ’ﬂllﬁﬂ 0.25 a9 ﬂ’ﬂiJ"?ﬂl 7.10 %
o o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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%)

Shear Strength (kN/m

0 1 2 3 4 < 6 7 8

Vertical Displacement (mm.)

-1.4

L "0

Horizontal Displacement (inim.)

)

Shear Stress (kIN/m
e
=)

il v = 0.632x+ 19.64

R*=0.995

0 20 80 100

40 - 60
Normal Stress (KN/m-)

v Y
3N A-10 navlvesdredAUMILLG MM 1 SEAUANNEN 0.25 AT ATINFU 49.39 %
o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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120

)

-

100

80

60

40

Shear Strength (kN/m

20

0 1 2 3 4 < 6 7 8

Vertical Displacement (mm.)

Horizontal Displacement (inim.)

120

110
100 —

%)
=
\

Shear Stress (kIN/m
&
S
A

-
30 _/O‘ ¥=0.613x+ 2531 H
20 R*=10.998 L

0 20 4 100 120 140 160

0 60 80
Normal Stress (KN/m-)

$ U 1 a o 1 % g
gﬂﬁ A-11 ﬂi?ﬂﬂlﬂﬂ@]ﬁ@ﬂ?ﬂﬂﬂ@]%&ﬁﬂﬂ MM 2 izﬂ‘]_Iﬂ’JnJﬁﬂ 0.50 tUAT ANUTBU 59.42 %
HaAIANNFUIUT M a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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100

%)

Shear Strength (kN/m

0 1 2 .3 4 5 6 7 8
Horizontal Deformation (imm.)
0.2
- 0.0
g A
0 3 4 P [ 3
g 2 ’
: ,
2 -04 i
z /
= 06 o
=) /
= -0.8 4
= !
£ 10 '
= ﬁ
-1.2

Horizontal Displacement (inim.)

)

_

(;0 _—

.,
1
=}

Shear Stress (kIN/m
th
=

30 -
20 =T vy =0.695x+17.77 ||

R*=0.997

0 20 80 100

40 - 60
Normal Stress (KN/m-)

v Y
3N A-12 navlvesdtedaAumILKLY MM 2 SEAUANEN 0.50 AT AT 69.74 %
o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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80

%)

Shear Strength (kN/m

0 1 2 .3 4 5 6 7 8
Horizontal Deformation (imm.)

0.2
0.0 ; ’

, o
0.2 0 1 / - 5

, r 4
rd
0.4 y
i rd
0.6 )

/
/

=
==

0.8 ,
/

-1.0 7

Vertical Displacement (mm.)

-1.2

-1.4
Horizontal Displacement (inim.)

)

0

Shear Stress (kIN/m
e
=)

20 o=~ y=0.617x+12.63 ]
5 R:= 0.981

0 20 80 100

40 - 60
Normal Stress (KN/m-)

v Y
31U A-13 navlvesdredaAumILLY MM 2 SEAUANNEN 0.25 AT ATINFU 72.15 %
o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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i

a
N

%)

Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

60

0.2

0.0

==

-0.2

-0.4

-0.6

-0.8

-1.0

Horizontal Displacement (inim.)

7

/

G/E"

v =0.552x + 2.697

R=1

20

40 - 60
Normal Stress (KN/m-)

80 100

% o J 1
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement

b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress

Y
A-14 N511U09AI08 AU NLTIUI MM 1 igﬂﬂﬂ’ﬂllﬁﬂ 0.25 a9 mm%u 85.82 %
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100

%)

60

Shear Strength (kN/m

00—

' C—
-0.6
-0.8

-1.0 %

-1.4 M
-1.6

Horizontal Displacement (inim.)

Vertical Displacement (mm.)

)

.,
1
=}

O

Shear Stress (kIN/m
= -
=)

0 20 4 100 120 140 160

0 60 80
Normal Stress (KN/m-)

v ¥
3N A-15 navlvesdegaaudmiia MM S2AUANNEN 0.50 WAT AN 94.20 %
o o ' . .
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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120
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100

80

60

40

Shear Strength (kN/m

20

th
[=2)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 ¢
-0.1
-0.2
-0.3

Vertical Displacement (mm.)

Horizontal Displacement (inim.)
120

100 —

%)

60 =

40

Shear Stress (kIN/m

v =0.673x+53.10
20 R*=0.97 U

0 20 80 100

40 - 60
Normal Stress (KN/m-)

$ U 1 a o 1 % j}
gﬂﬁ f-16 ﬂi?ﬂﬂlﬂﬂ@]ﬁ@ﬂ?ﬂﬂﬂ@]%&ﬁﬂﬂ ™ 2 igﬂﬁﬂfﬂllﬁﬂ 0.25 AT ANUBU 16.44 %
HaAIANNFUIUT M a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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160
140
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Shear Strength (kN/m

0 1 2 3 4 5 6 - 8

2}
=2
-1
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Vertical Displacement (mm.)

%)
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e
=]

\

10 v = 0.697x + 58.22
30 R*=0.991

Shear Stress (kIN/m
®\e
=S

0 60 80 100 120 140 160
Normal Stress (KN/m-)

0 20 4
d' (Z v a o v v = dy
3‘1]1’] n-17 N5 1ve IR0 AUMLYIUY TM 3 3¢AUNNUAN 0.50 LUAT ANUBU 34.23 %
o o d 1
HEAIANNANNUTIZHIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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Shear Stress (kIN/m
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=
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5 6
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Horizontal Displacement (inim.)
//o
G/e/
y=0.56x+37.27 ||
*=0.993
0 80 100

40 - 60
Normal Stress (KN/m-)

¥
A-18 N3 11 UDIAIVINAUA KU TM 3 53@1Jﬂ’311|§ﬂ 0.25 U3 mm%u 48.31 %

% o J 1
HEAIANVANNUTISYIN a) Shear strength — Horizontal displacement

b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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Shear Strength (kN/m

Vertical Displacement (mm.)

%)

Shear Stress (kIN/m

157

140

120

100
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0.4

Horizontal Displacement (imm.)

140
130
_—

120
110 —

ig v =0.610x+ 46.72
: R* = 0.990

0 60 80 100 120 140 160
Normal Stress (KN/m-)
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N5 1ve IR0 AUMLYIUY TM 6 5$ﬁ}°ﬂﬂ’ﬂllgﬂ 0.50 U3 ﬂ’ﬂll‘?ﬂ! 58.13 %
o o d 1 3
HEAIANNANNUTIZHIN a) Shear strength — Horizontal displacement
b) Vertical displacement - Horizontal displacement

¢) Shear stress — Normal stress
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100
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Vertical Displacement (mm.)
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60

40

Shear Stress (kIN/m
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ABSTRACT: Increase in soil moisture due to heavy rainfall is the main factor that reduces shear strength
of the soil and triggers landslide. This research aimed to study an effect of rainfall on soil moisture and
stability of a natural slope in Songkhla province, southern Thailand. The slope experienced landslide on
January 1%, 2012, where a cumulative rainfall of more than 344 mm was measured. A finite element
model was developed for landslide analysis using GeoStudio software. Seepage simulation and slope
stability analysis were conducted to assess the failure mechanism of the landslide. Simulation result
indicates that landslide occurred when the accumulative rainfall exceeding 310 mm, which was
practically similar to the measured rainfall. Based on the slope model established, a critical cumulative
rainfall chart was generated and can be used for landslide warning purpose.

1. INTRODUCTION

Landslide is a geotechnical hazard that causes
agricultural problem, economic difficulty, and
even loss of life. Landside risk is the result of
several factors such as land use, soil type, slope
angle, and rainfall. The most important factor that
triggers landslide is the amount of rainfall (Zhang
and Tang, 2011). Different rainfall intensity and
pattern significantly affects the cumulative rainfall
that triggers landslide (Guzzetti et al., 2007). The
cumulative rainfall can be used for landslide early
warning purpose.

On New Year day of 2012, several landslides
took place in a mountainous area of Natawee
district, Songkhla province, southern Thailand
(Figure 1). The landslides caused by two-day
heavy rainfall with cumulative rainfall exceeding

344 mm (Chalermyanont and Chup-Uppakarn,
2014). The heavy rainfall transformed stiff and
unsaturated soils into soft and saturated soils that,
in turn, reducing the stability of the slope until
failure occurred. The objectives of this study were:
1) to access the failure mechanism of the rainfall-
triggered landslide by conducting seepage and
slope stability analyses and 2) to use the
appropriate slope model obtained from the
analyses to develop a rainfall intensity-cumulative
rainfall chart that can be used for landslide early
warmning purpose. The seepage analysis was
conducted by developing finite element-based
seepage model (Seep/W), while, the slope stability
analysis was based on limit equilibrium method
(Slope/W). Both Seep/W and Slope/W are
package modules in GeoStudio 2012 software
(GEO-SLOPE International Ltd.).
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Figure 1. Topograpical map showing landslide study
area, Songkhla province, southern Thailand.

2. SITE DESCRIPTION

The study area is the mountainous area in Natawee
district, Songkhla province, southern Thailand
(Figure 1). Geologically, the bedrock of the study
area consists of Trassic sedimentary rocks
including sandstone, mudstone, and siltstone. Top
soil is colluvial lying above the bedrock is silty
sand, classified as SM according to the unified soil
classification system (USCS) with thickness
ranging from 1.0 to 2.0 m.

Because of the heavy rainfall from December
31%, 2011 to January 1%, 2012, landslides occurred
at more than ten locations within the study area.
The site study landslide is shown in Figures 2. It
can be seen that the landslide failure occurred at
the contact between soil and rock such that v-shape
bedrock is evident in Figure 2a. The colluvial soil
above bedrock was completely detached and
moving downward along the streambed. The crown
of the landslide was almost at the ridge of the
mountain (Figure 2b). Distance from crown to toe
was measured as 193 m.  Width of the landslide
ranged from 5 to 10 m with 1.0 to 2.5 m deep.
Previous investigation by Chalermyanont and
Chup-Uppakarn  (2014) reveals index and
engineering properties of the colluvial soil that
caused landslide. Specific gravity (Gs), liquid limit
(LL), plasticity index (PI), saturated volumetric
water content (&) of the soil were 2.63, 19.13%,
43%, and 0375, respectively. Hydraulic

conductivity of the soil was 1.91x10-3 cm/s.
Multi-stage direct shear (MSDS) test (ASTM D-
3080) was conducted to assess the shear strength
of the soil. Mohr-Coulomb failure envelops
(Figure 3), obtained from the MSDS test indicate
that the effective cohesion (¢”) and internal
friction angle (¢’) of the soil were 3.37 kPa and
29.06 degrees, respectively.

Figure 2. A selected site for landslide analysis; (a)
picture of landslide site; (b) aerial view of the landslide
site.
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Figure 3. Multi - stage direct shear test results for
determination of shear strength parameters of colluvial
soil in the study site.

3. FINITE ELEMENT MODELLING

The landslide was modelled using finite element
based software (GeoStudio v. 2012) as shown
graphically in Figure 4. The model consisted of
two layers; colluvial soil and bedrock with slope of
28 degrees. The soil was 1.4 m thick. Hydraulic
and shear strength properties used in the model
were described in the previous section and shown

171



in Figure 4. The bedrock was modelled to be very
stiff and impermeable, the slope failure only
occurred within the soil and soil-rock interface.
Boundary conditions of the model are tabulated in
Table 1. Rainfall boundary was set only at the
ground surface. No flow boundary was used at the
ridge and beneath bedrock layer. Water was
allowed to drain out at the toe of the model which
was modelled using a unit gradient boundary.

Layer 1 : Colluvail sofl ;

SEEPAW Material
LL = 19,13 %, B = 0575, Dy~ 0.001 mm.
Dyo =9 mm, Ky = 1,905 x 10° cmis,

SLOPE/W Material
Uait Weight = 17.979 KN/ar',
¢ =3.37 kP, ' = 29.06 Deg.

93.00

SEEP/W Material
Very Sl

SLOPE/W Material
Impeactrable

Figure 4. A finite element model for landslide analysis.

Table 1 Model boundary conditions.

Material Boundary* Boundary type
1. Soil ab, be, cd Rainfall (¢)
ah No Flow (Q = 0)
de Unit gradient (1)
2. Bed Rock  hi, ij, jk, k. le No Flow (Q = 0)

* Boundary locations according to Figure 4.

To simulate transient seepage and reduction of
shear strength during wetting, a soil water
characteristic curve (SWCC) and a permeability
function were needed. The SWCC exhibits
relationship between matric suction and volumetric
water content of the soil. In this study, the SWCC
was obtained empirically using soil index
properties following an equation proposed by
Aubertin et al. (2003). The index properties used
were; Dip=0.001 mm, Dgp = 9 mm, &= 0.375, and
LL = 19.13%. The computed SWCC is shown
graphically in Figure 5a. The SWCC was validated
by comparing with SWCCs of similar soil types
acquired from UNSODA (Unsaturated Soil
Hydraulic Database, USDA). As seen in Figure Sa,
the computed SWCC compared fairly well with the
acquired SWCCs. Correspondingly, a permeability
function (Figure 5b), which explains the
relationship between the matric suction and
hydraulic conductivity was computed using the
SWCC just obtained following an equation
proposed by van Genuchten (1980).
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Figure 5. Soil properties used in finite element analysis:
(a) soil water characteristic curve (SWCC); (b)
permeability function.

4. RESULTS AND DISCUSSION

4.1 Seepage Analysis

A transient seepage simulation was conducted
using Seep/w module. Measured rainfall data from
December 29'*', 2011 to January 2"d, 2012 were
used as input rain into the model with total of 120
time steps (i.e., a time step = 1 hr). Simulation
results are shown in Figures 6. Figure 6a is a time
series plot of volumetric water content profile.
Before raining, the volumetric water content was
0.19. During raining, the volumetric water content
increased while the wetting front moved
downward. The soil layer was fully saturated at
time step of 78 when the volumetric water content
for the whole depth of soil exceeded 0.375. When
the rain stopped, seeping water was drained out of
the soil and the volumetric water content
decreased. As shown in Figure 6a, the volumetric
water content profiles for the time steps of 84 and
120 moved back to the left (e.g., decreasing of
volumetric water content).

Likewise, the pore water pressure of the soil
increased with increasing volumetric water content
(Figure 6b). The pore water pressure changed with
time from negative to positive values when the soil
transformed from unsaturation to saturation, which,
in turn, reduced its shear strength proportionally.
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Figure 6. Typical seepage simulation results: (a)
volumetric water content profiles; (b) pore water
pressure profiles.

4.2 Slope Stability Analysis

Stability of the slope was assessed by conducting
slope stability analysis using Bishop’s simplified
method. A model for computing soil shear strength
with respect to soil suction by Vanapalli et al.
(1996) was used in computing shear strength of the
unsaturated soil. Factor of safety (FS) for every
time steps was computed using Slope/W module.
The FS was computed for both unsaturated-and-
firm conditions {e.g., at ecarly time steps) and
saturated-and-soft conditions (e.g., at late time
steps after the heavy rain). Computed FS values
according to the time steps are illustrated in Figure
7. As expected, the FS values were high (i.e., as
high as 7.61) when the soil was as its natural state.
However, after the slope was poured by the heavy
rain on December 31%, 2011, FS values reduced
drastically. The slope failed with corresponding FS
of 0.858 when the cumulative rainfall exceeded
310 mm at time step 78.

The entical slip swface computed to have
minimum FS of 0.858 and caused the landslide is
shown Figure 8. It can be examined from this
figure that the slope failure occurred initially at the
bottom part near the toe. Consequently, the upper
part of slope near the crown lost its supporting soil
mass and moved downward. Detailed seepage
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simulation results support the aforementioned
statement. Because of the fact that the slope was
very long and thin and the bedrock was essentially
impermeable, thus, drainage took place only at the
toe. For heavy rainfall, high seeping water through
the toe was observed in seepage simulation.
Practically, high seeping water usually erodes the
soil particles along with it. Loss of soil mass dus to
erosion at the toe, in this study, was hypothetically
believed to be ancther cause that helped triggering
the landslide.
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Figure 7. Rainfall intensity, cummulative rainfall, and
computed factor of safety of the slope.
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Figure 8. Critical slip surface of the slope.

4.3 Critical cumulative rainfall for Ilandslide
warning

For landslide waring purpose, a chart showing
critical cumulative rainfall was developed (Figure
9. In developing this chart, the slope model and all
setting parameters previously deseribed were used.
Rainfall intensity, however, was set to be constant
for each run. Transient seepage simulation and
slope stability analysis were conducted and the FS
was computed. The cumulative rainfall associated
with the failed slope (i.e., computed FS = 1.0) was
defined as  critical cumulative  rainfall.
Relationships between cumulative rainfall and
rainfall intensity are shown in Figure 9. Tt can be



seen that the critical cumulative rainfall is not a
constant value but it varies with rainfall intensity.

To show how the chart can be used in landslide
warning purpose, a series of rainfall events
observed in the study area were plotted on Figure
9. The dotted lines show several rainfall events that
actually did not cause the landslide. These lines do
not cross the critical cumulative rainfall line (red
line with FS=1.0). On the contrary, the blue line
(the rainfall event that triggered landslide) crosses
the critical cumulative rain fall line at the
cumulative rainfall of 310 mm. In summary, the
critical cumulative rainfall chart has been proved to
be effectively used for landslide warning.
However, this chart was developed and validated
using only single landslide event. More monitoring
rainfall and landslide data from the study area are
needed to improve the validity of the chart.
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Figure 9. A cumulative rainfall chart for landslide
waring of the study area

5. CONCLUSIONS

A rainfall-triggerd landslide in Songkhla province,
southern Thailand due to the heavy rainfall from
December 31%, 2011 to January 1%, 2012, was
investigated. The failed slope was about 28 degree
consisting of 1.4-thick colluvial overlying the
sedimentary bedrock. A finite element model was
developed and transient seepage simulation and
slope stability analysis were conducted to assess
the failure mechanism of the landslide. Simulation
results revealed that as the volumetric water
content of the soil increased, the soil shear strength
decreased which, in turn, reduced the stability of
the slope. The slope failed when computed FS was
less than unity and accumulative rainfall exceedsd
310 mm. This accumulative rainfall was fairly well
corresponded to the observed rainfall that actually
triggered landslide. A critical cummmulative rainfall
chart was developed for landslide warning purpose
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for the study area. The chart was proved to be
effective on landslide warning.
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