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Abstract 

This reports consists of two main parts. In first part, a series of experiments 

were undertaken to evaluate the hydrological responses of shallow slopes of varying 

steepness subjected to varying intensities of rainfall. An analysis of infinite slopes 

were also undertaken to develop a fundamental understanding of rainfall-induced 

shallow landslide characteristics. The hydrological and physical responses were 

characterized in the infiltration and saturation phases. During the infiltration phase, 

the maximum water content was found behind the wetting front, termed as the 

water content behind the wetting front (Ohl, ). For a certain soil type, the magnitude 

of Owb  was found to be dependent on the magnitude of rainfall intensity, regardless 

of the slope gradient and initial water content. Based on the relative depth of the 

failure plane, the failure can be categorized by three prime modes: 1) along the 

impervious layer mode, 2) shallow depth mode, and 3) transitional mode. These 

modes can be characterized by the magnitude of a stability index termed as 

tanco'itanfi ratio. An infiltration index termed as Or, ratio was found to play a role 

in the depth of failure plane only for the transitional mode. Second part presents 

a sets of parametric study performed via finite element modeling to investigate the 

effect of saturated permeability of soil, slope angle and antecedent rainfall on 

instability of a shallow slope. It was found that the rate of reduction in safety factor 

increases with an increasing the intensity of rainfall, only in a range of lower than the 

infiltration capacity at soil saturated state. As such the, saturated permeability of the 

soil, which is equal to the infiltration capacity at soil saturated state, plays an 

important role in the shallow slope failure. The saturated permeability was found 

also to govern a range of applicability of the rainfall intensity-duration thresholds for 

initiation of slope failure. If the rainfall intensity is not greater than the infiltration 

capacity at soil saturated state, the rainfall duration to failure be read from the 

thresholds. Slope angle and antecedent rainfall were found to play significant roles 

on instability of shallow slopes, as they control the initial stability of slope, which 

results in the different linear relationship of thresholds. In addition, the slope angle 



might accelerate the rate of rain water infiltration, and hence it reflects the slope of 

the thresholds. 

Based on those failure modes, primary methodology for monitoring device 

installations to build up physically-based warning system was introduced. Where the 

mild slope, the failure plane will be along the impervious layer. Should install a 

warning device near the boundary between the soil layer and impervious layer to 

detect an increase in water table levels. While the Intermediate steep slope is a 

transitional failure, the failure plane can occur at various depths depending on the 

stability and infiltration indices. For a given ilk, lower values of the strength 

parameters (both c' and 0') result in shallower depths of the failure plane. 

Furthermore, in cohesionless sloping ground having its steepness angle close to the 

soil frictional angle, when the rainfall intensity approaches the value of the soil 

saturated permeability, the variation of rainfall intensity plays the major role in the 

eventual depth of the failure plane. This study also found that little cohesive 

strength in sloping ground can reduce the influence of rainfall intensity on the depth 

of a potential failure plane. 
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1. Statement of problems 

Rainfall-induced shallow landslide is a natural disasters frequently found in many countries. 

In Thailand, four of fourteen most catastrophic natural disasters are disasters caused by 

rainfall-triggered shallow landslide (Wiki, Yumuang, 2006; Oh et al., 2008). Early warning 

systems are common tools to manage rainfall-induced disasters, including landslides, floods, 

and debris flows. The current warning system is evaluating the level of disaster risks based 

on only real-time rainfall data, i.e. period and intensity of rainfall (Caine, 1980; Calcaterra et 

al, 2000; Corominas, 2000; Crosta and Frattini, 2001; Aleotti, 2004; Cannon and Gartner, 2005; 

Chien et al., 2005; and Guzzetti et al., 2007). This system is ease to use but it is empirical 

based and neglects several critical factors that govern true landslide characteristics (Pradel 

and Raad 1993; Rahimi et al. 2010; Ma et al. 2011; Santos° et al. 2011; Cho and Lee 2002; 

Rahardjo et al. 2007; Cho 2009; Xu et al. 2009; Ali et al. 2014a; Shen et al. 2015; Rahardjo et 

al. 2001; Rahimi et al. 2011; Cuomo and Della Sala 2013; Zhan et al. 2013), thus making this 

system not applicable outside the calibrated area. 

Presently a physically-based warning system (Tohari et al. 2007; Greco et al. 2010; 

Eichenberger et al. 2 0 1 3 ) is being interested. In this method, the warning levels are 

evaluated via the real-time hydraulic responses read from a set of monitoring devices. 

Tohari et al. (2 0 0 7) conducted a series of large-scale tests on homogeneous slopes to 

understand the triggered mechanism of rainfall-induced slope failures and reported that 

most of the failure planes took place near the slope surface and were triggered by the rise 

in water table. Consequently, Tohari et al. (2 0 0 7 ) suggested that the monitoring devices 

should be installed close to the slope surface and suggested two levels of warning phases, 

termed as early warning and final warning. However, this recommendation is based on a 

homogeneous soil slope, where the dominant failure mode is a noncircular sliding failure. 

However, for shallow slopes, where the thickness of the soil slope is thin compared to the 

length of the slope, the conclusions might be different from those reported by Tohari et al. 

(2007). 
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Insight into the development of seepage responses on shallow slopes during rainfall 

period will assist instrument installation, and hence enhance the efficiency of the warning 

system. Pradel and Raad (1993), Lee et al. (2009), Li et al. (2013), and AU et al. (2014b) 

reported that the increment of pore pressure depends on an infiltration index, termed as a 

ratio of rainfall intensity to the saturated permeability of the soft. The higher the infiltration 

index, the more likely the failure occurs during the period of downward advance of wetting 

front termed the infiltration phase, and hence the shallower the depth of failure, and vice 

versa. Though works have been undertaken to study the hydrological responses in shallow 

slope due to rainfall, many factors are either neglected or played less attentions to the 

considerations. There has been no known study to date involving a series of laboratory 

experiments to evaluate the hydrological responses due to rainfall on shallow slopes, 

whereby the slope angle is conclusively taken into consideration. Another interesting factor 

is vegetation which is believed to play role in stability of slope. This study aims to determine 

effect of slope angle and vegetation on hydrological response, and consequently the 

stability of slope. If the effect of these factors on seepage response in shallow slopes during 

rainfall is known, suggestion of instrument installation will be conducted effectively. 

2. Objectives 

to inveStigate the effect of the relevant factors including rainfall intensity, slope 

angle, vegetation, and soil hydraulic properties on the failure characteristics of shallow 

slopes subjected to continuous rainfall. 

to suggest the suitable location for instrumentations such that the warning system 

will work effectively. 

3. Research methodology 

This study was systematically divided into two parts: 1) laboratory experiments and 2 ) 

stability analysis of the slope. 

1) Laboratory experiment 

A large physical slope model was constructed such that a series of experiment to evaluate 

the hydrological responses can be conducted under various conditions of the relevant 
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factors. A schematic diagram of the physical model is shown in Figure1. The model consists 

of four components including the rainfall simulator, the experiment box, the box supports, 

and the chain pulley system. The box supports are pin and roller type supports such that 

the experiment box can be raised one side to a prescribed inclined angle by the chain 

pulley. The configuration of laboratory experiment was designed to investigate only 

hydrological responses of various sloping ground subjected to various rainfall intensities. 

Mechanical responses of the sloping ground are about to exclude from this experiment. 

Figure 1 Schematic diagram of the physical slope model 

Sets of laboratory experiment was conducted as shown in Table 2. Each test, rainfall 

was continuously applied until the arrival of the steady state which is indicated by the rate 

of water outflow at slope toe equals to the rainfall intensity. The magnitudes of rainfall 

intensity assigned to every test are lower than the soil saturated permeability. Monitored 

data will be recorded during the test until the arrival of the steady state (end of each test). 



Table 1 Detail of the tests to be conducted. 

tit"1 •4:4i:',4,-:...„,,!:::  
intens ty  pLap let( deg);c:f  

:. 
:ilperi t-sterroirainfelltperloci;f6(ddy):::„ 

t 

I 

45 

20 

70 

100 

130 

160 

II 100 

5 

10 

30 

III 100 20 

4 

7 

14 

2) Stability analysis 

Based on comprehensive knowledge from laboratory investigated in the first section, a series 

of infinite slope analysis was conducted to develop a fundamental understanding of the 

characteristics of failure planes in shallow slopes when subjected to varying of relevant 

factors. A limit-equilibrium approachis a most common method to assess the stability of 

infinite slopes when subjected to varying rainfall conditions. Figure 2shows a typical section 

of infinite slope under rainfall condition. The failure plane is assumed to be parallel to the 

slope surface. The safety factor (FS) representing slope stability is defined by a term of shear 

strength (z-R ) over mobilized shear force (TM). 
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Figure 2 Analysis of infinite slope subjected to rainfall event 

4. Results and conclusion 

The physical model was conducted in this study to investigate the effect of rainfall 

intensity, slope angle and inter-storm period on hydrological responses taking place in the 

soil shallow slope. The comprehensive understanding of the hydraulic responses gained 

were leading to simplicity analysis of shallow slope stability, which can be concluded that: 

The hydrological response is characterized by wetting and saturation phases. During 

the wetting phase, the magnitude of volumetric water content increases from its 

initial value to the final volumetric water content called "volumetric water content 

behind the wetting front: fcb". Further increment of the magnitude of volumetric 

water content will take place again when the saturation phase begins. At the 

saturation phase, the magnitude of water content will increase from Gm, to the 

saturated volumetric moisture content (Os ). 

The magnitude of rainfall intensity (i) affects the volumetric water content on both 

phases. The higher magnitude of rainfall intensity induces faster movement of 

wetting front and rise of water table. In addition, the magnitude of Om, increases 

with increasing the magnitude of rainfall intensity.  

The slope angle (b) does not affect the variation of volumetric water content during 

the wetting phase. In addition, the magnitude of 0," does not depend on the 



magnitude of b. However, the slope angle affects the variation of volumetric water 

content during the saturation phase. The flatter slope coincide with the faster rise of 

water table. 

As for the slope stability analysis, the location of the failure plane is located at the 

depth of the impervious layer for the low gradient slope and at a shallower depth close to 

the slope surface for the high gradient slopes. Based on the relative depth of failure plane, 

the failure is categorized to three modes: 1) along the impervious layer mode, 2) shallow 

depth mode which occurred very close to the slope surface, and 3) transitional mode which 

occurred any depth from the impervious layer to the slope surface. These modes are 

governed by the stability index (tanvittans) and summarized below: 

For the low gradient slope ( .tanc,o7tana > i.o), the failure mode is the along the 

impervious layer mode which is triggered by an increment of positive pore water 

pressure taking place during the saturation phase. 

If the slope gradient is greater than the soil frictional angle (t,,,,./tanfl < Lo), the 

failure is triggered by the loss of matric suction during the wetting phase. With the 

assistance of the critical depth chart, the failure mode is characterized according to 

the magnitude of tan'/tan fl ratio. 

0 If the slope angle is far greater than the soil frictional angle (for the illustrated 

case shown in the study, the canc./tang ratio is lower than 0.9), the failure 

mode is the shallow depth mode whieh occurs closed to the slope surface. 

o If the slope angle is closed to the soil frictional angle (for the illustrated case 

shown in the study, the tancp' Italia ratio ranges from 0.90 to 1.0), the failure 

mode is the transitional model. The depth of failure plane can occurs any 

depth in the soil layer depending on the magnitude of infiltration index. The 

greater the tamptitartfl  ratio results in the more sensitive of the depth of failure 

plane to the infiltration index. 

For a given ilks , lower values of the strength parameters (both c' and 0'
,
) result in 

shallower depths of the failure plane. 

In cohesionless sloping ground having its steepness angle close to the soil frictional 

angle, when the rainfall intensity approaches the value of the soil .saturated 



permeability, the variation of rainfall intensity plays the major role in the eventual 

depth of the failure plane. 

Little cohesive strength in sloping ground can reduce the influence of rainfall 

intensity on the depth of a potential failure plane. 

With the identical strength parameters, a soil having larger and more uniform pore 

structure tends to fail at the shallower depth. 

5. Publication outputs: 
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Stability characteristics of shallow landslide triggered by rainfall (2019), Journal of Mountain 

Science, 16(9), pp. 2171-2183 

Chinkulkijniwat, A., Horpibulsuk, S., Tirametatiparat, T., Yubonchit, S., Hydrological state at 

steady condition in stabilized earth with drainage installation, International Journal of 
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rg,i,41),Ffociuotu g&thAvtIoqm5Posui anLvvieinn lTinown7d nl m.o.25491rTmnis 

lastuuSictuitriiiiithanitnim vaamo49inscitAunthJiilvt-Toqonivici iticlIAL.2549 

ni7i'ihnucuLkuct-iati 

.1$1v11,Pin6dini,e115L-71.11Ei LatnioRizioifiell'll 11.11% d vicrli (Early warning) 

thr,n@uknanl@eimfuricuiliduMuill mr,u0n1'ordivicujie•lu LPINlown-Julualu 

ip,t1n5nIvilif@aidiniwinlntiaciutwuuflaNfits (Real time) thuvrOin 

91-naitiltit network (http://202.129.59.76/website/ews  all/inclex.php) ainttimm.i 

ii'LLailfinh5 .6iviRlOn5ninwroviaintfim 

vilmilicaiviTung5ai@cutiultNi_Tu Imannananliduitrobilmoiaz,,aniiiTq,m1-111J 

LffinuLfitmfilundilieJuorimilntPa iitlitrianliduateviiizEjltvr.inl 150 ciaSon5 

300 ilaSoas ehmiluituitlivimpnifitaltlunifilme 

ataLcia@viphlt-TuiNmillniurAunklunh twiluAllmmuLL6'i 11156Figh-Inda11:71192: 

0a0 
2
iewt1 hilcu 672,-Tdilm gal n571.1 t-milarsd chata Lin 15LUS navfl a oil Ir icvn 

nd1'A0 fri7val otiudialmyuktu;iuvinLviqn-imieJuinr,d1Navi@niwtAnnidal 

ti-ilijuLtital@uLoti,ailEnnicinnelmau rauSik 

TIOn55Lnis'illAn11.710uLLatnn5LfloCiunthiviiiA%uriu 

iliduaqaiokehuni5iioRwiloliinimmautu5iulotiationat-rrilmwToCAIAQn 

WNJU vui'mv`ilthttiluolliennimiNaioF 
id 

iurainilviSuLLWalfiriaJiitauFnAlgtminunis 

ta5nzliviilvicrbVt-rati@iTuLL6j-Acuak 1,Loaqatimamonviilluni51,41impTinanicifflyawito 

liihnothtitivkilqo in.nfii,atiovi6unt-mFIARivilelijoiluinu,vitiAtcwaintaaJiivitin-nanuA 

Fitinthadilaf9i1 Lil@CrieuLLuivrmitiniuviioLnyanivi iduria LgatuiE n15alounda.:11,1 

4uciAniTathdillitht,Fivinimanniiu 
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1.2 i'mtpJ5r,aarda1411.In 

Inliciqin5uni7LIJAutuJamniaula4AucioaomAjalriuLvi9inilaidumn 

Sualvinntini7LilkuinJalLail854-rnArtmaiotormini5WSouLLIJalAyariitatik 

iii,imiluumullunnilioRiviilolfiElotuvhaniAwartnwi@niTSiatirialkaL 

1.3 IMULIMetallel1g9ift1 

ctilini5Anwntu-P7unn5,112n@dich4aiociti 

aziLauonition-AijoLALitignootdu ur,ciiiNani5o.ljuuLLIJNA-rnAulignAidiTcultlq-al 

tonit,thillconq 1,1aNatiltAillliailLIffnA6dala11A4u 

1.4 intitfd amikruiLarmlouLunnliamyru'N'ti 

nns'icoinalauhaviefampihlritnnsafflamlf5ilidt11,6511:6'@1.191@lki nioVivoqn-na: 
t • 

Ouvin nn5;ani@ltividtrantnlihriffln-mtleitnALLIJNATatilcuk oltru F1113J iii 

stivrillnilulautuoJawnaidullgiutintnalt-ini51171.niaioAuilvtluFf'lgiA'cuLlialoiti Anytit'u 

niruiTy.utiLkuAhndu Ionni5aifflotivig@l119511,toiDni1111.onntalAttitoridni5LM@u. • 

LorfinaorraoinpragALSolcuillvaLati 

cri'vu6StnutiwrinluiLfACAleillinikinilu 

1.5 intitnitIllfigOrintiEt 

011.11709741114191@tla01111MVAIdel 

ihriniinit
4
)cuni5LilutiLLIMIRTuAtilcuAul

4) 
 

luni5Lhurifitkil 

9;‘TU1411.1,N11`1111419EUIThililliltallarllINVi€11i 14111011141-11211111501:111.1141thtlEMItlilusi 



Val 2 

trivipnci-nlgunInuatlitWitluertiN 

2.1 trunii 

rrni,goguiflautith,J (Landslide) Li,migtit'n (Flow landslide) go nn5LfiSaulhal 

anaAumiafhaiancsnamionikAJZviThvot@iuslithiciiitNlan CilehtannatiaiWricutriv][u 

ihrikwniiiii9rraialorNoul Nani5gnetliniu,ejnitn.sdomfAucithitulitntilintariolunthi 

luct_luonfiviu Tutrin7out@giunktiAirmarzaio+mriu'lhalowuu umainulowaimiljnOili 

it@ciLLAIivilatuialLgn cutiaivioncrilifiliniviaarmagiudi@fichipin utlipinianoihsv 

annfilluar, 30 ('mifi, 2535) LotLijoiNlIcuiLmniitinurznivo_HitrinaiiitituAumui 

intiiviOtvi.11.47:LILL'uti Debris avalanche LL at Rotational slide ?1/21.ruinalaugutn1ot& 

LLuti Translational slide viltgbulmt-thiat9innWviAupdillythuoncilveCriMiLfiuni5cill 

elcumnytutriannAvvin QiZti tilwn5nElinAn6LionincvniaJijuauu Flows Wight:tin), 

otfl@IA1.1115181711A71V1a1E1 6:1101@inAtinduktrevUomitouctii 0on@2nfeiCr'wn1uth.o11,14; 

Lda1-11 riatri/vAvaminalviutuniuu3muchimillyntuAjnbant0ln:witnacuVicio 

vil:Htmr-vtivilurt1Litrutol Debris flow 

fr4tilmaalanorantuicunilAmSi (Translational slide) vilcun1515111m11JnnTitiii 

tuituriunTaialordalrnAuLLatiCrwm5)))1111.15Lik;i11 tiiiit milm-naJuinan el vi':1 luauk vr @8 

riwai ehlitnil,thUf1151,4alli/14 111.15Z1111nE11M510iv111/111556)11El1 6cdcu siantumnanom 

(Joint) Ituitilminors-noiTdoatri% (Bed) Sal9i@72Z9H4OuLLatilicu biEninFILL6"-Ar, 

irwitultAluititimilowilicu?j1 (steep slope) LiaLilifiLigaluoinvriln gmijunillymtvi 

VIE1E151-nvemlaiacudhaynd Limit equilibrium finmfl6iNriunirltigp.ILLucuiloviTibali,6i11-6 

a-141'1.21%g (Infinite slope) 

Tail 2.1 Vutru4naolAirrilcutio1 Translational slide (L.M. Highland and 

P. Bobrowsky, 2008) 
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2.1.1 cdailuniliii•iitindli 

AundailliorklucLI5nviollimiloain.fliim,6ri 4 tlitni, 

PlilLvAAIoL rmaiiniannme.0 

1) anivislcillvin binInFrsii'lauffitrion-nothalaJi9inijnn 

niwInqmnalciu loltrikuLoiattilonaielTzt*dllou,atirnannummikiitvinoill 

raan111 1ntJ LL 

14uitn5il1 92::116152t-11qvl1q,1 

minimA PIAM1EithIPULVICIEn LLtWWflWtfl 

111.1191,0111`N rieumini5giNIn&golficulluunTilm SieepTilauClui-ruth.1 

PIALVICIEn uotlidgukvruwitniu 

iluAtoriu - ilubiatA uaril 

fl-J1:1141111:19Elfril111,1,1151101 

qnng'nTuculAtifigiAilar@inftiwiinflorehmilvVroinnilmr% uotquAll 

flaimulTiismaulunilEionnir,,r,v6-hurialuLLat,?huiljilumitffinsivaTai 

uo•iaiulaYigtorw 

5. 511111161151A13011villtillOriumancataiii'vuAuLtatwriivt@lijon uz nn  reat 

70E1, 4011 5@uom 

ficAcill.11,015allAaldblEILMAlltS@EAMIrlIAIA/1 

(Active fault) @:iiiniwi(1?„11 

viniAlvinqiIiummAill),(firoorTIlAThu 47uViultitnn3Lit-orinfiniLinnAIIrmiciirua'Afi 

1,Lcunt-vnu 14@uimucilictinliou LLar,avilui@inaiEjiLLiti@u 

LIA1514a1111-l
0) 
vuLLataisatainiviLLii'auihn9infh&rilumnsuatNtictiii

0 
itlyiiEn 

2) Ontruggithinvifi Abanitginti,14916tiJuNacithrionistruiuni5WSENLLtIaleni 

tzilLthAqk'n 

bInthLITilliNakLainnivrunAnnijni fi1?n1101Wirl.l@triM111411i1161ME1111 fitLariall1111A1 

t@aufujeuon nii 

Lainfrrinw,r,LAEuffialannaJawhit@li-„mril,4,11KnomaillEilituknibiluTiablill  

Lolgomnall'w±iluiokill@nintoklanljiviciaNcunnviiitilAtEoi-)61u1 

oitikc..it (2535) Vi7inl-luwannsiirugin-mNFruciariiiilitinuvicuunik gnLnvilecju 
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/111,1?1,?1157511T1t 1111 @1tJil  22 iniciKU-mu 2531 coru- i5KEIPun&ahuannvuu6y:LutiLicu 

frtiatd 30 tanw-mil 

viimAnnotliduivaanywritAtviititliancujitulnakizatiati-Nrwi,fi 

istmsci!,thrim-U 
II 0 

iIhruutlielli A1ath.Ji/11,P18001d1/1111,11htL1191191E1 9t6t1041.11,1j@dWilfl141.7f1611U 

nannu Ioutildu@tivarillolltfitAVAvaufni,vtatiiitniutli Ltiol@nn 

(Piezometric head) viltinilvirmmilAultniai-iiltelalok 
Ii V 

(Pore Pressure) oTutaniaKAvu4414-wam-olonVifdelitu 

1,1,119.1971i1611151:911d1MIG1311.11/11111411,51.601,1111:5Z1/6111110ka01.7alal 

krumiuni5lviaatialAuaflai ('nn, 
„ 

Fait, 2546) Ltadi-mininanmillunahLibriiluumaPti61.19T-altldhntli Latstilutivilu 
" 
ihi 

d 
ltiV:glanntPUFI'griat6Nni51:14MalikiLa&lAntirAninAU fnimlaawitnolaiocn, 

qtaflailAlAilvictimlonnlvinFI (G(awe, 2004) a2irLaiaifinn71,?1hu$1] 

011.15t1.111J/211115V10@l16hIMPU unticithAfwia,iinlyrJustutLia-ruiuoonitl iJiiltiiThJ 

11.152;t111M15@EF1151,K61 91.1A1M,LattliA)111,1101AUltfilijitiLVItihrda0f11,1i9111J1,61M:111U 

0-umgovitie,5tv*ilaioaiv]runcuicunisAawilaoalvtItuaillann Lailmnimaimcnar, 

d 
riuthwifictita 6Luirluvrninlvii/K cv)ru'ii ti-rdianaollieJtminn-ii 90 riaLLKI. stuleu 24 iiIn 

9tOiotiv1tl1lmovia1n LotviintlimaitIneJculiinn-h 150 fiaium ail'aitruilumlianaLrianAvia 

minFructhd unnvindtliancutivieJlAincieviialt-iuvaiuTuetnannn.±-1 300 ilaS611V1511111,1,th 

9/110AUPth11A)1,6d1A1310-2511 

J-111411,1101a011 @1rrETOnvviqn156Puodulu0h innAiiNVOimAutidL 
14 14 

utviajnEituiluiti vircuu,t,v a ia LI] 'Intai€EJN nnItictlitimici 1.1 

Tlf171E1111.191@lflarvili'INF111115771Mil 119/11111EllklaltaitiAiumi (2540) (it ni 

9TIA/11%, 2548) mactrVATimvvvri7gan,indlifictiitinittrinwraiinnmfAuLitlaian-rmli,tu 

m1.2111/1171Iflui,avu1tcynnicun1lifithfinu1vn,An8i 

9inni77inlInTai Abe Lot Twamoto (1986) 

(6116iliu iiitATI:M, 2548) yulAiPtSilhiniantontrt@tiwinullgonmihrntvHilaloAu 

arimmininAtaninlif 

7-}ti*szichon5nditictlaPlat,LonIntauu11161,1J112:1.111_1661at11241.1711AIMIllta61,5411,1,at 
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gfflimloiciau lintvTh'iniFiiti-415cuu,inuvmuni51,viat0IPlq,Au @1nn17gnb,-vdol 

1,'Iciell,")916 (2546) Vntin nnsviacuToliirT-4ii"cuolkluviuni5114a.n@l5hatil 

niwtAutiLLIThlhilutricufinamiFimiwwirwtiutoirinfut 

vitnutiuwin nnq umttJrEJ LLatkn15Ointli 

C;initittlAjciiiin254-iazlviSevo.sd@wif-nini@t-n5LihiLailn EnTmluaim 11 11 r 51),141Cdawyan 

Linn-n4ualocilailhiniitLiatilpilannqoilTalicun-raiSntaluvputam4 0.0-0.5 1,11P17 

aviail,thrantigum-migni7A2Acu LomIlivritriiMvuatmininirdltamfiirh TU61,51 

9'hummunistmatailnahLamirlud]ticirmiliviiiiSnaAlgilLviiiIti LLatilframviumalunn 

flUJUUflUJJ 

11.141MuLL5ifil-rumun-nivaTNAu 

PR:Acu@%iribinalitilitolLL5g9hviiinwidilLaWicu LLagiusllinowitntvrii4Auddal 
a ç 

0T11711651@ajulkinLii@fiLviolnisctiAtinthimil4AcivriuctlInarylthr  uLrnJ 

alinciAimAjulf1 bluni5c6d aultimmlkigh,flSetiffialltIlLA'n•yait6HA'1151p).19iloillo 

luutrAl tian@inqammiallcuniwniairliAdli'uLL51A'nummumnlywHauuZi 

Tuni7tigaio-nrAtviaall:LfitiktifitliannmoNviiat,aani,LihonaLgrunilvitl 

2.1.2 nh1uLJThJiuflhJ  

n-mbe,LnuficuifiCkwitiLiejuCiundli lon€1;lamillonitslitilaviacril6utru 

luunyumlauvniujalmeolt (GIs) fliWlinU 4 

0111611@nomaiofiocuiliqjilii?cuil'hil4itrintailvaitnu Loilimucinkluoluintioani 

annni i,/,11.1('Mf15, 2542) 

MiNin15764"Vairiti (Geomorphology Method) tourrnliaTinhinAtncbtia 

ruinthr,otio 

ltbilflEirgi (Weighted Factor Index) InnirtITIEffiillovinnimnai 

Lonnplgn,114-11n614-mun6ikAymiuLnALLattill-rininarai?1-10)10alLaiatflEnLA'Avi 

a@mraltaLhAtqwuTm Lci@i'oaiPunywitiLL7lvi@lonnolitniumiatiikiii 

1.61 91-1137eiLvivr.v1 (Geotechnical Engineering Method) Imni5eiinquat 

9/1000ttlIMJ°5911155611muntLatloinsutlyrnaliitSitaLatcru quiMmSylat04 M11411 

'VIRUS uuttl uAtf/Lmitchnimitifilte4alautatilunItILLutmilnamiafflioil@vimik 

F11112,711A1 
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4) .7gniTIP7-iviiimilijel (Risk Analysis Method) Toun1viluniwiew1n78 

2 Liat 3 Ifluni5FinwriiimEilvdannnaiNtLrionifa5lacmai:kimiuvmktuirttpli%Lat, 

111fil111@ELf10411P111.1111 

vaiinyrull.thtLywilvin 'iinTimisinunyiaiuclunthairuati-aolocurib 

viivroLuitinleiricu 1,111.1k cbcticuietitrwiNan5tru@in 

iLduAtioiriti@ufiqo nuviNuiriss56.1 (2544) ldignbiano.416n@looln-nal 

1711Taliiticigitajitia-d-lcu an-115561mm 
„p; 4 i 

fl711.1a1MTIJ triaunt-Aidu anirinniItmAu stilrytyrIfloiiiundaanociu@inaniristillviun 

fidagicu'm t4i11Jfl tJUllJlotalianweJwinannnd-rtinFivitu@thil 

14CitioCiunai 

luirtluk 

T
4

I
4
Lihii.mji@trimiwiicwiloultini51,95itchrin.4u LtimininTaiNn51-,mucrilvInueuEl 

oiA@L'ori52z4tivillgvin/can thtnecuknfiT1111AcuiLataLinif1155t4,14E1 1,411iwi-]n ndligE 

iinn5LIJAntattJalinJA-ILLatwratituano'Puvrain5rAni.iniroilqvint5vurario& grich 

illt.I@EjfiultiaLtiFpiial;iuLL9iavdi:ouLaLina -riripiatien.21$118 1,6titaitntsicuni5lonini 

IMIEJ51119A1T9IMOkInAllii-3 1/2 0111M111 $111.1mu 

1-riguil%slItuikifig2,4frrwiNtimilyinlvinicioiatinia*i9aignMicurignmanTaipiiiritai 

IziEtvmi
4
ilocruill@nieLtIoni51171 oaaO@IIII,f151FAV1F11101.111T1161@lk2191F115thA 

milign.d@lsnruniTliliiiLcucuh6mlanoFrus5amq 171E115t311d11)111111@lf115ai0111  1, 1, 1,1, 1 

.1211  

2.1.3 qcuguumviudiluatialcuratimu 

aa 
2.1.3.1 91112.111M1 (Soil moisture) 

01111.1illS11-1 

(Soft water) 94111e61 Loritthluacitivualuma-AtAciu 

waiirrnvil&Juutlalma00mai 26tuiritaliananIneJulati6virni77mvitrnilli LLarkajfiu 

m12,11,1111€101.1 (Field of capacity of water) ,RtruovintakttnirnaLi.raFiu vziu 

dauAuiviiitnqr,i191uNilvem IfiTTLCI@PLAiimmawntNtioalitiihri 

(jiti1,4114ionnii.10iuctlatiL&Ifl 

1.812141U1,6@t917111qoiktvicilivt•in 

1.1Nf11111671.11,0tc10"-nmiln;ii.intaviAo niTiTItivivifinaltrigurAlcuLLatmAjlouLA 
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U1flJLitWU liminlinhandiAz Iliwtaincnritiejiu 

FrnouPlliqwvir,Jil 95-105 @IA-Real/ha It1.11,71 24 ibj Jini Uianw 

fnuiruhlmartiminTh a2a1moolvticukiyrdaltIn17rim1uviml11flan1unaili1um51 

Lek nfi/fiL aiwgoldJuii@uniolutlivirCin (Gravimetric moisture content, w) . ti 

Tomi-rofinh Ajo?litnutlivninFincrukvilui'matiA11111417f1h@t1119,11 

w = 14  x100 (2.1) 
Ws 

A@ M11.1411A141081.119/Itill, % 

Wis 1.111/117111:11 

Ws  A@ 1:1119417a111,1,11911 

ti@ninar,PlogyacuRtafflEnlivrtiniLAc) ihallmtqwwiJuijatiarm0ltlitnominVijhollundi 
v 

M1ln11.1101a1111111911 (Volumetric moisture content, 6) vannieh iliannthilli@q1u;itoi@ 

IfiLia15411,11101°21@a11.1 illIThEillAIA111111ViTh112.149.11@ln131110156t111$h@fill@LAMITUFM 

pi-mthiAuitlivrmiyaigutomliwiTri a-an5n0.-iunillivinaut-iiriii 2.2 (Scott, 2000) 

— X BAP = W— 
V, nn r 

Vt 7. 

d 
(2.2) 

O. 'A@ @"1-15,Au'Aulontriarms, % 

V, A@ ililiim-vtilcvnan@lol'iad•-ocni 

Id 

2.1.3.2 niliffniatitataiU 

ni5iowniaitutoutlianoi56ienarnoiojicauqUnsol'iopinati.  (Sensor) 

U.9nrv9nlv1ciAL•ricu'ig-Toifrifrr1Ar1lini4inh,11. (Electrical method) kmn15111, Dielectric 

constant 1,6att111,61i1)-5111514191111A11@a111,t1.1 3 ISA@ (1) Time Domain Refiectometer 

method : TDR (2) Frequency Domain Refiectometer method : FDR LLaz, (3) Amplitude 
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Domain Reflectometer method : ADR umiNa@enard.lcudiArawiTignelA2 (Topp et 

al., 1980) goildhA@NI_TuilmniATRugqn1655wriarstutialaJa5olo -lailaJdn.JtEacumilmiltitlit 

i'MfilA1111111.1 Loitin15I,L1Ja\wi1 Dielectric constant itu1n15l.111,101 (Electrical 

conductivity) imirniiraiLIAInaa1.161,210111,i11111i111111.11114.111 i1A-111.166.1i711,11.11EHuJ11 

PHLIA.Pial,11915 (dS/m) iwietH15tionaiin-15/oq-riaufnAtalkuriolvid L @littitififyrangaii rn - 
qiv 

d 2J-i iiicoranaingu 1,L YI ri atALvitLiutaati muu c1.10,,JW)10 

PrilL4ultm-155AM11141.1°110144-wiluv,i‘faintatruqiinnifiau 61/151tPT12.11,g1Rt1/1111141 1 

f111114119711V11,MilliDlaillitictlIVIYILLIIIRil (Inoue et al., 2008) 

2.1.3.3 1i,1410jolth4t1Jttd (Soil suction or Total suction, W) 

61,11VigidliA9.111FTUII1171@ql`tril@l115V1/611€14/116111 

:Al@til?illJTuriTcuLilafl -anikluiluamaiaat 

LLQ1W1Lflfl 1€J 

(Matric or Capillary suction, ( —u1) ) 1.1,M61,541101@@alLfin (osmotic 

suction, 71- ) pniagiian7olcunn%)9vilii,41-n4-19TiLeltaih 

iinSastiElt:fau'inAfiE ToESiucitai5atialEnnSoliti@ciltrilllinnKrunrainnitinilopcjivilivri 

L a n (Fredlund and Rahardjo, 1993) illifl'Jialaykiiilaunirril  2.3 imtril 

ua 1,611klainimitehylilk Lot uw lio 1,1,54€01111.611 

= — uj+ (2.3) 

115419,iyianiitivil@ilslAniThialia-ansocirilg-n.ini5liviliaLLsoiu (Pressure. plate) 

91134nonru ASTM D6836-02 imincuvi1@111,1,71f1icliall ISIMil1A111.1hillA52M11111.16171.1 

atid,54,1r,liniimilial7wifhall (soil Water Characteristic Curve : SWCC) 

21 
2.1.3.4 MJ98f1112.11.fld 

n-nilanalliv-i (infiltration) vricunn7L4nticra@lji@inniuti@niii-Siu,41-10, 

Ivi8Filcialcuitmakn-naaatlemaynnoillil 

(1) 5ininnaniith iiiuirniviiu iinfrailignii@diciiiicuueil-gm (2) F1111Al2.115f1 

1W115i'Ull1/101k1 (3) Iii1J1cvmaliTilluFneLgur,Cildiu (4) finaimi`uamiairditizirel 



\\ N litliff1141 1 

e. X 

1111it WV naitAula 

4 risitworialraFrui 
— - 

tiJ 2.2 iilQr156011:111 (Water cycle) 

mt: 

CZ-Vrt 

1.1 

elicru (5) Inamliwrilochaall Lot (6) pltuavOlvillnitoivaLatmiloilta.111-1 69ni 

jit-Tint'ufinciutn1Ru Airrilalt1P71?Lijii6todiahLLateliciu 6(J171 

ni7duiEdiTuNLLihmilarliottivigaimiluAuLLatoeluuninnalifl5leiHau 

fl25fi1FMA,VIE (Evaportranspiration) viltirr15?,ICLAStn11@1 
tad  

(Evaporation) LLatim7twHinniwriouituvut (Transpiration) 1117?AVIEYLITH11/110@1 

ttnunireiT)Ililon- n 1115fl2M°6169,1E1 vi.Juni7N,L'ilutrynauCkro&orms553.19hFociLmo 

iiILLeoltuFA 2.2 in4scliriEmElniaoi@mwriEntiviiinifig-Aajh 

aninOlainimLiU LL?flLoo 9c1fl11al m-raiklueinim ilt94155(1.1 aau vluotiu d'rLAttigti 

U'LLri ciJianctru@lcii-auciu niwirvnintr-izon@inil-niuLLatil.4.1nooail-Au 

2.1.3.5 visitc.a'rriaAAariladalilleiiiiiti (Theory of soil water flow) 

Tud.noildltnatica.m aLniwnittintlILLni (Darcy-bUckingham 

equation) izilatiurilvO'nni7n-mq.j@uciT@1•1:11e.iiuloomu 

f11wa1nonvillovnaij1LihrufitmEtn15oaitilfflqvuitaut P.FI.1856 @nriin-i7vioaN 

1iiiiti2til1tivi514pA 2.3 viuflmini,Lp4mhit@lij-i (Q) 



Sand column 

Datum plane 

FYI71 2.3 ViAjrini56da.loiiii (finSvit milconj, 2552) 
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4TIAVIca19T0/211115LFISE11971 (A) LotoilLonnpimndilLEwunitivniicuinaivticnot,aon 

LtatvtluZipwiTtAne:rvivituninALm@uffi (m ) 

Q = KA AL 

111@k151-1115151n-nlviat@lctliviavithuiTuil ( q ) W:141)  

q = 2 = K AEI  
A AL 

LionmriTiti 2.5 di niviR (Dracy's law) itiaititnitiabilinailfiliii/]ksji A5a1 

n-nlvalcutiulgAldh6lhsctri Buckingham (1907) lkuquilginoulrfelgiviturrnivia 

ltiflulaAlfi-AcianliiThinni, Ala 

(2.4) 

(2.5) 
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q = (2.6) 

La i A@ Ln5liinuoitacariami (Ain ) uoL) Ku  Paanicwiltdamieioitaikullihiti 

11.]trj-rillythAiriiiutairyiL4t.italk(e)vileL 1, EOL51A.1 (hp ) Liienitau 

K„ = 09) (2.7) 

ma 

K„ = K(h) (2.8) 

min-nit-14mi (Richards equation) TinnwimnaCilnd-ajleaisalaill,*yrin:itittatlilno7 

pnupprJ (Control volume) 691511,1Aavintallraajiaukaua'917inisivia@enklohritgmyi 

ninciP acn@larwlmlianm5fir3' tF;24 14tipiilLt1nalowAno691121i 

(Incompressibte fluid) inNiln.rifiLimannna ;?a'le-anIficqu'131717,11iii 2.4 

5tona1 At eaurnitiinewriummila-witnilAehuoiinailyiTuvilo'hiltAloic] 

$1auj1inEj11Jenninlaifi9ii (unsteady flow) LiatolualinnlatSu6dao (Partial 

differential equation) eiiitiCION (Second-circler) Litramiluifl (Parabolic)biLituLeiti 

(Nonlinear) LidoAutauTtiniilmalti 3 

as = a
K

m` +—a 
K

ari +—a (
K

atr 
(2.9) 

at ax, 8x 1  ay, ay , az az 

1,11E K Oia INItirirldt@l97111411ViUMMTIllk 

H a Lgovrinagiemi 



Control voltund 
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2.4 65ini51,vaLiiLLataanaimimAltqL (91n1 uivinj, 2552) 

liai•]aPulaanT')Phatly-i Fi-Wilittlatiltn-i7;gaAnilkalkatiluatjficu 

qnAlinbit-tazini544miia4ti (Soil-Water characteristic, SWC) tfIlolulawflthFniuirutalk 

loalcuAinisinani54LITitalPuvriuoinihihill1/2r,v6-11pniaiitutu 

(Volumetric moisture content, Ow ) hilt,11'41111 (Matric suction, tr a  —uw ) .  

titiwnliihrWcAdaiamandH,-1 

iauttiPuildiaoal 

Van Genuchten (Van Genuchten, 1980) 

  

1- k(u„ - u„)]"} 

 

—0, 

 

(2.10) 
0„, 

 

  

S, Pa 7e,Piurrailialiioiltijmihr,Stdea (Effective degree of saturation) 

0, Fla frymiluviiinywnifieismtivivrai (Residual volumetric moisture content) 

Osat  AI@ RT-1.16fluviNtlianvirifilermaaiiPmji (Saturated volumetric moisture 

content) 

a Pa voinliiiimaiiiialinuiweelitiltianimilAnYi a.] Nociannimiax/711,11% 

mak (Air-Entry pressure) 

n hj@ 



15 

Lciavlitrin q wAlnwamni741nivi U ismAu Airthavi4nishei-raltml 
• 

Aultioniitilinai-A-/Eninn'ennInifinnuldivivanwicu Imu@1Fithl1J1u41anli,m1 van 
2f 

Genuchten-Mualem model (Mualem, 1976) mu 

  

1- [Ct(tia  — U lm )] 1 (1+ Mita  —141)ii I  

}

2 

 

k(h) = 

 

(2.11) 

 

 

2.2 411-MUCI1 11181iN 

bizninFihnthArwriulutluoimiviald-autvicii@tilltiartniiduLtluglf15149414A'fl 10841 

azfinis:gue.iiu (Infithation) a10-161u Lilamnirtituluananililu 11(ltp4:6111a1141..11861,71 

117.1iiil<deavemitriiP-naJaluiltE1PuTciaomiliniialtituluanaCnALiailitTtiLLarilivikaii 
0
ll

0)
qn.maui.73)/J91kAlaviutvitutaluAiminutc

4
uultIvilusd@ltvial,ji $1111.7u 

irk&L'Aio$Ni5amiliacAinisPlnbAttivrinisaiociculmauti&Aa n5nrrunisviiiNvinlmEi 

ni5ojotatJaltunrCilimii$f-runagivvifmikIndilni5CtionutnunilvrilqvinIni 

2.2.1 Laii85111117101M0h11181.9iflIttrallIql4fl11181 

inblue,9%Lriar/riunislynitdifilAriE151119/02101EALligini5fincs-wialiN 

Lioiutzstnain -numunilign-iilomnilvtaita8 Lodu Slope stability charts Too Janbu • 

(1968) ati, Ducan et al. (1987), Force equilibrium methods Toler Lowe Um; Karafath 

(1955) 61,M,' Corps of Engineers (1982), Ordinary method of slices Too Fellenius (1927), 

Janbu's generalized procedure of slices Tom Janbu (1968), Bishop's Modified Method 

108 Bishop (1955) Lot Morgenstern and price's method bi Morgenstern and Price 

(1965) vitoiru VILmlniilndiilnilLrJuniilyninhaeiolnivitalaio;iufiCinni Limit 

equilibrium method rrennsiihnItiktilnnsfinvruntuiu'r_Tai (Failure plane) nal 

tolmoAuLoinaiii(h2znithatniTtntinTgatilniTtlsrAiltaailennividHlanoiluvi1u 

iieuviTid-rufilim.laEcriEJ (Factor of safety, FS) gloialcuil 
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FS = (2.12) 

lila TR  Pin tilAjITULL511,61 a14/21k (Shear strength of the soft) 

TM Pa vithou,51CdatSuriomaamtuitnirltiliamicA (Mobilized shear force) 

ClulajoyidiwniutI@Quiulipiwfini 1 (E5 < 1.0) atdaimn1sltikaia1oRuiA5r,I1umaial 

luliamilleuolwiTorrartJaaofTuLinn±i 1 (F5 > 1.0) ve,lthriAni5lintuci5tuicumnial 

Siviiimi7lonittheitinnivrdpialokiiiaemfikifituiqfmnieJumndu ei-amothzErwiliTi 

Limit equilibrium lunnI/LAIntiloivdutlant-Tu LoiEdillificnv@thlalmiagiammAj@eicu 
a A( a 

VivuunirlummnotLmi 

Sorbino and Nicotera (2012) lAfinnfAluatOinwinaininlAulai`60-)ohEiri 

luiviqn-ntaulmaucinvamiyawnarun-nlva 
a al a p 

u
4 

noviL5nny ovima (Flow landslides) 

Tominai5PirrtriritaithAuol vituPoviaTu (Coarse grained soi l l) tielainlini5maumAloia 

ainFrucittftu;itsuloat,Cdno (Fine grained soft) '1-rulavut,Plihivinrjg n151114iulAaut1dlAt 

tIle,n@ti-)8 2 aniut Ala einititItill (Failure stage) ilatlIaTutimAilni51111P (Post-failure) 

alivii'llatnuttilike,Crwiniu14iniwreteualpiatriLnaLeJcuitalaithi vi1lATionintrH1 

(Pore pressure) tuar/aMu dlNall'Aueifflni5oamiviihni,ottnriaviealtai/gni 

wuntileiniun@lvicthuusiol'wjacrrutlIMILLatnien4lacrrutIcgi viincjilaiannuntir6 

ann@1na1m.1 miaay,l,wintinulli5nyurai (Undrained conditions) a2Siniiitiartnain 

eniur1611,14n7LPioniTTETALuculmovriaAulvia all1vW8via1ol1Agnw1LritraiTun15ItIA 

nutvin@ialoAcu villcuLvuu41aolvv11nienicui (Physical model) or,LLtcano@ihLat 

(Numerical model) wiluL1icuaniun1515-ifiLieioqiL'fiuni5viainomIllidu vticu -11..reganal 

Cascini et al., (2008) 61,01% Huang et al., (2008) iftwiu 

niAtilviamionantuicuni5Ln.Aatici (Translational slides) LtIunilSculaa 

alanamituiunisLPI.AeuCillAirimutiou41219)51LLanu-ruticuaimoenk diculvinivn 

f1151,9@l11711V111.151,1111SIM1I95105111/11155ETIIIIEll f11511_711:1@r1171,1dIthitIFILU)1714111011At 

iirrioartminvtl@ciinfini lootInFILLAI'maimiTuttnitA:vilip-ilia-milua,p (Steep slope) 

LiatifiT@b9i@nistifiTiPaliananineitti elivi5uni511,f151:JVILA151111,1°21@lialUk)075 Limit 

Equilibrium ilaamaamalriunisItTPVLutilattimailiTgaiakatitiii (Infinite slope) 
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100 Skempton and DeLory (1957) ;1116ii1@d1llnutaitu Ltd Xie et al. (2004), Lu, and Godt 

(2008), Cho (2009), Ma et at. (2011), Santoso et al. (2011), Eichenberger et al. (2013) 

TrawnitAgioluninludluLeiElEnnimalawiPcuninni, (2.13) $ild 

r + an?  tan yor  
FS = =  

lvf 4,1 

(2.13) 

cra'ia 14111f11,1,51AQ1nlJu1ha (Effective normal stress) 

Viti1E11,651gomittluSvihnzau (Effective cohesion intercept) 

yo' pthorvrrunnatnistScinSeo°tiaiPu (Friction angle) 

mini, (2.13) aill,itlIfiiiLlicuoilaugi5gahtimianlaaflitiuk-an'igaioiluaci7u9iinifuT15tintInttilt 

friTItiPtiaiLai-Foaw6 (Mohr-Coulomb Failure Plane) stilon1aLi1wituniTIP5ini 

Loivnnfinirthzqng,ihaioPu'4ateualoiall-iduiniTh 2.5 

ni5i,t1Puui,HaiwiPosiminalaioPtNailiaPhIficunnTaJtaltilduNdiitAtriliti44-AiErCri 

A"1.1.7cu ri-iAjii'ULL711,atill@lAll ) '4161alfNi5EtruttutiAlliiii151CautuarntilliP-Oic]A'mrtivi 

Lazegamnitianm-oral• Bishop (1959) iketiallictiniltivithoLLWthallSwa (Bishop's 
ti no 

Effective Stress, a') @NU 

= (a—u„)+2,(u, —u) (2.14) 

0,1a a ga V11.11E111,515111 (Total stress) 

ua  a 1,1,51PuniniAcirdaiiialok (Air pressure) 

uk, 1,1,71Atiricinial'ilutNIPu (Water pressure) 

Bishop-  WII4U611'`USZAIfiTI:JEIA*M1:71 (Degree of saturation) 

Vil@M11141.1 (Moisture content)luvAcu 
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2.5 fristariinharuawalltivi (infinite slope) 

N1JU 6uviyiel-rummsdaE9iFolualokritliAa.ig-a$hErilm-i 

FS — 
—ujtanQl+ 2(; —u )t 

TM 
(2.15) 

nirtmitiliisfelmirrvenzlaiollulawl'Acamin,titialoacadioninfril (2.15) 

Liinl@inni5s/a.manInn.ifivilti/Fm5qu 

1152in@ciAxi pnaglauduor,615-ininttvivii-ii-)LkEind-rag@ 11.1691E1Ma1 

X(14, —14) iilyntavinOe@onhlrivni7LcaltruwiJalLL5iolitivillatm-rwiiulionmaluw: 

cliVIEuounl A1/2 8 oici.aEr)riuritin-il5Lmitthoilti5r-ritnalaw?itiiit11:16')A1/61)-)titrilEthal 

Zi4iuotillillilialgncilliclinvinuniTurillvinlviEn4zwitioloi@alokii,cklvYil 

iultnnnhunuvwi 

PuIpaucithAlEaon-inigui,"darillomovviNE)Ftulk-ingiltu 
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2.2.2 nisqou11JaiTala1cCinaienInnuni5in1worvivisi 

nmilfl 

awirriscildwin 1127;finallYi1ualvja1Q1u Latn-155tvvint@llicitik Si@chwinti-ieJuveili 

aleiticlufiaviiunuuitiniscifornaniticancuaati-Agatillihknisifi@IPulAautith4 

Na9761111111g@ Pird0;11.111w1nn7qtv,SE 

iuiiun'imitgiciii (suction) illytuvrihuLLIALha vra -intl1nfln17a1A1fia1li 

(Capillary) LarviiiiiinitlEIQuviciunt-vdmaiaiu@inLoAgenatienli 

Fredlund (1996) biamlni7Atiumlalia5411,InanwrroArnd@dan.41.icifug 

rieunilvAnwtJai65-arii,411-ean (Water flux) vinfurnaitntrivi -inn-nnJ&Juulaleinm 

1̀117:i.Jfil  2.6 Lil@diTtrAucinisiiie@naJwaiisruga iiciAuttlaAaJihjh61
91 

11 

(Unsaturated zone) v..),aEjimiloinstarj-antiLLaviituiliSi'61'auihihutli (Saturated zone) 

ii%@Eituan-nao3Aa (Equilibrium) u,atiain271,11SouutlaZmy1iv1 

1,411-@@nuirgiagiu 6li1ktl1moomitSruti,rJuLoaiutiv19i4 (Hydrostatic pressure) 

vtict.con-nati (initial condition) eLl@1,1,54111.1-11cudguciti 

unaJfnWtrnn ItITEivitu@twn@nutiitagnoJuat viAjl@intittallmin-i711Q9-in 
a 

cille411,eibalecuk luituAtilaiaL9TA 
45 a aa. 

7E1111Var101-1151,911111L71a11,651G1U1.11 LcumnnliniTalausim 

6/)01rraeficulygtgiulumlnhiritriiiin691ITiliviii-amilintabhaiiiliu6on-in-155tomAt, 

Vritawitiltilvulal2249i-aPautlialL5411:1-iviiau @inni5LIJAm41111.1-$11n -n atioitulAM 

ninicu401.1@taionn5LIJ'AumJaloliujiw 

anTmi,32,311414 lmivan-rmalla 

PT111)1.1 

arnitn-15,1struhifiliiitufitimi (Transient seepage) aolPik1ficui,viqn-i5cautmatgithi 

ii@tCflotracohl,vvrinlyingeJu viloviA"l'ainrriqulcula.icuicu 

LariusiPini-Iftleim7(cugt-activT1 

aloAuTgoinici ilar,t14-1,ivisitinilAutatIN6pisid-n.loniutla@ol-TuiicuLianuarluPahai 

vtitii:jitrn-Tu ii-aod-iln-i%11,Asinfaailtisnivemla-olnAaanAkirTun-i51,viainnulliAifti 

feignistilAu Ma et al., (2011), Santoso et al., (2011) uati Xie et al., (2004) 
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c 
h 2.6

qJ 
niuctJaouiviJaii,L5iPtni-itivitiuguniglini5nigotstlalet'n-iiiiviii-oon 

ulin,(6,1-3g1JbiE Fredlund (1996) 

2.2.3 ‘@
41

rifidlwanlrivniviaviiiiinI5a.milihnliniultiaimiiu 

LagamilArsti0igurithiam,Laripimgmmigui$c 

oinni5gm.4-11-ri.M8 Green and Ampt (1911), 

Horton (1933), Ng and Shi (1998b), Ng et al. (2001), Kim (2004), Zhan and Ng (2004), 

Cho (2009), Shama and Nakaraki (2010), Rahardjo et al. (2001), Ma et al. (2011), 

Rahardjo et al. (2010), Kassim et al., (2012) Lot Kim et at., (2012) iilolu1i51,fiY1flii 

nitaiit97Tedt'A'`11-nalLiiIIIAS1A (Ana(ytical method) w.a9TEriTuwioad 

(Numerical method) 9/111,1b11111WITLINESiciWarl5t1/11A€f11521111 621@l911111811.011;i1AUGT191 

toibfielleonsniu9imigigmilinn5garti-iluanQiglginan5oulialu 4 c94'n•viAin 

go 1) 1 1'89/111A'11.1.7,11qioia-oqiu (Geometry), 2) 'florigLilminrinworn_Wrtiolguiloit 

tt@miolualogu (internal factors), 3) N./EinTe,plfulintition (External factors), Lot, 

4r191.1111:(181i9lfitlafliTi'AilnildLLOt01111n101J1,6ZWI (Initial, and boundary conditions) 

Tinn-i5gnconvil 4 cv.41ai ciAltdi4f.rgliFrifliankpringqogo 'fl uEinIc.t'SitamEiuoni`fir i,gErrtioi 

pinliiihutaliJ31.1-gloh,C1,1,14A (Rainfall intensity) Ed/IL/a-11u 

n-miiwurig¢Jtwin (Rainfall duration) 6110155tI,Vti (Evaporation rate) Lth.ihi 61141f1 



giLavarThi-ru-aruCiiitiLmitlfindu 

2.2.4 a
4)

41tarritruarri
4
diraoiat-rilticalualoiicuslutiil 

v""sn52iiSfitifrietia6A1 ?iieJavi@miliTirstiolai4uniannii 'LkLri ciiiamihneidu 

6inInaiturrnolorJu (Rainfall duration) lww1t (Rainfall pattern) 

691,1f117”:1,948 (Evaporation rate) LthIku 

enanumondaav-mn5tu-rummrannAinfrnaaiaili (Water runoff) n1aitutlia1osmuT4 

(control • volume) biLit-i mi7lvioeM'itraciu (Surface runoff) ni51,vinaanloirnh 

(Subsurface runoff) Li,azni7TedivieitiinutrauniulativvididEiavitunItuTurriAiiniluily4facu 

viJuaillann mnirktFinyM9'unnifuniEnieniim-n9t,411116.1'19
4
%ElatILVidi'll

0
lj'Aloitif

4)
u 

Horton (1933) vi-mi5AnctliltaLatiiheiumvucuilazied-m4ioluni5@hio 

mil.Trunciturrnsihrd-iti@autitinai $1'1111171 2.7 Toummegul101,1V117;511 ( f ) 

waolavriantEnsLw-rikriodu ainnimanamottinissilmtai$cu (L) unni 

oriafrrawranuitumilihinNitngul(iyAlueriui7niumn5illigon;iitydalk(f) 

IhtlliculliffM-wvinfilAnni,11-roinarwimiitioni-Aaliknji (Hydraulic Conductivity, 

Ks )loo ,Green and Ampt (1911) Lot Philip (1957) tinLLucu4ia81£115gIlill*U Onmni,41 

LLEirmlucivinalgat.2@nvitufvnibmatn-niviacutagiu 1)”,11171 2.8 amOilimilivkiclu (i) 

Lijne.luomilmaignni yymerari5nluniALtelPtatiMiLvi-Aflyallia.g.h..1 

lo.nrurSiLriaL9ailicuni5omtalr•lualilannni 

ijan iviAi5viaag oTT'Iiae il iZllroniuuFnulLliompinviiiuoLnfrm,aciavi  

1.72141 (Ponding time)1,truutiguT'icuvrinflyam'athilliginflnimami5titun-lilLqmino 

621@411.1@ziailinil,vatrurn;nialotha 
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In
fil

tr
a
ti

o
n
  r
a

te
  

Potential Infiltration 

Actual Infiltration Runoff 
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Time 

2.7 11111_141@1n156-gai (Philip, 1957) 

III 

tp 
Time 

VA 2.8 P11111hill1165Z1/111f11,;(411,1,MfM1,Valik 

vinvanni7LLunmilionnsolun-nautni5iviamilialuluni5Oinvicon5I'Anu 

Tinniwieumaltolaiokviatliananliehdhnnu4iaelm5a wziln-nicAouminamiaueJu 

Ole filianaidwfirdiAirthtFivit ni5.4Lej-nildiameru (i <lc )mTumduthnricuiviit-Tuvii@ 

inAtikwiaJtItOvitni5,11LeiniViiialku ( = 1.1,01-W11111,411gilndihrd7z,totnitilL1; 

1101Ati 

11151,INIVillri215:49J1111A'1111 



Ortm 094 m 

Rain all simulator 

S 0.95 m  
. o 

So 76m 

 Plaza

, 

 moters
l .34 n 

 

Sl 7m  
!— 

TA 2.9 itucutia84a-i9AuLtaraut4ia8411-idu (Huang et al., 2009) 

(a) (b) 
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2.2.5 Exucui-ias4nientArtimiani 

Huang et al., (2008, 2009, and 2010) lo71n1ntl11LmMunir1)ehol 

aioCruitaLcucut"Anivia Tomilrm4riaainiartiinnoilv4 
it, t, 

2.9 

einniaualoi;itiluantaritrilieJuusarSinilictAocuinJaifilfilimihuth wanisvimanirnrii 

rriTTavalawAtarmaffultiniedilfra uloCittrii-AtIainawau tianrimiruitiolatinainei 

aiMitalthiaioiam iiluamAtivAl  2.10 am; 2.11 b'nvtitillAinnateifiraivihnPuriunai 

finivranhoti ii121111 2.12 

Original 'slop toe (S F 0 ni) First trench (S:= 0.95 rn) First trenchiS= 6.95 ir0 :Steam! trench (S = I 
.7n.)t 

211in 2.10 6v1n1ll'atia1a1aufoirmatnJ4m10 (a) tuillioniliotAJaitiniciAcu 

(b)kohlitilaaaotu4@unwmalarimcru (Huang et al., 2009) 



—B.— Teal No. 4.1 70 

Tool No..0. 1 101 
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(a) (b) 

21111 2.11 tiamni59tWitulaim3iumio (a)ltrtillttinaiortuitinialualociu 

(b)tuctillciaa4ttiortuilmatinainalaimiiu (Huang et al., 2010) 

100 200 300 400. 
Time (min) 

(a) 

100 200 300 400 

Elapsed time (niin).  

(b) 

rdil 2.12 10014/1711101111199:71418401G1C1U (a) aio'crucitnautItniniu (Huang et al., 2009) 

(b) a101F11.11171a (Huang et al., 2010) 

Lee (2011) viiniIiinwnitiFinnainilotati014010iatfidut 840101AUblt1111541a01 

8101611111,1J1J 1 fi6i tot 2 i 9illt17,11 2.13 tildwomi5niniAlitaliiititialOiqvuLL6'ii'm 

9ill1,54.4111 (Suction) itliuuultrunintwii4uuti4io04171aNtiuu rbvutrii wan1maau1Ia4 

44oelivuutiwaniIvivmaiAtauriu 44Liamitqthii 2.14 Liat'Anbicalialecillnairu 

jidwiafiluileitniilimimPAnai 1 et-alm Liar, 24 4-itail lotilathilifnuumnrilifitau 



(b) 

o.a 

E  o.s 

• 0.7 
an 

-0.9 L-0 0.9 

1.1 

1.3
t 

 
25 -70 -15 •10 -5 
Po ro-waie pressure (kPa) Pore-witerpresu e (kPa) 

Pore water Pressure (kPa) 

1.3 
55 -50 -45 -40 5 .30 .5 -10 -15 - 0 -3 
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nirmiaau raiagio vrtriiiii 1 itilw iThiumoitnicnieoniiiii 24 41b.il iljltiamiretip.lii 2.15 

tflflTflU ETIX4tnaittarinriiniliwdadidultiaiartSiiiukutoiruavtilitiamoiilliti olah 

itl iiluildlcuzI aLFm nilivialiJ9111.11::11111/1841aoltvriiraiiru 

(a) (b) 

2.13 Larutiamimh (a) ion 1 DA uar, (b) tam 2 fii (Lee, 2011) 

—• Initial condition .1) soil column) 
— init ial condition (2.0 slope model) 
—e— 24-hour rainfall (1.0 soil column) 

—n— 24.hourraInfall (2.0 slope model) 

20;11  2.14 n1vitteol19111 I1rawr1aigntalcriltut1rtAiaa4 1 L1IZ 2 31171 

(Lee, 2011) 



.Pore-water pressure (k Pa) 
30 -25 •20 t • 5 • 0 -5 0 . -55 - -05 -40 -35 -30 -25 420 -15 -Id -5 0 

po.ie-w4tei pressure.(kPp) 

0.3 

us 0.9 

:9- 
Pore-water pressure (kPa) .P6re-waleipVeisure (Oa) 
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Initial Condition 

-id-- 1-hour rainfall 

—ta-- 24-hour rainfall 

2thi 2.15 nYnAceolmilrefaiitl6stimtillialloTtnli6veimAnTo4u1v,ErzLia-rmllit-o1u 

1 irlf-Aan,Lay, 24 6fr-alawd@lanoAu (Lee, 2011) 

Chinkulkijniwat et al., (2016) viinirlitnaaamilini5nun6vilnionimar, 

qvinlmontEla1vrcranutru4loalvron1unicom1thiluaNilal nialthjoniitityjneJu 

tulthonmillei niutirnthJ 

1nn15iffn1ntu1J#11 ni5macueualtalawkiLitilonvtlunioftla P@ Lidan-iAu LLatoda 

ni5Siavd@i5tPuclagiu 

utunE
1
f
4
/t°211110t@IM1111,411Au @ilusoolunicwiti 2.16 kziariKaiwiiPiustilutelaio‘Au 

LatIJILlalM11.14116- 11$11,1 6vitmmainvibriftufleoktriLiturrnatatinlala niij 

t@lawAlilala.117C16Lti10@niktiti 3 thtuniiiitriu "An 1) /filiwastriliKsi'im:71 

LL 3) letaif1orniFnlwi n11111116d€1 

aim'AtiCA'ilFrnarirtizilam&i@riklutudanivilaJ tcurSialoInSirmTuritigiziuulo 

nifriiiciudannIAATtrualuArdiam 
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(ilks ) 

,TilemmtvnydnlnynaihJeJuutwiwinhuFv/nm.laaoriu1o1 LLeolirluvvimAalkilnih 

vilLieQ111,u7,111/1 2.17 biELdin5n alaifl3luvooautain15Lfilifi1talw1awdelltum 

P-17111ilufitPS@uihal'Itukt '11.viiiwitfjni5aciali111:1@lin'fl 1.0 
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Tail  2.16 nyonlamlnitaTanTugvoriiipnia.wsralduriutlianaiwnmiti 

(Chinkulkijniwat et al. 2016) 

35 
II 

90 

FA 2.17 nynAlummui(wAluistvd116myieicurranJa@olitit-TuRyliSn 

(Chinkulkijniwat et al., 2016) 
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of 44 ific (-) 
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0.6 

('). • 0.7 

02 

0.9 

1.0 

2tlici 2.18 nyntkaolRilagian7u65:14-i-NrynAnInciFiriuktilni5;gai (ilk) 

(Chinku(kjniwat et al., 2016) 

itm-s@inactR' 2.18 LLoowy1 iitigtwi1lmliL5nInfiukcin1AL 41401161,9)11116M152.)1111J 

LiUflJ tomnywhilitlInnairraltnalaw'kuf4filanimrinvt.nulatutlodni5lingai 

isdEllrioN jitiP1lun56.1Cia1wqruvtluPou1n (c',  0 kPa) LYITJUIfflulu 

557wrilLLA)  LIcutinlninilvemvaivAcollaRfinladi4oi 

ImilvanAjtonaluFfiumildh4ini5graliaaLi'vn/hAufil0nieictiouithSrundaitu 

4ur1fitoilom1,41PuiTh@Hiu (Weighted Factor Index) -11-iiMnfidiNalvelLfloiAundL 

b1Ln 6 1̀01J.aremilansalifirtanilivoiiiculJimicudu 7tPUKTlag.j191@l41.19711  

6/161,01MAIN1C1111111/117f1611111,M1b101/4111.91flgillfTIALMSISZAPt66111,1V1124/1"Wilt@l`n@Eldtil 

Pantanahiran (1994)141viAin Logistic Regression Analysis iiii8115ncluian1i 

t,TioLie,lukadultilliLicuchciaiontivdoigaqu LLatIA1A1714fi L'11,1:1011.1PSKI15551151/1 

Toolifinadaiharruairi Remote Sensing tilt nauka LLtlsoiattlii Elevation, Adjusted 

aspect, 1M4, Row accumulation, Brightness, Wetness, Slope, Row direction 

ttigliitmonRionico-an55anticrAutriusin flcurilFiinnawriaon anirrImEih 

u-r0Almiami 'Fit-nrntunain5nrdaataidLanotinloinLtiol Mid chafolinailiti@ 

LINt59,15C11 elLiaLTIPilalfH t11J glUalihMal wøinL 

toarvhnn5igniriluktiqt-unnrk@auloill?nt-nt.) AmhzAilumianitiAlt@lanorpoi 

TouLaynnilarshAnwrintilluico-amonlknolni7Criaundli 
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nnmwrnt 

Uisri n-151,411701u 9617M .1t-r6turisdilloh frvaiawrifu i,i3tncu.Ju ImEloisirivliuti5tucu 

1nfa15auvv191 175,tIti,titin1ailliiwiluilt1ua-wial1to1 (infinite Slope) 

11111 . '01/11'11Allon
4 

loin u/-)111A1,111til 
1, 

FJC/11 1,ttiltil,VUIJitiiliuni5FinibriNan52ziru 

idiatniscieuatimalaifflaiticuvioninamaieft 

(Trahslational slides) LoialiT

i& t1fl1flW]fl1i 

 

niutemouotimQ,1113neivii 

lum5 

115inricumitiFnteisnintilcilipiiliAuLlaAg-Aftwinn6an-155rAtiumili.116/21011@iii@Auciie 

5t) atliluo (Early 

warning) IligIR']-111663:JuFfariniTti 



curtail 3 

3.1 with 

liulailIali'vq.d7talikildinwniOin5saini7AntanlalfrynAtilucrAaeonkit'icu 

vviqn-ilaieJuoin tiganl,minhereitnnirmalaimAurmni5vtltruutIalA'rti:utultikiicu 

LitEcivaauaLLuimilniI6idlolleirlaivilwinLivitilfiLvantiniviani5LLilaietaiuAtw&ilAj 

@Elmo:Judi )1n1541Lturns'A'Esao417,11fi 3.1 

1) inumnLeihni5vioantuiXe11nuniyILmititiorinniv1tuv1nni, 

aloPumluoi ejitin-MioRliK4N11@ljokvitini5vtAaruLoJalorniiitalualocitailoilLvioinn7n1 

.11.101fliiiEl5171F11171 blflifritldall,Lthfilf111L6drnAlti (Rainfall intensity, i ) LLar,iNuanoeiltrtiN 

alfl'Clid (Slope angle, fl ) LitizAnwfgmtvosnalmianihidu Liat'Ariarirualoiltoia 

nnsoinauelcilqvin'Imanlia-ioAugtoil?IleakniutidutumJalLereislnivn9ialan.wilunn 
4 S4 

 giviiirripannlwrahinEkcitisicuLTIEnricilkIAFundv 

Losuhanrmulutrudialliitivilaipiugiolcd 

2) einSiziamliiu'AuvrfuniTILmIinLiimilLnAaini.Trfl4incidlNanInicolah 

InatindamoguA,} I nnniunc141@m-yudaJthig5i,vii19yaivNeJuiLariuntnaifil  

a1o5iutl:adion1,117 (Threshold) lalLittAiviteiEnnmaiohtiptiqofivzhini5LIJSIEn.aulal 

LeFin5nivw-mhdr17ioLl-grnan 

uatannsci4-)aunpfloyunifatiF6doialoqru LLatouaLutoiluvitillun-niih,fitalfiaLiar, 

Onlniuglai0usitSiulmaunthAvvtanteli iLatripywdrugnarintuku 
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Fint4-Wcuvri4tunirirm 

liNlatlfifig12,11J011N11111 

tzikoTiati-m 

1111101621D16W111 

Plillfh14-11X1V1214.2101C1U 

2-1941.11111jULLIX - A11 1 

1.) 
PTIMINTUUTZ101111 

llAilj111.1911111,6516E1411@lk - i  

WInillifirriaLIVTU6SZWiThl,51 

iio-parviinifunlufru (swcc) 

1 Lminqtlnwirmviodau 

Lotn-nazuLfiuu 

nin14iniI1aluu vdaltaltrianni 

A iiaAujiitlitiutAiaaivrilnmnim 

nisaluai4itifinfliquiruoim INAt 

nwilritOrinailLatnatn f117 

vrnati@a@lanoAcutuani-a:AinrwIL 

flin  4fitn_l3i1cup-rawillJduLLaz 

yiatinalaw;icuilLomriti u3azvii 

flirlimlitthefiesnivrdolaioFnAta8 

awnticuli 

11,A7111/1NOMIYIffiat 

eficUrani5iinW1 

Tull 3.1 4ti9launiwicniltilitin 

3.2 niwilturanadio5nertiatiaru 

method: LEM) torilifiLtru4ia@ilathdinartoi (Finite element method, FEM) iwi 

i'mfiunisamaltalvniaiLmimnah (stress based method, sBm) 

fillIllia@oliEJ (Factor of safety, FS) ,7,'EA 3.1 LI,M11141729Thadaianatia7Lisluakr-nazitivin 

ToEntunatTil (Failure plane) Ii01010kinthikuctioCkuLwittnufaccuFnviOiaimOciu 
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inniTIplinfiviii6anieiTuFauriThutiu (FS) 161@nnii915-1eInuleivri-wiiricia14itivriu 

667118011 (Shear strength resistance, T R ) oloriiiiiA'1CdauveiniTinmnLfiSocoiinlanak 

(Mobilized shear strength, rm  )1tavEnstuitaMtnriu l®LvtiltILIAlanivoiohtus5utial 

Tailai@cchan-nztiithPandei &lcuni5W8mii&ionLi5v4TtniuitilAilviluLLilL'o'vutol 

aio;nAkilnincLi&-riolifilvulTni7lcrikalli@i-Forni (Mohr-Coulomb failure criteria) tu 

anitinii (Fredlund and Morgenstern 1976; Fredlund et , al. 1978; 

Fredlund and Rahardjo 1993; Vanapalli et al. 1996) LLatd8ibr151.1716dEla1aiti91ad 

661.111/11162101 Lu and Griffiths (2004) and Lu and Likos (2006) Ajlvi@i'Lld 

T R  = c' +ko-  — u a ) — o-  ltan yot (3.1) 

61.10 C' P0 i1viiaa.1661.11J5/1/1)61Laio'A'uthtFlitaa (Effective cohesion), co' Aa 

nioluctistSvi8Na (Effective frictional angle), a Al @ diRl'aitkuviindivti'mualuinTDJ 

(Total normal stress) tea  'ili a 116651$11.10inifitcudNik (Pore-air pressure) LLar, as g@ 

(Suction stress) illa1Li5ngtifluziinni5i1 3.2 $11 (1 

  

u ),-s (t, -u ) 
° e  

(3.2) 

  

sin 8 Pn dipniLtuluki (Volumetric water content) 8,. o 110111141,1P1164011A11 

(Residual volumetric water content), Osa, filf1111141.1114PLAa11111411A11‘116j1MY1 

(Saturated volumetric water content) ii1M9/19111vilL1,541V1114661PU (Soil suction) '411Jil 

(tt„—u) u:at Se  g@ 

riqiniTolra-a16'li-aihnilitIst,SvitNa (Effective degree of saturation) olili:7`u iinu 

FrnanJa@oriti (FS) tolaioPuutTu9ionalA 3.1 emiltuclutinOcu .7,11aaJnirl 3.3 

T  
FS== 

 c' +ko-  — u a ) —  ce  han 

rm Wsin fi cosfl 
(3.3) 
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La /3 An Pi-vin-i&Atilciinla-igiu (Slope angl) unt W 

ilti7f1.11 (Weight of the soil slice) eil@lTirri W =74,„a = rZ,„, cos' 13 Lot t = 0 

lueinitm-awitimsarini! (Atmospheric pressure) kfiviAla1a.n5ciactlalvinn1niri 3.3 

thntiduavaiMunrrnfil  3.4 AA 

FS = 
ci+LyZ „, cos2  fi - o-' itan c'—o-5 tan c' tan c' 

yZ,, sin ficosfi yZ sin )6 cosfl 
+ 

tan 18 
(3.4) 

Lrkr a0111.I1WITawialliiii9n (Unit weight of soil) Z 1ni-i5iL.iiiielpraTannitiLvinAl 

dd0i5roultaiii (Vertical depth at failure plane) 

i'-niii'-un-irini-rAnilinwriLALAdlii'mtii)J5t,FuaNa (Effective degree of 

saturation, Se ) Likti1lJ161,V11.1fi1ltiftfl1A 3.2 &ntall.115E1941fi1 Se lkineurmiii 3.5 

0 — 
S —  - — 
€ Os„, —0, 

1 

1+[ak, -uS 
(3.5) 

ua a gia iiid,II;ilvianiinfilAaAltiflainimi,41-uniuivislorioAu (Air entry value) n 

nfl IjOiSnti-ilviaoenTinlitndivicruSiailuilgivaniinLieiun -iii Air entry value 

Rainfall 

3.2 nifMnit.1,10.6.05PMAITE1M05itleitialginiltth.ain 
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lun17.189#4 wlinin-a;  3.4 I1inn7A1incuvr1Lahm-rtrimnoAu 

awInnuithan tosnainniwYjouwdalmn4u1,ualaru LLatiP715n.delt11i.atili0t1E 

1Sigrai ct_1171i 3.1 gl`t:Tu 

clovziatcuiEtta-rifEtToilli 

3.3 niligiltailaillat! 

I'lliiiiiiltini5moigativiluAuvisiti (sand) LtIcaiugiciadilcivitarintiakg-aaditac-rua 

0'111 g1mailme55111S111 41114-791`015511IS41 IMM/7111151,PIUGT`d@dlaULLUU1111155111111A 

ii"]adll'intlelt (Disturbed) 17Wr-riOn°8-ArnPuteil 1 awn vittaitioi@dilittituhirminu 

niluafl (Milimmaioiru) 12n1stm51rAinm1wpaaniihitirrudmennTiatill tøitwi 

niln,t9itien@lawriP (Particle size distribution) ‘C'Thr-rnlioa@ctAeuiitigitu,n51 (Sieve 

analysis) Lat n1Tonfoulgmilmoi (Hydrometer) vi'111111915,111d ASTM 0422-63 Liat41LLun 

;c1Elitcucu Unified Soil Classification wiLasionni ASTM D2487-69 Imorn54iumimaa,' 

1/1118 (Sand) 9/151t161,1n (Silt) 1,1,SIU1,11111Efl (day) `1,111 

Ant-ii14-murAiNtaioki (Specific gravity of soil) vill.M1V115:11,1 ASTM D854-14 vrwii 

al'InntAcdf115.11Miltliklaall (Permeability) 91111111915rti ASTM D2434-68 lit1i'MYY11.1 

141.111,1,1.1111,Lil (Dry density) vinnoiniu ASTM D698 mirliiA"15`uLL,160ousti@Ocall-mini5 

1/10datl,LIII,OEUVI51 (Direct Shear Test) 61,111_11,b4 a1.161,1,11 PUlt41V1Q1a@UN19111141.J1A111-16 

0111.11.11V15.1111 ASTM D 3080-04 Lormoaauvrwmaihiii.thridilLooliraminfiumiaidu 

(swcc) loweigmaioLnAh vioaaINI1M11915,p,1U ASTM D6836-02 Iitn,Le9iwituain_Taillinwi 

vannyiliii 3.1 toz;n15411,Luntu-w) n15115t@infll 

1,110a1111,0::fiTILIA'111/%6111,1-i111,1,1411911,1191inticurnataiu unolu.7,11ci 311 
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3.1 qruaLilimaufil,4ilcunilvoa@un-Martuaiok 

Soil properties Value Unit 

Soil type(USCS Classification) SP _ 

Dry unit weight, Id 16.9 kN1m3  

Specific gravity, Gs 2.69 

Soil hydrologic parameters 

Saturated permeability, ks 1.54xl0-4 m/Sec 

Saturated volumetric water content, tt, 0.371 

Residual volumetric water content, 0, 0.021 

Fitting parameter, a 0.662 kka-1  

Fitting parameter, n 1.605 

Soil strength parameters 

Internal friction angle, co' 38 deg - 

Cohesion, c' 0 kPa 

01 1 10 
Diameter of soil particle (mm) 

 

TEA 3.3 @iFitht,n@utaiiilarulcuaioki4iaz1 a) Im11utniln5r,itrt211,aiait4mno (SP) 

sm b) A-)iaihiNgitvd-ilu,5141v-avviin t'icurrnwiriffiu (swcc) 6dEIALYITIEJ.  (SP) 
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3.3 ni7dicilLictrudiaaivroniunivinilthiiationiiamildu 

5-watLbjewHILLcucu -T@Ilimmun-nini5.1.11,1JaimAti tlItin01J1,01u?kui1vlundal 

vioaatAiljaagliiiiLikticu,INhAfialiliii92,16ittuninma@cu 

15 ol€111/14-iuiennu@loilutLat,(11,nroinal'iniaJn-nihninancicuaillifo 9U cennO 

nicil 200 ciakm.  uni 1500 foSaioniatIN 1,000 ilakIion ;111..n4A'16daInda1vikla1Ji,@1t,1 

WO 9 imSaim 5 ihtuniiii.ainiillundN 100, 200, 300, 400 um: 500 ilaSain 

121j AdailooT161i1niaisilu (sensor) el-rainuii-milmuctJaiotalaiaitilluAumauni'ffl 

cvqu (porous concrete overbid geotextile) vrui 50 37,Sual, ?,11 600 alau,411,Latnill 

210 alaSwonk"u1,5LikilakilaumflhoilmolvaiEentjitouctiTrAima611.2anantimaaq 

n@i7tuneapi@triJa-immaioPuinctrioniii 200 cokLvn. Em 300 ilailo7Latql 200 

ilaSuan Sio5otliwialchothialaithajn1 5 coil lif flf1111.11@f10111111J101 2,000 fia'ASm, 

91aamototvainiTvinieu 

vijauatial@toliSoAal,ilLihrwni5iViardatili ndmoinctAtCerinuoiorituruiiiEmanklificu 

ni5cd'i'cuLiJuu@limP1112.1a-m9TUTNlociti 

LcidAvoimanun-nal'jticuutlaml,r,A)ut:110u illtra@lnd@meatanpww 

10 fiafisLaJAI 3 ¶11n1lnn W;11.1 350, 750 LL 1125 alakaifflIvinaiSiPu 

look$11/1 5)ottvlinlitrAtz (Pizometer) A']uvivitua1e6inte9t1R,itminciviu6nail 8 ilaSaJoil 

eilLnfflnilLtrArumialuautiticin?iitElIthoillgiulinl 5 I.riciolo@onilviniau cuen@indail 

biRliig-ign 3 11'3 

lualoc1119012:17111:firi-41igulOim;icu ilniTy
0
itiLteivinn5

4)
n 4lusd@l@in-iiwnuanoolt

4)

11n1a.iiitufla1w1LmAoti1A'ilitoiLlimmitataP oordnin0iviontatailfililuitiil 3.8 uot 3.9 
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1:56.5 

POroUs concrete 
Overlaid geotextile 

d 

 

Porous concrte 
overlaid geotextile Entrapped air valve . 

00 00 

Observation hole 0 9.0 mm 
1.83 

Acrj'lic plate thin 15 

0.051 0.35 0.40 Jr, 0.40 0.35 1 
1 

1. 0.33 
4. 

1.50 

 

VII 3.4 sitiatAwdaindmininto-igrun-i5aliti 2 ra (a) 51natagE1ndnivioe0n1n 

(Side view) um (b) sitiotiLdtiondnlyininuTinPrtim (Top view) 
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Chain pulley system 

La
r 

 

Computer 

Rainfall simulator 

Experiment box 
Steel frame 

Surface nmoft 

Subsurface flow 

Data loggel—THi\ 

Pump 

Cve 

Pets net gauge 

4 
ztlin 3.5 uniiiimiLanAlaNarimAutiatuutruichi 

ziNi 3.6 minci1endavoaava1mfrui1eia4LL1t5tuutlidu 
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3.4 ri1l6ichg1Inuileill@friviirriarti (Sensor) iiarmiletwitimi 

3.4.1 qt1n7dini•Nigwanifiti (Sensor) 

qi_In5nion-Aijownilitti (Sensor) tiltnotkan ITT-Yommetiu (Probe) ill EC-5 

tomaj tIci 3.10(a) irJuqt1mdri7krunIn'Toim1ligiu 4/.10:5 Frequency Domain 

Reflectrometry (FDR) tolualgoviAjnnilmimoillgnebtIM LiazimilaTt.iutiniako (Data 

Logger) ju Ern 50 3.10(b) ltrialAllilidugialiileiu*150 5 t. 0111nriTAW1 

WoranailunirTowill$1 oilLiai 1 eulibiami'ui allei4 24 ImillthannigriLiapA 

14ilititurtfinutlfrnnistru Windows altufialifflimi ifujoillaaintKialtivitinimpare 

o' (96) 

(a) 

(b) 

FUCA] 3.7 OnsnimaidowniauluCiu (Sensor) 

1;h5o (Probe) jti EC-5 

tfilmiusiniakia (Data logger) ju Ern 50 
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3.4.2 niloatniisuicaiownaiatiu 

riiiiimam-m41.1171'1,knahlywymilvtltgiallAijufliVallifiErUficu;14isluni, 

Twa@tri@u et1)1411„PlatIvilii 

wibiAuoTwEilialluuttniminlIt@nnsnotiwInticiwitiall 150 ilaSawn 

1,1,111fAnynninjuiviifiVolni 

NoiYion-rarlual11111.1;11zaficuo&Lietilatid-) 

imiatikuriiiiiio (e') 

LrItoi#2adnatniittlanciElAiniiarlitibmilimTh (w) 

41infl.1PiTAUIRMIBM91Acinel (0) 9-inam-rugi 3.1 

1/11911Tell 1 ni 5 LOE11.11115VVILITMILIVULTI@LIAJ7VTUATIMIU 

1.1'wl-wilnglIniripi-m.)-aiiiumunnisil 6 

1) 

 ?le ilinovnam9117-luanaill (A) 

Id Pa vnhoilivitlirdalkAuX1(aqloi.)1 1.60 - 1.70 nitaninntrwirivnthiann) 

Fin linhanlywtineumis'n (Lviiiit 1 niilkountrywimu1an)5) 

W 

Lilocvinn-nanuLchuerToLL6'i 11-14iwidafil0,11a5-11Fnuran;)Tuguviilfra-wil'Ili 

Liiit1334m51711$1invIVi'ofnilAvu (8) (w) 

Limli
4 v

vinvignoal (8) VINMJ51JLLF1P19Thl91cu 

ni54-11..iit-Oufi-myairdtuclfrrulkino'hi'vm-raitu Fi-wam4cuittlAnnaLni5iiitwi-Adicu 

'441airini7t1i'uuridifnwiivintldi@in9TiljoAT13.1tU 
! 

gnviTuhro518 (SP) ;JTuLLknnm.wririti 3.2 

e = 1.11600' - 0.0160 (3.2) 

1 

611@ diRT11.141,40811_31.1121517111$111190M11141.1 
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3.5 liumetiniwiciaaunillimailanalcjithacuk.ntiiinil 

niwilmAtinfILL5nfijllici@iniFILALLatcwSnnLLtunai 14 Its 

@dilefailLnia filP121.14111,111,1 3% atie1tl1Vifin1UaiAlaEMIAjaieft1hL1atiM1lAtUci6VISMIN 

SWCC 6nEau 1fl1U tio6o;ru@dilsaufinunintunolcmia@moil@onLifu 10 cn 

luiLuTtau,t1LLVidiSiFinfliitli 60 a`:rni,J2oi jimInkolit-jriPTugiltuu,piatitti 

gilvitiimi-nirCinLALviiticu 1.69 nTaipi@ncuimtivziulaJon LiatZminnvd@ii 0.67 

iu7twfiln5tinuniTurn_Thhai U'IF'opil$1-/ToPniliciltu (Probes) ilic•l1un15a6olnui 

0111111711 3.2 IthanuninioncumniaJdiuluaimh 

Series Rainfall intensity, i Slope angle, ig Rainfall sequence, tr  

(mm/hr) (deg) (hr) 

45 

70 

100 

130 

160 

20 

5 

10 

II 100 

20 

30 

d@cuinnirnmenuacuu4nolaifflAuvriblffum5zcnaucuvrAlainctramdmlifianal 

wynivranrieJumuvihiluniwocouoloi@nrawdzlaw'inSiiimilia-amintuni'Vtiliehuv 
- 

illthrimo) 2 60.orvini@ti Toovvintatulnil 5 maatNtlig@intliancommiliehlonkilriu 

luninioamik 45, 70, 100, 130, 160 ilaLann'oi@ii-)11,J1 matilipwrimairiftrmlmoAu 

flIciL916u 20 @lcan dicurvim11171?@III 4 vioanwiliNaJmniairiltrwelaioaluiLanoillriu 

luni5vimaaugE 5, 10, 20, 30 Nciii 6Lnii?i1?n1LL'ihrldWilfilLviiricu 100 riaSaimiaii-AL1 
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agoiru4-laadi?i-rtrianonframAuLtuvitenElkzOneHnl 0.40 Fl 0.50 TOERI,ViatRfIcintiThUO 

miileolvivioeotillimuo 9 

m000tv4ia@lvvvIniwic.Itioni@dilaahnofiA9ipoloivnintionipiltaniwintecu 4 

loml@uitni1vioanculguaulittansimininiatil 3.4 6-nnitTALuuni541al(luvinlun1I 

9100@tyai4Looitultli71 3.2 (a) Loz,TULLuu4-1No(*),n-nt'Actninttiniwiluitmelteinirivnai 

-10itizi:ItigthjwiTiaLlant-T (LEM) 10EN,L11.4-10eaTratigO&P,rag (FDA) amluitSi 3.2 (b) 

(a) 

tJ 3.8 zULLtrui1aa1Lmln15dAtom (a) ni5vinfmAilluinni 

(b) (rwiTuinaerinniminiawkact7tivi 



trilfli  4 

raniAnwiitaz`iinrinilea 

4.1 Unlit 

iurm?inti-riNtiFIF1551.161171w 61L'ilad-in1sluaioci46dall-rulaustiotl@cicuti4usiutai 

Green- Ampt model 6iilvilui,LuicwrilikatuTainnQaalmi€1 (Darcy's law) lonnirvioauu 

@cinigtkia.ia.AviuduvinilAjiithrinitkilFart.i (ilk, <1) 

(wetting front) at Atal?1,;111,03ila iliduCciltinthiAj'aniululaytnicauCilt.invzjialta1c.inis 

vtAarintJalpittielfiriarititcau ilatITVIclui:{10nvai0111 negative pressure cilAA wan15 

vioe@cur1tittitnlrynanskidui'rkwinoi-ilricuumeJtionti6m-mliti 

1Mulueirrnr,fi i2n25WSEJULitla6itilr1:itiai (Infiltration index, MO vtila5ird-autnur-/-11 

nyaivraieJwiamiuman5ngoal-iulkmAuciar-rrAL6h4hwili 

szJ1cur15ltroidna1anok ;10-151,trutaviJalotialitilnrufn-0,/iiiltiriftikioilndTazyjnnivTfl 

lk-iniad-ruri-irrraiirciAncua-mhchthiftranvi-ill 

4.2 ran1roommin15th11aru 

con-miontbitini5mmlo-riJilinviwr-rmirutualOculdiu,e11171,u7,11.91 4.1 Ur. 4.2 

Lvu1J41a9la11Acu Bl, 82, B3, B4 Liar, B5 n'Snal 

100, 200, 300, 400 ilat, 500 liaSain 

4.2.1 Nanilviomatilai 1 

Titti 4.1 (a)-(e) aminnlvtJa0uutlaltriamismilemaraifrralniwia-mPulur 

cirliaaciA 1 Ifflui/lai4uvi 5 n1niniatiti6r n-inwioacuitiKniaini,kwfiliThiti 20 nvi 

(fi =20) ii 4.1 (a) 1,6?MlfriT,trAtutialtliailaismilaAlanwrroAnT9lawk lutini 

1aelcirieJIAFinFrimviimIcutvi1ricu 45 liaSaindaihia.il (iiks  =0.081) LooltiLIVIRAL11 

aln-iwAucuutlaitnicifiLivisra-avicultiawhigaun@anynu@idtivoau (phase) 6/4-Ralik 
0 Va 

1) nmvolnibmiciliNJuTinrnvici:fritalaiaru at 2) ni5S1uthit@miA11.01-iliu loalvt 

nri50ZilinvinnsvjEcutviJoltli,L5n1A-initliannK-ria.ictiAdiciA,ciliatain 0.045 iit 

LieW1PTIPAUVIA)17t1.111JAY11.141.1 iglIfill („b ) fifim mA ifi tailiildi 0.225 Olg 19 @t161-d91fl 

allthinantAwri-afFniiittriitwi8uiUutT10k,ilumlicutncillib'lih tUtW JI  
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aolaiontiAjl@nnnisvi@tuird@l5rugurrakalEhlitiin@laiok 1.1Ltaitrin1nliar6ticu 

6mi5thilitgitiviitiiitliangnmiwttAarundioiaLiiaiwal 0.36 0.36) :67111,nAlgEA 

riuFiliims?-rauccion-rrz,AukAuiAjimli ?I@Qin@lt1TIJNOI117P011111C1 Huang et al. 

2008; Huang and Yuin 2010; Sharma and Nakagawa 2010 um; Tohari et al. 2007 

ni5v0SannoJancia1osm1licitufl1ornan a1viTUF111111,6rlighd 70 ii0611V1191a 

(iiks  =0.126) 7:11i1 4.1(b) giVIT101112.11,i1.1d1-1 100 1.1aSuimkii1ivl (i/k, = 'also) 7,cA 

4.1(c) gililiJIJFITMLEraidu 130 ila'Aumloia°5-312.11 (i/k. =0.234) 7111711 4.1 (d) kLateliviu 

niiiwth,Jdu 160 ciaSaimpiaticaliil (i/k. =0.289) ?i tici 4.1(e) LLamlAXviiruilinnILurinaLual 

lua@l&viaculilLwituni5viouauzlr,Liirri-nlAyani3Aai 45 ilaSua”i@iiiia.m 

(i/k, =0.081) 1.10naiminindEcuLaJaAued-ainnuilimonmilaciatu,aoArARinLgn 

airuiTtat0u1 LilmnrinitrdEltrianadFinNfieJuiliejln±i 45 11SLaJonlimitil Itutavauj 

ni5LI1SErumJaActrdilciau,LeolVioluni,Liiiiiited@l5tPutin197rucilviitorivilianOrnvind 

4.2.2 Nailillif1@IJ1101i1 2 

timni5voaaufAemvi-nnowilfnimilitildu U) in apiLitheTwii 

viiaarmiTunlaioSiu 4icinu 4 niivicifini 4.2 (a)-(d) 

ofjui.iiLlialtIbrim59-3-wirtivrilirroAned@laioAturimilvtowiimimilidu 100 ilaSaignk 

(oks  =0.18o) vvilriti Loilklinirtii'apTuTolaifflAcLawinoillriu trwiltiAiiJaioiti 5, 

10, 20 at 30 @ffli gra.ia'iPu Naninwia@uvririi ltniiln17Laisnihrtmca1dut1nkninl1d01 

pairircuLnnurnn 

elivituNaJaimiti 5, 10 20 eviNAHuRSiritigaiktAni-ilAuLkviluctliriicu 30-40 

Larana.Jnitruuriiiini5iiniau°11.1T017:"PU9111,971`U?illiitlyalOti 30 0101215zAnTiOl'iv'in1iu:PAU 

Skil 15 AuFiLlimaii& 
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(a) ifili10.SPfl-Taivrmidu 45 alaSualIvicii'ilaul (iik =0.081) 

(b)11illitiViialvidti 70 flaSania9TiTLI (iiks  =0.126) 

(c) citiauit-orniAdu 100 lion,aumviadhIm (iiks  =0.180) 

(d)1111.1111.1Pfl14d1A 130 1J 63.1215Cialt11L1 (i/k. =0.234) 

(e) InInadAllihillAti 160 ilauipi591€4/lin (ilk =0.289) 
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vt171 4.2 pyraA'aivicug,niri-omuSntulaimAtoicalbrongyaisilu 

i4n-ahillidu 100 alaSawilaiAilliii 

alaruirti (p) Lvi -niu 5 NFli 

awkfu (fi ) 10 avi 

ainkts (fl ) vvnnu 20 in 

aioPuiPu (fi ) 30 eIeln 
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4.3 imOin5nit-mootiattooianiliAlAocuirila4n-narfrularti 
„ 

7,11171 4.3 aioltilnaiLii_Taifflaipigadt@aul,Lamailingrarmicum).wiluviiiian 

iSmiSialLucn.1 iJfl1 AllItliniituluatou (field capacity, Oft ) 

InEwilflyiLvniLiTultwium eranstrinikinFrnutuF4LviSzluk 

viAil-infini5stitrititr-i@@n9-1quati-Aentarlunal 2-3 'YU (Soil Science Gloss;ary Terms 

Committee, 2008)1711171 Meyer and Gee (1999) LaueNCCR-15nrivinti -ieTard5aJSiitniAaJ 

efrinalcililcuAu (k ) 1: 1,611 10-9  'el 10-11  LP,JOIVI9'11.1111 LiPttitu 

(Ofc ) 5t11611 0.11-015 vfithifki 

htInFiciani5ramilutaitrilu;11.nriarryilAuttiain (k(Ofc )) niii 0.036- 3.6 

nin'uiiatliiiirartultAtivf,Eilri4teNd192-SAtiolhismailifiti 

n17vtAnuLalal 
01 41 

law (Permeability function) 6m1 Gardner (1958) 

600 

R
ai

nf
al

l i
nt

en
si

ty
  (

in
m

ili
r)

  

100 

TesisSiesl se1les ll  
Sens r B1 CIB1 

Sens r B2 sci B2 
Sens r-83-0-B3 

x Sens r B4 E.? B4 

• k. 1 e 
k(601  )=3.6;mtn/hre 

' o 
k • 
k(Ofc 0.036 rtimffir ) 

8 
4
1:2 416 

of, 

PeTteabilit! fitnctiod 
(Gardner 1958)  

i=ks  

500 

400 - 

300 

200 - 

10.00 

IMO 

0.10 

0.01 

o.00 

1 
10 15 20 25 30 35 40 

Volumetric water content (-) 

7,1A1  4.3 A.)23.411vTuinicri11iiil1olsfl1wiitivalTistrufnia4ulua2mPtv-Tutpanal 



—0 
S = - 

Osa, Infr(0)fics  An  

I-1/n 
1 

— A" 
(4.3a) 

9 — 6)  
S = r  — 

eb Osai  — Or  11n(149„b)I/c)]n  
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lun-ehnsithinvpiT6'mnd-awnimlaminillovilnmyoAnnumlnrpl:,/fino 

'-inmtni7n15;ibtr.i-nrd@l Gardner (1958) 1ittAMitn-nrrazinted@itl1al1ukfiLigaA)-Af1tt 
2t 

9.11 VI11.1 

140)= lc, expr—a(us, — u„,)] (4.1a) 

ILE k, FiiXarNiFnisn-niludPmithitairt-g3iubViidi-Jutii 

k Pi@ i -.4241111,4mitniAlziitilkiEti-auaniitiiulaialiliiIIIitrtri 

ga iitlianonwrati 

(u, — Lc) 61,54vaaniin Vi@ vituflyauLLoin9imgivri15oitta1n1?1lu 

111 Wflt 

a Ala 111,1,1cTiojoiarLilinci1i'ailon-inifivilirlitlivmaloSiu (Air entry value) 

ImiLtikttltlaaini51,tipiii Air entry Ail): 

a(u —u )= — ln (4.1b) 

iiini 4.1b1111,LcuntfiltuaaJni5 3.5 9Litjidi 

9, = Out k(Onb)= 0111115 (4.2) "41AntJ1inadiu 

(4.2) 

LLatitmgvianfinvq41 ituAa 
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i / t  1\ 
.i. , 1 

(14a  w — U )b  = -- in — 
a k 

(4.3b) 

si@ Se, Lay, (4, —um„), Lar,u,71gIvuviinvadistuTumiarh 

iiiu 01-1M7171 (4.3b) Lu Lay Griffiths (2004) , Lu LLit Godt 

(2008) tiLamel,51Lan,aanumi3in5uniwououalaywhiitituaryrzt,Tilviatglialai4ulu 

a ugisiflIcialfiLaliaLatithIniIateli'11215110.11_111114711.1 

aloarrayoraiLlmThdiiina-ravutriimiwiltuvil5tUTUM11.1414 ( ewb  

j
iricul4,aualaCA14d@laigiu ( fi ) uanvinitIvitHiaimilaAwiiihuil-r.thr,Froha 

(Se )1,1,atiitiiii1017M11.141,1 (14,4) ) 61,111ITI..1911wi1nyam4lanl1du (i)1711,Au 

LanAailuniTlayrnii6a5ia-JwyraniauLA (FS) viJunisviimildanTL6Fyra.iiiumili 

mianriunailtni-alni5LcmaillnaltlithainniwitliddaalailtaiSnAwicAsct
4) 
i 

aia'Ainilifini5oJouactiall,ilaaiurriii@nia.tyymiluluouni (8; vuLh'amilaiisluvra'l 

S411.11UP1713.141.1 ( wb ) Ion6a5iaTorrarda@orTERyu,thi,i_latruni5tvdilLautrianviwyrauth, 

L.41,diu (8)trilna5miLiTtri415yuiwyrugh (6)„,)1,1JuilliJiliimsmiktuerrntAu 

(6),„,) w,maillifi 4.4 

_ _5 ... 
I surfe&ac Rainfall — ' ' Rainfall 1 Rainfalr Rainfallinn 

2 drock 

-elk—  — 

Phase 
I 

Phase' 
II I 

- — - 

Phase 
I 
-E 

Phase 
II 

—m-- 

Phase 
11 

— 

has B 
— 

) 

depth, z. 
4 . 

) 

ti  

/has 
I I I 
I i I 

C I I 0 r 

' = 
\ '}\t, 

= 

0 0 U FS 1.0 FS 

(a) volumetric water content,0,. (I)) pore-water pressure iç (c) safety factor, FS (d) determination of critical depth 

VA 4.4 ni5aamoliiauniabupyraillaaallnalananAcuan-nyduan 

IfiLimInTurtu (Ow ) 

LI1M.nr1t1JtmlaimAL (u,v ) 

aliMIWIT0111-autlaaRITE1 ( FS ) 

niTitywiipnian'IntOi 

non t 

Sot 
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TA 4.4(d) LoolnnwimiL5M1Lieio5nritITA (failure p(ane)17418ni pnpanIncy6 

(critical depth) itlyflu,totwramAn/ralaioaitifiol@ti-mluiNalictiw,A)T14111XPi:C6mditi 

onianJaNdiu (FS) hivhm 1 liNa Z-1,1,1111.11311. 1fi1 FS aoial miwyro,JSncilialiluu,at 

ri'i FS g1een717@soi@nnim-i11illanan1tificuol1Jril1 (impervious layer mil@ BedrOck) Nam, 

ifinitiatriniml(santoso et al. 2011; Ali et al. :2014a; Ali 

et al. 2014b) 

4.4 niTthr,itruLaritnnmaimiicualtiluantnitgridu 

aimk4-o@l$1-atikiiiiqnmartliivrionyA 3.1 litimian 3 Lain  

tfciAtrai 

stA1tcriviji/Cn.11unnclinuitioitinnivlai@lAu '1$111.16111101@lgTli-1 
n- 

1) 011,1)C1J94111111h01,611;10,1,rnIfIlifl (as  = - U,D giviTuFilframailm.rneJti (i) 

1911 listiln-nihrSitilialiln-17gad,awn11.16111RUI3101:111g1.1 ;111511@te1111501/11?1-1M11A1.1*] 

IhtFlvigNa (Se ) LLat,LLI41viar1n (u, —uu,) 1,kinalini, 4.3a Lot, 4.3b 

2)tiaaJniril 3.4 11..m1nJuLiluLetel85nmArdmioik %‘:LiirulAcinfia1aminn4m7id1Navi@ 

t-hAili/um,511,69temen.,111:),nacu*-au viti'muilfiromt-thti8vfiemin41.1(c'), vithna5giltijo 

wen (us), ti,atiap...01uvurnaniututlIthtwatalCit, (y01) longiumvini6915.1?1-au 

fllianJa@ocefai (FS) fAstkoni5n milinisin@talTilal5ttlicunn4u (Wetting 

front) ttni-Ani5ilazinfik,6411,AaAjhmli unT,t,-(iijuricItuTumnicitapAnticitiAtirictri,71 

atic
41
nlalSatrIfinir

0 41 

mnagii151aiTumit.rdazol
41

min.,681111-61191/1*]E1111%elrAT1161_1f1T111?‘11 

91@l5t0U1-111010111111,1111A1.1 

111f11,PrillJ11/1.8,1M191?Ilq71111,5tIZIU (i)Lon.pronotrmlaio'Cn., ((3) vi@ir16/915171.1 

fn-anJaaaribluarnittJumn LooloilvA 4.5 bitiviitic  4.5a Lon6a1ei1un1arda@olfai 

erawrailigmdoln-i51,4@wiTti@l5tuitimia.A., (4)11„,anoiltSiiimiLanoti 40:91411 

1 -1M11.11,412..41191111 11_11711 4.5b toim?i16il1d-n.wr1no_laoolioarLfrraiSntelnnsi,K0au9T'] 

co@lmuitimiutillualokittlyvymainiiwinici41 If0a@qi?iklriculm.r1E 

un Lu and Griffiths (2004)1,1,m; Lu and Likos (2006) fidnen-rmwmaminit."Wileculti 

vi,Jan-ii-hrociktitnlItiircinolkiln-15,15,J (Infiltration index, iiks ) Aj117u -.1/f8hi\o'il1R1-1111,6i1112.1 

ethol@?i-i6mid-n,innytia@oriove,LLaviittiniewda4,11.1niA).] W1it11nlm1livrai¢jui7i ri 

1-1.1tatin -ii 1.0 (finrtranimli.,12„hilwi-igazintlhoiai4114 14101.,NeJulvigglialejaWitilkh 

Larlairidightitielmin7iaw311.0 Inru-iii6.11.1?huFliviJaaoritNzaoaniain-1567\iatitiN 
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TominFikviVItNtiaa„nunrratiAliii-a4hEnri LolF1viumintiM1viltlauta16igvihnAt1J 

foilAutnnkJEJOhCAL14161.11il'iall.1@cj
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ilailTIVAIAL$11j1Cd£141 

iu irmm $il'alutuallf115itrcibilMiLikmaicu (c'= 0 kni
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) 91111 

mini511 3.4 f11591I-I?hwnilnia@of;ERtiluEt,ifitwiiNauLSurniuniottrthOlaBNaliagru (q)') 

vihruriuNamifitmgm (fi) (fi> co') vz 

LrwItull.thIn-ntidiu (infiltration phase) 1,truutitini5/1.114nlmoPuguciiimiimioitaii 

TZLieiotaus2111n15h)i-M1:11 (saturation phase) 

niniwiininiiuiwiviinpyiliSnzil.ricutincgluaign..11,u11/1Ruikm 
ti V 

thu-u4itann 1,11151fjliiiltIliM111.1V1517@EVIa7ZIVIT11/191V11.4111M111/19J1111,012 11.19.1WV/0111,041.11 

nisLieimtuitlnOrtutlni5claimAk6111.1611$111*]£11.1v1@2;1,1,1i5i1011111WlirdElfilliEma 

yinlilgipinj,b1LLnti.103.n:inkagiu apaioitAtalaioi'Au 011111€u 

ni5115toluvrioi-non.ilnilaiontuitr/n01 41vi1n1swiJ5d19T-awEJALTiu-riais/htuarlolu,1u 
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HyLihaTugriwiikrtiniAl (ilks ) Lot,PiikrillwElosnmanoki (stability , index , 

A= tan (91/tan fi)) 1,0,11.1kirlgilLSnstuiculnq.61 (Critical depth chart) LL0Q411,1,N1.11:1,11 

19.12IA 4.6 vuivi1uilAj' -wiiPtittivieiEi5n -m3i14 (A) aldistvidil 0.9 ill 1.0 1-191-aialnuu'ru 

IfinFl (Z„f )v,LiniLiTura.winni7,11.1 (ilk) 9EIWIT01,@11 

aigitn:i@un'il 0.9 i'iP-rrinThicuriculn0i9v,64:51.17riki41.iLinlbibildnki.imitiFnnitificu 

nc (Zwi./Z,) idain±i 0.2 
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Thresholds 1.0 

21.111 4.7 aulqini,uurrifAiiitianauFildiEwiii,eitinnimalau (Stability number) 

Tinni5fnistulividEnfrnialok (Stability number) No "Threshold" NtlfitINOVICII 

621@011,A15111161a101C11.1.1f 2111111flatraVuttnifictikelaioAulaid 

inviiitawAciAilnuaivrirtntino rnnEJn i iununm nnndiviin 

uhricu I (tan co/tan 1.0) ati wuu n 5 va coin] 661-117a W1/614A111-1141.19711Y111 

(Along the impervious layer mode) bienai,nwriluriiinnisLinitutaiLLI414-nttutnn 

Voiiatkmj1 (Saturation Phase) 

2) erniii"tawkfiriPlualoriPriuln vnnuEil awalcAillk?1116M1851111A1 cLinuni 1 

( tan 91/tan fi < 1.0 ) n kantarniivi n nint)))010 ani3 tian AL 

(Infiltration phase) itlatiuniTIToivziTuaewi-aetienn-ntoioAu cuiTi 

?itwilLaEinnivialanosian-rii?ii Threshold vialiFfrnlainii 0.9 pitvuuni 

LtungrItTintilcutu (Shallow depth mode) 

eilaigiuilmi-noioiullhrelUfilyaNUQ11/111-1111H114192411,1 '11111-1 

tan co'/tan fi atet,611 0.9 5 1.0 VatuniTItiktirtunifitiFiiillardondm 

(Transitional mode) ilffrynAnnteitIiviatheLnorwiqiininissa 
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COF117,1111.419Tlil ?lE0f161€eilt.1 Chinkulkijniwat et al., 2016 iii nnniutnnTILIA 

%owiehaufialNamno6iitvt-priivicuoloo ft > a-Rvizaidimiu9h16dE17r.btmilihi 
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oriaTifi 4.8 TEEMITACI 
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Latio5n-mai4cu (Stability number) riii?j,{16Fiwin Threshold toigialinfi 1.0 (1.0 > 

tan q?/tan ft > threshold) ItlionniTICIFITtolcunisltiiiiiilordmAiu (Transitional 

mode) Im5tuicultildoitahaiE7ttrtuluaigiu 

ItitintRinAu (Behind wetting front, 0,j,b ) 
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1117NuLtlumfAintiPuh (Shallow depth mode) 1,10t9tIfiPilvtiKUCIVIA'ldwirninTh niTA1 

LAautialvitunirtifiaJtil,(1111,1Jaj@clOTEJUllallf(11 I. 
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alawitii1A-rarvio6iMieul (# yot ) tr511.7a166@lanaitainviAriothrliethatAiiiheli.mtl1 

(Saturation phase) 
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Abstract: Rainfall-induced shallow landslides are 
known to be extremely dangerous since the sliding 
mass can propagate quickly and travel far from the 
source. Although the sliding mechanism in sloping 
ground is simple to understand, the problem may be 
complicated by unsaturated transient water flow. The 
flow behavior of rainwater in unsaturated sloping 
ground and the consequent factor of safety must be 
clearly understood to assess slope stability under 
rainfall conditions. A series of laboratory experiments 
was conducted to examine the critical hydrological 
states so that assessment of slope stability under 
rainfall condition can be performed. Based on the test 
results, a unique relationship between critical 
hydrological states, rainfall intensity, and soil 
properties was formulated. Sequential stability 
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analysis provided insights into the stability of slopes 
subjected to variations in soil properties, slope angles 
and rainfall intensities, and the consequent variation 
in the depth of the failure plane, vital in landslide risk 
assessment, was determined through this analysis. 
The variation of rainfall intensity was found to 
strongly affect the depth of the failure plane in 
cohesionless sloping ground. Furthermore, the 
influence of rainfall intensity on the depth of the 
failure plane may be alleviated by a small magnitude 
of cohesive strength. The results of this study will 
reinforce knowledge of landslide behavior and help to 
improve mitigation measures in susceptible areas. 

Keywords: Shallow landslides; Rainfall; Failure 
depth 
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Introduction 

Rainfall induced landslides are natural 
disasters that are encountered in many parts of the 
world and they always result in massive destruction 
and loss of human life (Yumuang 2006; Guzzeti et 
al. 2008) Among the various types of landslides, 
shallow landslides present a special danger since 
they can potentially initiate debris flow (Trustrum 
et al. 1999), particularly when rainfall continues 
after the initiation of the failure. The huge scale of 
damage caused by shallow landslides has been 
reported in the literature (Gabet and Mudd 2006; 
Postance et al. 2018). Shallow landslides are 
typically translational slope failures that involve 
the upper few meters of unconsolidated surficial 
material. Recent reports (Li et al. 2013; 
Chinkulkijniwat et al. 2016; Yubonchit et al. 2016; 
Naidu et al. 2018) have concluded that, for rainfall-
induced translational slides in terrains of 
homogeneous soil, the sliding failure can be 
categorized as occurring in two major phases: the 
infiltration phase and the saturation phase. In the 
infiltration phase, rainwater infiltrates the sloping 
ground advancing the wetting zone. If the failure 
takes place in this phase, the failure plane can 
occur at any depth depending on factors such as 
the slope angle, rainfall intensity, and soil 
properties The saturation phase takes place during 
the rising of the water table, which initially occurs 
after rainwater reaches the impermeable interface. 
In this phase, the failure plane occurs only at the 
impervious interface. 

The ability to predict the depth of the failure 
plane is vital when assessing slope stability during 
a rainfall event. A number of reports (Shimoma et 
al. 2002; Chaminda 2006; Tohari et al. 2007) 
found that slope failure is initiated at the slope toe 
since the fully saturated condition of soil at this 
position results in the development of excessive 
positive pore water pressure. However, their 
findings were based on homogeneous soil slopes, 
where the dominant failure mode will be a circular 
or noncircular sliding failure. Although the danger 
of shallow landslides has been recognized, reports 
that focused on the depth of the failure plane in - 
shallow landslides have been limited in number 
(Tsai et al. 2008; Li et al. 2013; Ali et al. 2014; 
Chinkulkijniwat et al. 2016) and few attempted a 
rigorous understanding of the stability  

characteristics of shallow landslides. 
Chinkulkijniwat et al. (2016) were among the 

few to attempt a characterization of the stability of 
shallow landslides that took multiple factors into 
account. They conducted a series of artificial 
rainwater infiltration tests and introduced a 
mathematical model to approximate the magnitude 
of water content in sloping ground subjected to a 
certain magnitude of rainfall intensity. This 
approximated water content was used to create a 
profile of the factor of safety of a sloping terrain 
subjected to various magnitudes of rainfall 
intensity. Subsequently, they developed a critical 
depth chart based on relationships between the 
depth of the failure plane, the rainfall intensity and 
the steepness of various slopes. The stability of 
shallow slopes was then characterized via the 
critical depth chart and, using this chart, the 
possible depth of the failure plane was 
comprehensively defined. They reported that the 
depth of the failure plane can be determined from 
the soil frictional angle ( 0' ), the soil saturated 
permeability ( ), the steepness of the slope (/7), 
and the rainfall intensity ( i ). However, the 
conclusions of Chinkulkijniwat et al. (2016) were 
limited to cohesionless sandy soil possessing no 
fine fraction Soils in mountainous terrain typically 
possess both a certain amount of fine fraction and 
either intrinsic cohesive strength or apparent 
cohesive strength, especially due to plant roots, 
which reinforce soil by their tensile strength and 
adhesion properties to form enclosed root matrix 
systems that give soil additional apparent cohesion 
(Tosi 2007; Binylo et al. 2011). Failure 
characteristics of these soils might well differ from 
those of cohesionless sandy soil 

To further knowledge of the stability 
characteristics of sloping grounds, this study 
extends the work of Chinkulkijniwat et al (2016) to 
soils that contain a certain amount of fine fraction 
and possess cohesive strength. The work extended 
the analysis of the critical depth charts for various 
soil types so that a comparison among the stability 
characteristics of different soils could be 
thoroughly interpreted. The study began with a 
series of laboratory tests to clarify the hydrological 
behavior of the studied soils and, based on the 
conclusions drawn for hydrological behavior, 
continued by analyzing the stability of the soils 
using the infinite slope model under various 
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rainfall intensities Results from this study will 
reinforce related research that seeks to design 
landslide mitigation measures. 

1 Hydrological State at the Wetting Front 

For a ponded surface, the maximum water 
content during the infiltration phase is equal to the 
saturated water content, Green and Arnpt (1911). 
However, in the case of an unponded surface, 
although Mein and Larson (1973) and Chu (1978) 
elaborated the model proposed by Green and Ampt 
(1911), they did not clearly elaborate the maximum 
magnitude of water content during the infiltration 
process, which in the present work is termed water 
content behind the wetting front, 0 wh  Mostly, the 
saturated water content was assumed without 
consideration of rainfall intensity and soil 
hydrological properties Chinkulkijniwat et al. 
(2016) reported a unique relationship between Own  
and the infiltration index ( ' ), defined as the 
rainfall intensity ( i ) over the saturated soil 
permeability ( ks ), regardless of the slope gradient 
and initial water content. However, their report was 
based only on test results from a cohesionless sand, 
which were considered to have distinct (or sharp) 
wetting front characteristics. In this work, the 
relationship between 91vb and ilk, found in 
Chinkulkijniwat et al. (2016) was further validated 
with two soils that possessed a certain amount of 
fine fraction. Furthermore, the water content (Ow ) 
profile of studied soils that possessed a certain 
amount of fine fraction was revisited to test the 
validity of the proposed sharp wetting front 
boundary during various rainfall intensities. 

1.1 Laboratory tests and experimental setup 

The two soils used in this study contained a 
certain amount of fine fraction. The soil water 
characteristic (SWC) curve of the studied soils was 
determined in accordance with the ASTM D6836-
02. The air-dried soils were compacted to the 
retainer rings placed on a saturated ceramic plate 
in the pressure chamber. Saturation state was 
acquired by spraying water from above the soil 
specimens. After being encapsulated, the airtight 
pressure chamber was subjected to a specific air 
pressure in order to push the water out of the  

specimens. The air pressure was kept constant 
until no more water was released from the chamber. 
The specimens were then placed into the oven to 
determine their water content. The above 
procedures were repeated for various magnitudes 
of air pressure. The dataset between air pressure 
and soil water content was used to plot the SWC 
curve of the studied soils. Shear strength 
parameters were determined from the direct shear 
test (ASTM D3080). Each studied soil was 
compacted to three identical density specimens. 
Direct shear testing was conducted under three 
normal stress levels of 50,100 and zoo kPa with a 1 
mm/min displacement rate. The strength 
parameters (p',  c' ) were acquired from the peak 
shear stress values of shear stress-horizontal 
displacement plots. 

A series of infiltration tests were carried out in 
a one-dimensional column to simulate infiltration 
processes in the studied soils, which were later 
classified as SM and SM-SP soils. Figure 1 shows 
the schematic diagram, dimensions and a 
photograph of the one-dimensional soil infiltration 
test apparatus. The apparatus consisted of a rainfall 
simulator, a steel frame and an experiment column 
The experiment column was made from an acrylic 
tube loo mm in diameter and woo mm in height. 
An impervious acrylic plate 15 nun thick was used 
as the base of the experiment column. Five holes of 
5 mm diameter were made in the column loo, zoo, 
300, 400, and 500 mm from the base. These were 
for the installation of moisture sensor probes. To 
ensure homogeneity, 7728 grams of SM soil and 
8247 grams of SP-SM soil were dried in air before 
being layered into the standing pipe column. Ten 
compacted layers 6o mm thick were put in place to 
create a column of soil o.6 m high. The unit weight 
of the SM soil and SP-SM soil columns was 16.4 
khl/m3 and 17.5 kN/m3, respectively. Five moisture 
sensor probes (Decagon 5TE, Decagon Devices Inc. 
(2007-2010)) and a piezometer were then installed. 
The piezometer was placed in the base of the 
column. An open valve was also placed in base of 
the column close to the piezometer to prevent the 
occurrence of trapped air during the tests. 
Rainwater infiltration tests were conducted by 
assigning the desired intensities of rainfall to the 
experiment column. The desired rainfall intensities 
were assigned through a well-calibrated rainfall 
simulator comprising a water tank, a constant 
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water pressure pump, a pressure gauge, a plastic 
pipe, a control valve, and a fine spray nozzle placed 
in the plastic pipe. 

The experimental program is summarized in 
Table 1. The magnitudes of rainfall intensity used in 
the experiment were determined by the saturated 
permeability of the studied soils. Rainfall 
intensities of 5, 10,20, and 45 mmihr were assigned 
to the SM column, whose saturated permeability 

was 15 mm/hr ( ksa, = 4.167 x 10-6  m/sec 15 

mm/hr) Rainfall intensities of io, 20, 45, 70 and 
loo mmihr were applied to the SP-SM column, 

whose saturated permeability was 65 mm/hr ( 

= 1.806 x 10-5 m/sec 65 m/hr). These variations 
were applied to demonstrate the hydrological 
responses under three rainfall conditions. rainfall 
intensity lower than the soil saturated permeability 

( i <k), rainfall intensity approaching the soil 

saturated permeability ( i k ), and rainfall 

intensity greater than the soil saturated 

permeability (i > ic). In each rainfall test, rainfall 

was applied until the steady state was reached. The 
onset of the steady state was indicated when the 
values for water content remained constant at all 
moisture sensors 

1.2 Test results 

The grain-size distribution and SWC curves of 
the studied soils are respectively presented in  

Table 1 Infiltration tests in one-dimensional column 
conducted in this study 

int-Vali.7"n Soil property 
Soil type (IJSCS elaSsification) • SM . SP-SM • 
;% Clay , _ , . 2 , ! 1 , 1 

— :I  t% Silt  36 1 10-  - — 
II% Sand . .62 89 ' 
'Attetberg's linnti X 11.1 1 _ 
i Liquid limit, LL (%) - 19.8o NP 1  

li i Plastic limit, PL (%) .14.95 . NP 
1Plasticity index, PI (%) 4.85 - NP ; 
Specific gravity, Gs 

' 21 6 5. 49  . 775  2
.62
. I Dry unit weight, ye (klg/m3) 

Soil hydrologic parameters ,,..___ .J 
I Saturated belineabil ity; i6 (rricnr-i/h.r) —  . .05 —, 65 ll 
!Saturated 'John-nett-id water content, /Kai 10.350 0.3231 
I Residual volumetric water content, Or ; 0 . 040 0.025 I 
i Fitting parameter, a (kPa-0 ,__ 0.112 ' o.1.86 i 

i n i Fitting parameter,n 1.445 ,1.790 , 
-i r  Soil strength parameters - 
.ii Ft -1 /Internal friction angle, 0 ' _ (°) 30 , 36 1 

— tCoh --cteSidii, 0(Pa) —  
---i 

Figures 2(a) and 2(b). Atterberg's limits, specific 
gravity of the soil (G5 ), strength parameters ( 
c' ), and the saturated permeability (k.,- ) are given 
in Table 2. The studied soils were classified, 
according to Unified Soil Classification (ASTM 
02487), as silty sand (SM) and poorly graded sand 
with silt (SP-SM). The fine fractions were about 40% 
for the SM soil and about io% for the SP-SM soil 
The SWC test data were fit using the van 
Genuchten (VG) equation (van Genuchten 1980) 
written in Eq. (1) as, 

Rainfall simulaio 
• 

Water tank 

Surface ninon' outlet 

0100 mm 

Steel frame support 

100 min 

Pump 

Nozzle 

Soil surface 4.4 
Moismn: sensor 

1 Acrylic column 

P2  

P3 =  

P4  

PS  

I. 

Computer 

Valve 
t  E. Data logger 

Pressure gauge 

— Entrapped air valve 

Piezometer tube 

Acrylic base plate 

(e) 

Figure 1 Schematic diagram (a) and photograph (b) of one-dimensional soil column apparatus used in this study. 
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where Se  is the effective degree of saturation, Ow  

is water content, 0r is water content at residual 

state, °sal  is water content at saturated state, 

ue  — uk, is matric suction, which is the difference 

between pore air pressure ( ue  ) and pore water 

pressure ( u„, ), and a and n are VG parameters 

relating to the inverse of air-entry pressure, and pore 
size distribution, respectively. The validated VG 
parameters for the tested soils are given in Table 2. 

Table 2 Summary of properties of soils used in this 
study 

Experiment E 
No. 

Soil 
used 

yd 
(kN/m3)  [1(mmihr 

!1 SM 116.4 

164 

—456:4 

5 _ 0.333 
[2 sm 16 4 16 70.667 

20 _11:1-3331 
46- 5.000 

. • SM 

14 z  
5 __ sP-SM 17.5  r io :0.154  
6 - SP-SM _ 17.5 , 20 ; 0.308 
7 L SP-SM 17.5 45 Iio.692 
8 SP-SM 17.5 50 ----11677—' 

_ [-6 _ sersm `;'17.5 :100 —17.638 
Notes: yd, thy unit weight; i, rainfall intensity; ks, 
saturated permeability; As, infiltration index. 

Figures 3 and 4 respectively present the time 

series plots of B„, and the development of the 61,„ 

profile in the SM column subjected to various 
rainfall intensities. Test results obtained from the 
SP-SM column (Figures 5 and 6) were similar to  

those from the SM column The 0„, responses 

clearly depended on the magnitude of rainfall 
intensity and could be classified according to the 

ilk, ratio. When ilks < 1.0 , the response of 8,,, 

could be categorized into infiltration and 
saturation phases. In the infiltration phase, the 
volumetric water content increased from its initial 

value (Ow, ) to the maximum volumetric moisture 

content, known as the volumetric water content 

behind the wetting front (0„b  ). 

Figure 6 presents the 61,„ profile in the SM-SP 

soil. The value of 0„, changed from 19„„, to 8„,b  

within two consecutive probes, which implied the 

presence of a sharp wetting front. The 0„ profile in 

SM soil (Figure 4) showed that the 0„, increased 

immediately from Ow, to an intermediate 

magnitude of 19,,, before slightly increasing again to 

a final value of 0„,b  . These results indicated that 

the wetting front in the SM soil was not as distinct 
as it was in the SM-SP soil, although the various 

values of 0„, in the wet zone were very close to 0„6  . 

Soon after the wetting front reached the 
impervious bottom, the saturation phase began as 

, the volumetric water content, increased from 

0„,b  to the saturated water content ( Ome  = 0.35). 

This increase in water content corresponded to the 

rising of the water table. When 0„, 

increased from 0„,,, to gm, =0.35 since water 

started infiltrating into the soil column. Once the 
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Figure 3 Time series plots of volumetric water content (0,„) in the silty sand (SM) column for various magnitudes of 
rainfall intensity (i). 
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Figure 5 Time series plots of volumetric water 
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1.3 Water Content behind the Wetting Front 

As long as rainfall intensity is lower than the 
soil saturated permeability, the maximum water 
content during the infiltration process, namely the 

water content behind the wetting front (0„h  ), will 

be lower than the saturated water content. The 

unique relationship between Owh  and i/ Ics  in 

sandy soil was reported in Chinkulkijniwat et al 
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study between Owb  and i for SM and SP-SM soils 

There were 10 and 15 measurements taken in SM 
and SM-SP soils, respectively. The measured values, 
taken from 5 TRD probes at each rainfall intensity, 
were close to each other in both soils, which 
indicates a unique water content for a particular 
soil at a given rainfall intensity. Using the van 
Genuchten parameter values reported in Table 1, the 
measurements fitted well with Eq. (2), giving an r2 of 
0.996 and 0.992 for the SM and SP-SM soils,  

Figure 6 Development of volumetric water 
content (0„) profile in the poorly graded sand 
with silt (SP-SM) column for various 
magnitudes of rainfall intensity (1). 

respectively. Therefore, Eq. (2) is valid for the soils 

studied, which had a certain amount of fine fraction. 

2 Analysis of Shallow Landslides 

2.1 FS at the depth of wetting front's advance 

In shallow landslides triggered by rainfall 
infiltration, the failure has a small depth to length 
ratio and forms a failure plane parallel to the slope 
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Figure 7 Relationship between volumetric water 
content behind wetting front (&,vb)  and rainfall intensity 
(z) for silty sand (SM) and poorly graded sand with silt 
(SP-SM) soils. (r2, coefficient of determination) 

surface. Therefore, infinite slope analysis is 
justified when assessing the stability of a shallow 
landslide. The minimum FS is calculated from the 

depth of wetting penetration. Although the 8„, 

profile in SM soil did not exhibit a sharp wetting 

front, the value of t9„, in the wet zone varied very 

close to Owb  . Therefore, for the sake of simplicity, 

this study assumes a magnitude of water content in 

the wet zone equal to 0,0  , and hence the minimum 

FS is at the wetting front. 
The FS under vertical seepage and 

unsaturated conditions is written as (Duncan and 
Wright 2005) 

FS = 
c' + [yZ cos' fl— al tan 0' 

c'—o-: tan 0' tan 0' 

yZ sin ficos fi 
(3) 

yZ sin fi cos /3 tan /3 

where y is the unit weight of soil above the wetting 

front, Z is the particular depth where FS is being 

calculated, c' is effective cohesion, 0' is the 

effective frictional angle, ,(3 is the inclined angle of 

the slope, and cr', is suction stress (Lu and 

Griffiths 2004; Lu and Likos 2006) defined as 

6ow  — 
o- = (ua  u„,) = —Se (u— u„, ) (4) 

0,0„ — 

Combining Eq. (2) with Eq. (1), the suction at  

the wetting front (expressed as (u,— (4,)6 ) is 

— U„,)1, = --
I 

En(i k,) (5) 
a 

Since 0„,b  can be approximated using Eq. (2), 

the suction stress at the wetting front can be 
written as 

= [— —
1

InO/k,)] 
1  

(6) 
a _1+[-- Ps ] 

and, therefore, the magnitude of FS at the depth 

of the wetting front's advance, Zw  , can be 

calculated by substituting Eq. (3) for the expression 

of 0-3' in Eq. (6). Figures 8a and 8b respectively 

present the change of FS with the wetting front's 

advance Z,,„ namely the FS — Z„, plot, in SM and 

SP-SM soils for slopes of various gradients 
subjected to various magnitudes of infiltration 

index (ilk) In the SP-SM soil, at every value of 

the magnitude of FS decreased very rapidly 

with Zw  , and then leveled off to become 

asymptotic at the lower limit In the SM soil, the 

reduction in FS was slower than in the SP-SM 
soil This result suggests that when a wetting front 

advances at shallow depths, the FS value in SM 
soil will be higher than the FS value in SP-SM soil. 

To investigate the influence of soil properties 
on the above mentioned characteristics, graphs of 

FS against Z were plotted using varying soil 

parameters. Figures 9a — 9d present the change of 

FS with Z for various values of the parameters 

0', a, and n . The variation of the parameters 

c' and 0' is presented through lines of different 

symbols (Figures 9a and 9b), while the variation of 
the infiltration index is presented through different 
types of lines (full and dashed lines). At any 

particular depth of the wetting front's advance, Z,,. , 

the lower the infiltration index was, the greater the 
FS was. Figure 9a shows clearly that cohesive 

strength governs the shape of the FS — Z,,, plot: 

the lower the cohesive strength, the sharper the 
reduction of FS with increasing depth. Thus, the 
FS value reached the asymptote earlier in soil of a 

50 

40 
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Figure 8 FS-Z,. plots for various magnitudes of infiltration index Vies and inclined angle of the slope p in (a) silty 
sand (SM) soil and (b) poorly graded sand with silt (SP-SM) soil. 

Figure 9 The FS-Z, plots for various values of the parameters: (a) cohesive strength c' , (b) soil frictional angle 0' , 

(c) van Genuchten (VG) parameter a , and (d) VG parameter fl. 

lower cohesive strength than in soil of a higher 

cohesive strength. With regard to the soil frictional 

angle, the plots reveal that this factor played no 

role in the shape of the FS-4 plot, changes in 

the value of the soil frictional angle only resulted in 

a sideways shift of the plot. 

Figures 9c and 9d present the FS - Z,,, plots  

produced by varying the van Genuchten 
parameters a and n , respectively. When 

1.0 (full lines), changes of a and n did not 

affect the FS - Z1, plot since the magnitude of 

8„,b  was equal to the saturated water content and, 

hence, suction stress, which is a function of the van 
Genuchten parameter a, and n was completely 
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eliminated. When i /k, <1.0 (dash lines), 

changes in the van Genuchten parameters had less 
effect on the FS —Z„ plots than the strength 

parameters did. The greater a and n values 

yielded FS —Z,„ plots with smaller curvatures. 

Therefore, with identical strength parameters, a 
sloping ground possessing greater a and n values 
might exhibit a lower FS at the depth of the 

wetting front Z,v , particularly when advancing at 

shallow depths. 

2.2 Analysis of critical depth 

The critical depth is the depth at which a 
failure plane is likely to occur and it can be 
approximated by taking FS to equal 1 in Eq. (3). 

After rearranging the equation, the critical depth 
can be expressed as 

Cl 
y(1— M sin /icasfi (7) 
o-' tan co' 

y(1 — A) sin fl cos ft 

where A is the stability index, expressed as 
tanf/tanfl. and Z„ is the critical depth or the 

depth at which FS is equal to 1.0. Understanding 

the critical depth characteristic is vital for landslide 
mitigation and prevention measures, stability 
reinforcements and the installation of monitoring 
devices for landslide early warning systems. To 
characterize the depth of the failure plane, we 
analyzed a normalized critical depth as a ratio of 
the critical depth to the depth of the sloping ground 
( .7, ), as expressed in Eq. (8), 

C' 
Zr  

a' tan co' 
y Z — A) sin fleas p 

Figure up presents the relationships between 
the normalized critical depth (Z, I Z,) and the 

infiltration index (il k,) with various magnitudes 

of stability index ( A ) for different values of 
strength parameters ( c' and 0' ) and van 
Genuchten parameters (a and n). All the plots of  

Zv i Z, against ok indicate that steep slopes 

(low A values) yield critical planes at shallow 
depths (small values of Z„14). In cohesionless 

sloping ground, particularly moderately sloping 
ground where the gradient was little greater than 
the soil frictional angle, the critical depth was very 

sensitive to the rainfall intensity ( k, ). In 

cohesive soil, on the other hand, the critical depth 
was less sensitive to the rainfall intensity. Even a 
small value of cohesive strength ( c' = 5 kPa ) in 
sloping ground could reduce the sensitivity of the 
critical depth to rainfall intensity. 

A higher a value represents a lower air entry 
suction, and hence water entry suction. A larger n 
value represents a more uniform pore size 
distribution resulting in less suction loss with 
increments of water content. Typically, coarse 
grain soil possesses higher a and n values than 

fine grain soil. The plots of Z„ / Z, against ilk, 

indicate that, for a given ilk, in sloping ground 

with larger n and a values, the failure plane 
should occur at a shallower depth. For cohesive 
sloping ground, the plot of Z„ / Z, against i k, 

does not change much with n and a values, 
whereas the same plot for cohesionless sloping 
ground does change. For cohesionless sloping 
ground, larger values of n and a clearly result in 

a flatter plot of Z„ / 4 against ilk,. 

3 Conclusions 

To verify the unique relationship between 19,,,h  
and ilk„ presented in Chinkulkijniwat et al. 
(2016), a series of one-dimensional infiltration 
tests was conducted with silty sand (SM) and 
poorly graded sand with silt (SP-SM). The stability 
of these soils in shallow slopes under various 
rainfall conditions was analyzed. The following 
conclusions can be made based on this research: 

The unique relationship between t 9 wh  and 
k, can be formulated either in sandy soil or in 

soil with a certain amount of fine fractirin. 
Strength parameters play a more 

important role than VG parameters in the variation 
of FS with the depth of the wetting front's 
advance. 

y 4(1 — A) sin p cos fi (8) 
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Figure 10 Zo. / Z, vs. 1 I ks  plots with various magnitudes of A for different values of strength parameters (C', 

0') and van Genuchten parameters (a , ii ). 

For a given ilk„ lower values of the 
strength parameters c' and 0' result in failure 
planes at shallower depths. 

In cohesionless sloping ground having a 
gradient close to the soil frictional angle, when the  

rainfall intensity approaches the value of the soil 
saturated permeability, the variation of rainfall 
intensity plays the major role in the eventual depth 
of the failure plane. 
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A little cohesive strength in sloping ground 
can reduce the influence of rainfall intensity on the 
depth of a potential failure plane. 

Given two soils with identical strength 
parameters, the more uniformly grained soil which 
possesses the greater a and n values, tends to fail 
at a shallower depth. 
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