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TAWORN TIRAMETATIPARAT : RAINWATER INFILTRATED BEHAVIORS OF
HOMOGENEOUS AND VEGETATED SLOPES AND THE CONSEQUENT STABILITY.
THESIS ADVISOR : PROF. AVIRUT CHINKULKIINIWAT, Ph.D., 112 PP.

Keyword: Root-Soil/Net Rainfall Intensity/Infiltrated Water Content

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. This thesis focused flow behavior of
rainwater in unsaturated sloping ground both homogeneous slope and vegetated
slope. 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. For homogeneous slope, a unique relationship between infiltrated
water content and infiltration index (i/ k, ) was formulated. Sequential stability 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. As for the vegetated slope, clear wetting front was not found in the vegetated
slope, either root soil and bare soil located below the root soil. Whenever the rainfall
intensity is not greater than the permeability of root soil, the final magnitude of
infiltrated rainwater is still based on i/k, . However, the heavy rainfall of greater than
the permeability of root soil could induced preferential flow resulting in the greater
infiltrated water content than that approximated from i/ k, . Accordingly, the factor of
safety (FS) against infinite sliding could be lower than that calculated from water

content approximated from i/k;
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effective cohesion of soil

safety factor

weight of soil above the depth of failure plane
thickness of the bare soil zone
thickness of the root-soil zone

rainfall intensity

saturated permeability of soil
equivalent permeability of soil
permeability of the bare soil zone
permeability of the root-soil zone

rate of water extraction from the soil once the air entry has
been exceeded

effective saturation

effective saturation behind wetting front
degree of saturation

pore air pressure

pore water pressure

initial pore water pressure

vertical depth at failure plane

critical depth

total depth of soil layer

air-entry value of soil

slope angle

unit weight of soil

unit weight of plant-root

unit weight of water

total unit weight
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NIEYUBY1NUINFATIAUALNI NI AUV IUTEY WU (Yumuang 2006; Guzzeti et al. 2008)
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WAANTITRALazIARDUMIA aUlRAAIIMILLULITEUIUAIALE B (Translational slope failure)
= ~ o o PP ] a a & a dy a
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(Infiltration phase) wagsyezn13udIRa81n (Saturation phase) lagszagnsadunisdu
898 a1AAUYDIUIHUAIL TEUIUAIINYU (Wetting front) vinbitAaleuyuil (Wetting zone)
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a & a & o 19 . ° =
naaau (Column test) MdunUUBAEINY (Homogeneous soil) kaglkuuINaBIN15TUUDY

=2

ululuainfuniifivunmgu (Vegetation slope box test) Faiilafuduuussdsiniivyauly
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[ s:‘l’ a = (= d’lj al [ . a o (% tglj
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e NI GRIE X0
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LA 821 U(Heterogeneous soil-vegetation slope box infiltration test model) lagn1s
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WAy g9 720 daduns wusnassaindwdu 3 aaude nouuu (Top section) AOUNATN

(Middle section) wagmauans (Lower section) LN 8AAAIAIIAAIUTUAILAIIUANVDINAD
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Lidudodofuiiiaannfivunaquiuwessanssnuiuaiiosn i Wnusunguiife
ilufuuaziusindiy dmsunimumuauifedifededldsunmdenliasouagy
Usedudonifsafuiaiivsnmainfunielfan1nzfuinu nismevaussvosaniuse
NITUIUNITNIGNNINGN Yadvildmansenudengfinssunisduvesinisluaafuuas

LUUFIABININIBNINVBIANAFY Hs18azLdensanalUll

22 wqufiieatuiluduwaziusnie
2.21  anuPufiu (Soil moisture)
AutuAy el dianiegluaniuzvesvauarlodilufiu dudvindily
fiu (Soil water) nuefs wnizdluaniugvesmadlufu auunfaudulufuasd
matUAsuLamannaa TusgiuuTinautiinu Sanmssimevesi uasaNEIveIRy

(Field of capacity of water) #sUusgiuuszinnvauilefu Wy Auneazinuguivesiu

'
o

san druumiloasdanuquhgean sl ehuiifianuveiuarseuliiniuldiend,
donuflaziBon nsuanslSunamuduiulnetdmeindunisdieuieussuinsimines
mnutuluRufuminvesAueuus 3Bhsuayessiigafiasniminuesautuuay
dwtihfueuuisie nstaihmiiniuvasty wasndanineuwiuds axldmeuuananwes
dmindilgannisdanaassadaine Arminanutuiu sudnfveuuisie divtinaui
siun1seUfLgUNgR 95-105 ssrwales (Huna 24 dalus videauiiminasiiuinm
adupulaetmn aunsowanadudndiuvesiminenudusetiminfueuuidnense
W nda/n3u onawanadudesaglnetimiin (Gravimetric moisture content, W) fla¥euag

Taetninge dadruvesinundnanuduanidusosasvasinviinfua Ui

W = mxlOO (2.1)
W



e w Ao AuTIUAUlAgNMn, %
W, A9 Uutnun

Ao UMUNAULIA

YaNINIEANANUTUAULABUIMINLED Feanunsaandudasazyaalsuinstilanie

= 1

58031 AaRulagUSuns (Volumetric moisture content, ) wunegils Usumsiiidlegly

a |

AusaU3uasviaiueavesiu JeegsauiiumanudulaeUsuinsduiegisyasiaiu

AuiBg19RuUNtIIANNTULAgULN @unsamullaaInaunisn 2.2 (Scott, 2000)

6 = Yu100 = wle (2.2)
Vi Yw
do o Ad mm%uauimﬂ%mm, %
V, fo  Usumsih
V, e USiesviaevessiossiu
vy fe  whelhmihuesiusay
ye  fe  mhetmdhveni

ns¥aanudulpeusiiasiannsniadiegunsaianudunisluii (Electrical
method) l##ae wisisn1smianutueenidu 3 38Re (1) Time Domain Reflectometer
method : TDR (2) Frequency Domain Reflectometer method : FDR &z (3) Amplitude
Domain Reflectometer method : ADR Tagideuvagiuaaiudu (Probe) iluluidafn
dznanmamautusenunduiiaaedndlii (Topp et al, 1980) wreehslsfinay
nstanrmdulufudeiiinanutusinaggndriadevdavesiu Usunuanuiy uas
AnununuYesiy fadu Weldiaanudulufusulusgdesasuiiisugunsainoy
WS ALALaE A AL AR AT SN s AR TaSs (Inoue et al,, 2008)
2.2.2 LLSﬂﬁﬂﬂﬂﬁ’ﬂuau (Soil suction or Total suction, V)
ussispatlufude wssgeBafiduiifuihiiogludesissvinnoymaiuds
wildunntudennuduluiuanasuasiiiotesinsgniney naduiiuiadnas dily
YosiadufiegmilessduihlifuazeglianmzussisgeiiFonit ussiagauumin udo use

A119815 (Matric or Capillary suction, (U, —U,,)) Lagusifagaaealuiin (Osmotic

1Y
= =

suction, 77) Aig ANUATAlUNTAAULIIMIIIEIYRIAY FuegiuUTinaeEnTaraty



indevesiludu lnsiunilansarareinfoUuegluinaunnanuainsalun1sgaundnmiies
9glau1neIe (Fredlund and Rahardjo, 1993) Fellaudunusasaunisi 2.3 laehl u, fe

WSIAUDINALUYIINAY Way U, Ao Lsdutnlufuy
¥ = (u,-u,)+7 (2.3)

LIIAIALNTA nTBkTeAINIA ST ladlunisidrdeausedu (Pressure plate)

MINNINTFIU ASTM D6836-02 NAADUNIAILIIANTIIATT WienIANUdRusIeninanuiuy

=

WAZUTIPNRAKNNIN TOUTIANTIIATT (Soil Water Characteristic Curve : SWCC)

2.23  WYANIIUNTTUVBIU AN BANITIravasln lufd

& V&

A158UUe9UN (Infiltration) LUUNISLARDUNVDIUIINNAYUDNRIAULINFTURAY

Y

a 1 Y o

medvsnavewsaltunvedlan lnedniisviznaden1sduvesunasiu awisaaguls Al

<

(1) 8R9I1N15ANVBIUNEY I DAMUANVRIUINTIVURIAY (2) AuaIusalunisSuLivesmu
(3) Usunaunnuaulufuazsuduy (4) ANa1ATukazAUYTUsEYRIRafiu (5) AnaudRng

MeANLazLALivesiu wae (6) AnauURANIInIEMNLaENIRAiivasil dwnisivavesiily

a

a vy A o a . . & a ~
Ausdunelanie aun1sasT-UnAsuan (Darcy-buckingham equation) tJUNISLAABUNYDY

(% (%
o 1 [ [ |

WU IRgWIUMEAINNNLANA1LEAYRIN Laneasui 2.1 Tngdnsin1sindaunvesil

9 9

a1

(Q) fandudndiulngnssiuiuiiviindnreanisieaoud (A) LarAUANA1ITERINGEAYDS

14 '
o A

YIAUSTIaze0n (AH ) kazldudndiunniuiUsE e n19nAaoun (AL ) sRauns
falull

Q = ka2 (2.4)

AL

d‘ a U 9(1 1 1 dgj dl ¥
Wefasandnsinisivavesundenteiud (q) azla

g = 2 - g2 (2.5)

A AL



Datum plane

JUN 2.1 winn15909A158 (Fndns aulng), 2552)

a A ! 2N 5 = Y S o Aa v Y ’é
Senaun1si 2.5 11n9ueensd (Dracy’s law) Feldiunislravesiiludinaisidudinieun
nssinsivalutulaidudasiein Buckingham (1907) tauszendlinguesnsaddmsunisiva

TugulddusimeiniisUaunis A

q = —K,i (2.6)
Wo i Ao Anuatnvamans (AH/AL) wag K, fs daninivarian svosnulidudismei
Faduilaiduvesaruiiuvesiu (o) viewaussiu (h)) Beuldidu

K, = K(©) (2.7)

K, = K(h,) (2.8)

4uN153¥15Ad (Richards equation) 31NNYNIINIATING1ITT dasdeuligynie tu
ludsuinsaruau (Control volume) dns1lnaiinvasuiatiauniednsinisivasended
Wiiudns1 nsnTuYeatatulesAIUAL dafiasandwail fe Widanlurewnadn

nndalils (Incompressible fluid) #M5NUTHIRTUNULIA Fearunsafigallanegun 2.2



Tugaesgesiaan At aunssysadiduaunisdmsunisindouiiiiudinaansunsenud

Lidudiaein Wieegluaniuzlinga (Unsteady flow) waziduauniseunusees (Partial

differential equation) a@ufiaes (Second-order) wuun1s1lusa (Parabolic) luiBuideidu

(Nonlinear) awegulugunisivalu 3 Iaazla

ot ox\ ox) oy\ oy) oz 0z

gl K A9 He9nduve9mnuaunsatennnunu

H #o Loanavacans

A

Q in

Y
h

iy

[

[

i

T

ol el
b !

Control volume

JUN 2.2 dnsmsivaiinuageanainuiumsmuny (fnans aulvg), 2552)

V><

(2.9)

Tunanulidudinieun ArduUseansnistunulavesfuasTuae iy

Y

ANSNWAIZNTINUITBIAU (Soil-Water characteristic, SWC) Fudupnaudfinugiuvesiu

Tuanniglidudanieu lneaudnvuznisguiivesiuiluanuduiusssninmnuiy

WeUTUIn T (Volumetric moisture content, 6,,) AU LLiﬂﬁﬂ(ﬂmm‘m%ﬂ (Matric suction,

u, —u,) namde Weanssmahludesinsenitadanuiiudu szdawmavilianudulufuiian

anad ANUAUNUSAINa1Ia 1815005 U8lAR18LUUTIAD9UD9 van Genuchten

(%
v

(van Genuchten, 1980) A4u



6 -6
S, = X = (2.10)
) Hsat - er 1- [OC(Ua —u, )]”

a a

el S, fAeo szAuANUBNAIAIeUIUTEANSHE (Effective degree of saturation)

0, Ao ANNTUIIIeTIANIErgAila (Residual volumetric moisture
content)
6., AD  ANUTUINUSUINTNEN1ILDUAINIUN (Saturated volumetric

moisture content)

a #o  wriwesveuuiiaesivsvendusiu o fiomaduinluly
178U (Air-Entry pressure)

n e wnilwefvesiuusiassiivsuendarnisanastesrutudUiuns

u = %)’ U d‘ QI ¥ a
Aunsanan viaeannonasunlUluinanu

Wevineaudnwaznsguivestulimduussdnsnsduruinvesauluaniigl

SudenethAaiunsavinuielalunediu lnee1deouuuinasdved van Genuchten-Mualem

v A

model (Mualem, 1976) A3l

2
ey

Ll P ol w1

k(h) = Kk (2.11)

T

= A o a £ = 1% a a a o v K
S} ks Ao amﬂiza%ﬁmmﬁmmul@‘umﬂu%am’waumma‘m

2.2.4 WOANTIURR@NNINYIVBIANRUNTNTUNAGY

1%
= 1

NOANTIUNITHBUAUBUTQNNINY VIR NAUNL VU NAUTURELTUAINAINITE

9
Tunisfuthiu uagn1sszuisthvesainiu du esdusznauvesiuluainduiadusued
FULUUNGANTTUNTNBUALDUTIONNINY 1WDIAIARY BuRsurdnuueynsssiiveivestuiu
durnin Tnsnrannszuaunsisesivluiufiarmin it udufunanstunsdoudy
vuiudufiia (U 2.3) Auudazdudimuansalunisfunisturesinu wasssuie

29NAINNTUAUNBANAIAU A9l
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1 % o

Haupgnina1agiuLssluAuwasdndidna

U

]
a [ !

® fudu B W30AUTUIOI LU UTUNAUNALAULISINLAZATNOUIUIALEN

a d'

TnsanizogeBussadminmanuasegiiiloufignuived 1waswnainfudu A laevild

RV Y

)}

¥
v A 1

Autuiiariinnuvuninniigaiasdvesiuasdued ivdveussiginasey

¥
(4

® qu C visetuingauinie iWudundunizduluunaiy 9 Ussneulumediu

TR R EEREANE

v o
It A v

o duvu Ridutuiiuiiugiu nsetuiudunndafiudwazalinwe Fadl

9

ANMUAIUITOIUNITTEUNYUIANLN

Fufu duuszans n1sturuldvesiu
AMUEN (WUFLLRS) 0 5,040 dadwnsretalag
0 = A 2,520 fadwnsaetalu
L}
15 a a \ S
B 540 dadunsaadlus
50
C 216 fadunsaedlue
100 R 3.6 fadwnsaedalus

JUN 2.3 anmiilvestuiulasiuvesainfundivuneay

(AmkUagann Sidle and Ochiai 2006 )
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A a H 4 & a a

AfuANUEINIsaluNTszUIstvesRuaznatedulin lraluanuiafu
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P9maintva Wwu auu Minede unldauaziinisazauiusnuaanan wnunagllazaui

fuvinevesatniu Lun1sisanaliinfunaulaisu

oy

-
duvinnasun
natefuindafu
Tnaasmuuuilvaivn

JUN 2.4 mMsiedirusazilaauluiuiu

(833913 Bunanaliamd (ussansnng), 2561)

2.3 uRRENngITes
Insunfnunauiliiadululsswalvediulngoziivuianhdwdudinssdundn Tag

H ~ ~ : . ) a P & a X a 1
1Y1ZUNTIUNU (Infiltration) aﬁqaqﬂﬂu Lmaﬂdﬂu‘vuiuu’aamu@‘lﬂu MNNE W) VBT WUIYLLIY

v a

U ANSHALNUIIANNLT ILTIVDIAUITaNAIALANLTU I UL ARUALNNTULAE UnDudn

v A

ilvanauifvoshuiianiusduresudianunsadsuluiduvosinald fadu sy
sdosfansaniernisnudamnsiAnfulrauaa fe wqaﬂﬁmmﬁmaeﬁmﬂumm
AULAZNAN Y NUADIAT Y S M NUBIBIARLI NN ST YA
1) whesnmwvasanumeldaniasurinuy
nsRnwnazideiierfunisinsieiiaiesnmvesarnduldfinis@ne
dovlesunduszeznalsniuiunaziisnisinszinaeis 1w Slope stability charts
1n8 Janbu (1968) way Ducan et al. (1987), Force equilibrium methods 1y Lowe
kLA ¥ Karafiath (1955) @ ¥ Corps of Engineers (1982), Ordinary method of slices
1a 8 Fellenius (1927), Janbu’s generalized procedure of slices 1a & Janbu (1968),
Bishop’s Modified Method 1a# Bishop (1955) ag Morgenstern and price’s method

e Morgenstern and Price (1965) 1Wusu 38asgifinariuniidunisiasgiatosnin
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yasaInAuiliend Limit equilibrium method tnevnisussfiuadesnnvesaiafudy
AORTIEINALUaBASY (Factor of safety, FS)

Sorbino and Nicotera (2012) lévin1sAnwnalnvesiudlaidusse
Tumgnisalfiulaaunasdisinnsidauuulva (Flow landslides) Tngvihmsnuiu ainfud
Juiudanenu dewniinsnevausstotiluetesings mszldiiusdamionszaning
dnfu wagiinnuguuslunsishnniaeduiiduiudaasden suidedlddlniu
nsiinfulraunanarlIENaUMIY 2 801Uy AB @0 1UrIUR (Failure stage) WATADTULHAT
M53UR (Post-failure) dmivdaugitiasinneldnisnevausseuSinasiWuvesaniy
lFiianisifinduronsaiun (Pore pressure) Tuuianu denalilinnisanasued
nuwusIUsEavsHaluanu wmzﬁ"aamuwawﬁwLmLsé’hgiamuﬁﬂ’aLLazmwéﬁamuz
3 wnildanusaszuigesnanaianulgiiy zinmsianugITRlugnisiinnsiva

wuulva

'
a wva a

AMFITRMILTZUIU (Translational slide) Hun1sAURANUNAN AaULARNS

a wva < d' d' Aa o ! v
’JUG\LL‘U‘UI‘VF@ I@EJ“\]%L‘U'L!ﬂ'ﬁauvl,ﬂaﬁﬁjﬂ(ﬂ']lli%u?‘Uﬂ’]iLﬂ@@u%NﬁﬂHm%ﬂ@u%N@iﬂLL@%“UU’]U

[
wa a

fuainiu nsITRtLATRlusEAUAUDMIRTuALaEiip U AYSetaefny Tnaund
% a d’( dy Ql'd'd [ ] [ a L2 a a
wnazinduluiudnNuaIndues (Steep slope) dmsunsinsgviiatiosn nuetaInmy
A8 Limit Equilibrium Aideardediun1sitisduuuiiaztisuldisainiuetiug (nfinite
slope) Iny Skempton and Delory (1957) #4@29819971U398 19U Xie et al. (2004),
Lu and Godt (2008), Cho (2009), Ma et al. (2011), Santoso et al. (2011), Eichenberger

L. (2013) Wudu 35n153AT 2Rzt JuUNISUSLRWEDNSSAINVDIAIARUALANNITA 2.12

eta
o X
atl
T c'+ o tang'
Fs = = = 227 TF (2.12)
Y Tm
g9l o A9 NwLIIRIRINUEaNSNa (Effective normal stress)
¢ Ao wiheussBanizUseanduauasau (Effective cohesion intercept)

¢ Ao yudsanunelulszdnSuavesdu (Friction angle)

5t

aun1sf 2.12 sz ldusziliuaidnsidiuniiulasndenieitainauetudded
AugandmiunsTiasiziluaniunduiinisd winininsussendldiuainfudn

mavauBIalINY AsgUN 2.5 MIwWfsuulatatissninvesandiuazasnndesiun1stuves
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urluasgiununliduimen dalu Massuusadouvediu (¢, ) Jadesiarsailuidesu
wsaudeuluaniizlidudniein uazau1saRansuInIu Bishop (1959) latausliiinasly

1%
v

NBLIIUIEAVEHE (Bishop’s Effective Stress, o) dmsuauladusme dail

o = (O-_ua)"_)((ua_uw) (2.13)
el o fe e (Total stress)
u, fe ussRuIMAluTeyiadinfu (Air pressure)
A % %; 1 1 @ _a
u, fe uwssullugesiadefu (Water pressure)
7 Ao AAsIUeY Bishop azduiusiuszaumudumciudl (Degree of

saturation) #38AUTU (Moisture content) Tuslanu

Failure plane

One slice :‘__/
f;)
Y Impervious layer

I

Rainfall

SUT 2.5 Mg iziiuvainauetiug (Infinite slope)

(%
[ LY [

U dpsdwanuvasaisluatndunlududiceti azusail

s _ Ctlo,—u)teng'+ u, -, tang (2.10)
Tm

Meeseiatssmuesaniuluan g lisusdeiuuaiafueugay
aunisit 2.14 4 yonanaglimnsimesiisadesiumdwosiuuds avdiulginludunui
Liisuidiei sxflanududoulunisiaseiuniu iesainmssmnansenuiidudade
N3LAUNINENNTINGT UTENBUAIY AUTULTIHY WaEdnIIN1TIEmednTINnIenaIne

TunadvesAusafagauunin y(u, —u,) luaunsildinsizidadunaunaenndesiu
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[ [
Y

nsdgunlasusianauiazanuduluaindu anvedsliusgiuamaudfvesiuusaszyile

Y 9

LazaTInUALDIIY WuReafuiunMTsiiaiesnmaseaudiliusiieieu
q sy dmumsithvesamauetusidoindu Suduedrdeiidesinulidlationns
AoUTsgnnAINewesaIniu Wisliamsavueimansainulaaunduldegiausiug uas
ﬁ'ﬂﬂgjizwﬂ'13Laauﬁaéawﬁﬁuhauaémﬁ%haammiqzyjlﬁa%ﬁmuaw%’wéﬁumawizm%u
Tuituilideatolsinndedu

2) NISABUAUBIVBIAINAUABNITZUIUNITNI@NNINGT

[ '
a0 = )

d‘ g = |3 a o v dy a =)
WerunnduIsFuasgiuiu vilviaudulufuiifgdu nafnuuiee
a a = 1 A ' = H a . = & 1 A a
WIRAUANNTEYLEEMBLIITTENT WIReRAtILIN3n (Suction) FaTunilgusaniinan
Usingnisalmfiaans (Capillary) wazvilitinusedamierszninadinfiuanussdamave s
Fredlund (1996) lkanansiufsuwlasusaianatiuansnai AuaEnvastuRunduiusiv
A5 AYULUAIINI1ULUN-B8N (Water flux) USLIEIAUNLAAINNISHURgULUBINIS

a [ d' A S a 1 [ A & a ~ ra 4 %
2nniIngn @QE‘U‘V] 2.6 L?,J@‘U'L!ﬂugﬂLL‘U\‘iE]E]ﬂL‘UUﬁ@\?I“U‘UﬂE] 6[]1491147]11]91]@’3@’381&7

Kl
a )

(Unsaturated zone) agagniiaanszaviilinuiastuaundudiniein (Saturated zone)

1%
| [y o

Megninszauiilanu eegluaniigauna (Equilibrium) waglidiinsideuudasdnsni

Y

[Wn-eanuSIANRY wsssutnaenduRnaviuLseuinatng (Hydrostatic pressure) @

a v

WuanziSudu (Initial condition) ¥aawsesutinlutuiu areldaniiziluleududialetn

a1

19 g I P a v Y goj a <3 [ 5 A
wsasutnazdaduuln Tuvueilaulidusimeasianduau naaaintu wWeiinisluaann
wrluTuasgguiu lulaudulidudadmeiiaziianisiinduveussduinlulnsadafu
89910 NSALTUYDIANNTUIUTUAY Taeglun19ndudurINoRS1ULU1-0DNUSIIRIAY
wihugnsnssemeazilisuaululeulidudimedndussagauiuan3niuauainng

d' [ ’5 =3 a [ 1 = d‘ a é’ =3 P2 d' =1
Wasuwsasuir lululnsadafusanan Tunszulrun1sduniaduaziiulaii wieding

o o % < JC 4 1) : o o %
WAULUAIINTIUID-09N NN A8TUIUAUILNANITIUAURUAILSIAULINANIY
a v o= & | ° Y a a = a v
Susugsluannzauna dawaviliiinnisildounlasadssnmstainfuaiulusie
Tneannzlur ol sizndunduasiuazyinlrwsasuiiudululeuludusineun
Fadunisidsunasnieldszeziiatsudu detiu 3usenlaindunisiudsunuaunsasuiin
meldanien1sduiuulinmduiuna (Transient seepage) d@onAsodfiumansaiAulaay
pauNIziinTulutesEnintangly viendsanmeluliui n1sasieinstuiuuling
FuAULIan NI UIN 1S UASULYAIANUTUTIUAY LAZLSIAUUINEUNUSAUN
A5 AL ULUANIAILALANUNUTURUAY F9a110150U LUSUAUNITIATISAEDETAINYD

A1AAUITAN Y warazvinlansuiimsilasunlatnignsidiualnulasadeiuiiainiy
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a 1Y Y 1

AMUANVDITURAUA BB ULALITU FIDEINNITIATIALADYTNAINVDIAINAUNADAAEDINU
Ashrawuulumanndne1lang Ma et al, (2011), Santoso et al,, (2011) wag Xie et al,
(2004)

i
it i

o

[ Evaporation '~ Evapolranspiraton Pracipitation
{ K] i i

1 1 1 I i

H gua t *ﬁ f

—

—————

e

Capifary Fringe
AV

SATURATED
SoiL

)
=\
restn 2\

Paore - Watar
Pressuras

JUN 2.6 Msasuudasssruidutuiunelinisiudsuidasdnsundn-een

USaRAY tae Fredlund (1996)

3) Jasuiidenansenudanginssunisduvasinneluainiy

NN1585U914398 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) way Kim et al, (2012) Gufunisiiasizai 115311V 9AU TaITAIUIN
WIATIEN (Analytical method) kagddauwiandeduay (Numerical method) @1unsaasy
g dadeiifinansynudenistuvesiineluainiu awnsautalddu 4 Jadendn fe
1) Y23un199a1u3U3199898195 U (Geometry), 2) fj'«a%’aﬁLﬁmmﬂamauﬁ’amauﬁmﬁu
winzytinnigluainfu (Interal factors), 3) Jadenseiunisuen (External factors), way
4) Jaseiierdoatuaninzduduiazaninzvauwn (nitial and boundary conditions)
Tagnuidadedifianudrdyuiniigade Jadensedunisueniitivadestunszuiunis
VN9gNININEIAL mmquuﬁwaw%mmwuiuﬁuﬁ (Rainfall intensity) ¥3s3a7lun1siinnIg

umn (Rainfall duration) Wag®ms1n155¥41e (Evaporation rate) 8g19lsAnius1uide
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Aounthdldfunsfnwiieatudadomdrdogaanzas Wudssnisdnenadouuansds
Fudswanszny sunaiiliannuuudaendviinuarismuaniddinsesivindy

Tunagnninen mmnisaifiAadunnasgiiuiu amnsauendesldnans
msmumimwé’ﬂmiam‘!afﬂ (Water runoff) nelud3umsaiunu (Control volume)
I¢un nsluaseniidafu (Surface runoff) nstnasenl@fiafu (Subsurface runoff) was
mMssemedensvutunsdesmaniaedunssuiunsiiaududouduegnan nsilay
Anntadenseumeueniimssiilistadosonmarifemuiy

Horton (1933) vin1sAnu1ideuazlaiaueuuudiaesegiadng lun1sesune
aruannsolunsButhesiutuie faguf 2.7 Tasaruannsolumsdu (f) vesfuas
anaenuIzeznafAndy 9 nauansalunisdusudu ( fy) unsEiefiAaed
dearwamsolunisdudailndiAssfuanuannsalunisduaaviievesdiu (f,) amunsa
Uszanalsfiaviumanuduinuldvesiuluannigdudiden nuuusiassnisdy
dhesiu annsalfuenduiinnasgiufuoenifunisBunasnslnauuiinfu fgud 2.8 auudly
Auguusaru (i) fened Weruanfiiarinis t, Anuaiunsalunisduvesiuasiian
wirfumnuguussly lusngiidlenarlumsnnuesiudidunnni t, ANNTUSIHUIZEINI
arwansalunsTuvesiu SuiliiAansivauuinuiu Fagaiiaanunndidviniy t,
aziendianiifininds (Ponding time) Turmgifisafuninanuguussdudarsinds

ANNAINNIOLUNSTUgATIETRsAU AgliiinsinauuifuAnTy

Infiltration rate

=
I

Time

UM 2.7 wuud1ae3n1s3u (Philip, 1957)
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Infiltration rate, Rainfall intensity

JUN 2.8 AnudNiussenIansTuwasnisivaifu

4) LWUUIIABINYATNVDIAINAY

[
&

Huang et al., (2008, 2009, and 2010) lavinn1s@nwIN1sIURTDIAAALAY
muuszuy lnefinisdassainiuvuelng dnwaziansdissui 2.9 vhmsmeaouainiu
iuamaz%'uﬁmuuazﬁﬂ7mJ?{auLLﬂaammmiuLLmu nUNsITRvesaIARUANTY
Tuaestasite iindulurasdarsvesarniu wasinduiinounatsvesainfulunaidesn
Fauandlugudl 2.10 wae 2.11 B SeldRnwmaTeseLsuLI LU TIARMTITRve S
andu TagAausulsugazdsraliiAnnmsitivesainiuiinis meanuguussui &
sUit 2.12

Y

[-},7m !

1.7m

UM 2.9 wuuiaesaaiuaziuudeediey (Huang et al,, 2009)
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Second trench (S = 1.7 m)

Original slop toe (S = 0 m) First trench (S = 0.95 m) First trench (S= 0.9§ m)

JUN 2.10 wanansivRvesatnfunznaulunsie (a) ludiwsniinduiivateainsu

(b) TutsiaesinTuiineunansvesainiu (Huang et al., 2009)

JUN 2.11 wamamsivAvesanAunsg (a) ludisusninadunuagainsiu

(b) ludrsiidesinTufinounalsvesaniu (Huang et al,, 2010)
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———ap—  Test No. 2, 1 = 35 mmihr
i — F}—— TestNo.4,1=70r (a)
—4@)—— TestNo.6,1=105

Distances of the scarp from the toe, S (m)
=}
-
|

Locations of the scarp from the toe, S (m)

A—tc— [ =23 mm he'

E—E8—F1 =47 mm hr'

G—e—=6 [= 65 mm hr'
T

0 ——a# r I T T
0 100 200 300 400

o 100 200 300 400
Time (min) Elapsed time {min)

(a) (b)
gﬂﬁ 2.12 1aA93a 1N TIURAVRIaINAU (a) a1nfunznaulunIie (Huang et al., 2009)

(b) @1@AuUNI1® (Huang et al., 2010)

Chinkulkijniwat et al. (2016) 1015398 LazANYINITAOUAUBINIINIYATN
LAZRNNINGIVBIAINAUAY FIELUUTIAIMNNNIEAINNITTY 2 17 aeldaniizsuineuly
sUkuUsng 9 Tegldfunsie (SP) lun1snedeu 31nN15ANYINUIN N1IABUALDIVBIAINAY

| I = = a X o Y g va A a ]
wuseantUuanind Ao LV\lﬁﬂ’]i"?ﬁJLLa3LWaﬂﬂiLWMﬂu%@dizﬂuuﬂmﬂu LN@W"UWiﬂJWIUiSVﬂ?Q

FNANSTY 92938 1971AUUTUIUAUT UL AU VUL VUD LN UIUIAVDI AU TULTIE U

Y 9

LY ! o a

AIbAAIUAINT 2.13 kA lUVUAUAIPINUTUYDIANPAULASUSUIUAUTULSUAY DNSNA

Y94AUTULIHWTlNaRBAIANTWERLINE Fen1FITRvesaInRuRY asautseentdy

- ]

3 Yszaneieiu Juegiuamdnsduseninyudsaniunisludafuivaiyuaintuyes

Y

ANnAY nIAIGTELaDETA N (tang'/tan B) nanafAe 1) nlainfuliaudutsy
(tang'/tan 5 >1.0) g‘uqumﬁﬁaﬁwagjmuLLmiawiaiwdn%’juauﬁu%guﬁuﬁﬂ (Along
the impervious layer mode) luwus# 2) aaduidaiuduuin (tang'/tan B < 0.9)
gilqumﬁﬁ’@ﬁ]w‘flumﬁﬁ@szﬁuﬁjuiﬂa” 5] W25 (Shallow depth mode) daua1nfuil

AuduUIunans (1.0 > tang'/tan B > 0.9) sUnuun1sivRazdunsivATInUaewny

a

(Transitional mode) ¥3AuANIzUIVIUR (2, ) D1aAnTulivateszuIuANENAaDATURAY

a aa

unuldiinsivivesanfusuninutugorninvuluginnansdu ugnainfui

ANMUTUANDIILLAANITIURATLNANITOUAINBUN WAL N TIALVUVDITEAULNFAL ANARU

v o

nANUtugruriessEun UITRa W saindunauanle 9 antuiuiifwliainfuay

N

Juogutanesan wazavidn1s8u (i/K,) BInansenuvIdnsng AUTULTINUADAN

Y
£

gnsdmanulasadiy dawandlugui 2.14 1nealysnneesaInfulzanaen LN SILYY

= X A A o a ° v o a ~ Ao v ! H
%aﬂﬂquaﬂmaﬂﬁguqﬂﬂﬁ"m%uwLﬂa@u@'ﬁﬁﬂiu@u ANIUATUNTIUNUAIUBYANAT 1.0 (‘m&l‘u
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aunsaduasatnnulevus Felidvndudruiunduaslilanaznantaduiinlnanainuuianen

ANAU

600

a3 e e ) e e e
Test series I series IT  series IIT ‘
500 @Sensor Bl GBI BI 'r;
) oseusrrBz < B2 >B2 Permeability function 1 |
= i Pl
£ 400 {-mSensorB3—CB3— B3 Garditer) 1958) ) |
A
= XSensorB4  xx B4 B4 \ r| o
‘2 300 | ASecnsorBS BS \ BS Le N
= 10,00 #: '
= LN v s .
= 1.00 — v i I
% 200 { o0 |LCrI 3Gy d ;
‘= LN s '
~ 0.01 |08y} 0036 sk 8 y
0.00 4 z b1 :
100 + o 4 8 192 16 P T
@07 4 I '
| | be - :
0 . : = é

1] 5 10 15 20 25 30 35 P 40

Volumetric water content (-)

g

JUN 2.13 N9 muaneauduiuEsEningn U TuLsEuiuUTINMANRY

(Chinkulkijniwat et al., 2016)

Safety factor (-)

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

0.0

0.5

(3] ot —
o i (=]
1 1

g
n

|
|
d
E
|

Depth of wetting front (m)

A

Aad

4

| S

e et Sy |

.00

~<3.0

Imprevious

layer

=
I

dl U U 3 ! U ! L2 L2 =
E‘U'V] 2.14 NINLEAIANUFUNUTTEVI NN IEIUAIIUUADANLNUAINUAN

(Chinkulkijniwat et al., 2016)

UM 2.15 waneAnuduiussgninemudningd aviin1sdu wazavil

whgsnm Inensanuaninginanianudnvesainfunileniaiinssuuivalugisia

MsBuvesimy uinslaidedninedudlunsdiil arnfudufunsie (¢’ = 0 kPa) wihtiu lng
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Tusssumdindq WuiSesenaznuainaunseiissas1nien Tneenaduainiudinneunil

Ao

diuavtdgalu viseanRundnyunagy

of 44

00 01 0.2
0.0

0.1

0.2 +

0.3
0.4

0.5

0.6 -

Critical depth ratio (-)

0.7

0.8

0.9

1.0

JUN 2.15 nsnuansauduiusseninsanudninginuduinidy

(Chinkulkijniwat et al., 2016)

a

mu%%’awﬁm%’aaﬁumiﬁﬂquaﬂﬁmmss‘z?maaﬁmﬂummaumwﬁmﬁu
(Heterogeneous soil slope) LLazmﬂauﬁﬁﬁﬁUUﬂﬂqmau (Vegetation soil slope) fivaulad
Fasteluil

Lee et al. (2011) VTﬂmsﬁﬂqu&ﬂﬁmmsmauauaqmﬁmmmmmau 1n8N13
91899N15TUULUU 1 TAluuveAu (Column test) uag 2 Adlunaosainfu (Slope box test)
uanadsguTl 2.16 tiladnwngingsunistuvesiruasgaiafuudrinausefagauanin
(Suction) W3BUITBUfUSEWILUUS AR tde UL MUt nansnadeUngRnssuNTSTu
veshrulufuiodsrtuisluuuusiasinisdu 1 ffuay 2 AkEAINgANITUNITTY
funfloutuduandluzud 2.17 luvagfingAnssunsduvosidulufulidudefeatu
wgAnssunsBNlulsRuilauLanaedun1sTulunassainfu LARIHARIEATNT T
Tuanaduil 1 Saluadisudunand 24 §alus fauandlusuil 2.18 uazSamuitluaiaaulifu
deiieatuy Taeflarsfutudnafiinsfuriuosniaeduduuy deluiiduananiuduuy
ajmﬂau%’judwwﬁmim'ﬂ‘walﬂmwmzmmaﬁaaiwdw%’juﬁu w3olinsluaniutng

(Lateral flow) Angu
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JUN 2.16 Wuud1aean1say (a) kuu 1 8@ wag (b) Luu 2 1R (Lee, 2011)

N

I
_______________ %

)

(

A\

A
\
N

20 -1s

Pore-water pressure {(kPa)

-10 -5 Q

|

a) S I[ LG T
-0,3 =03
= =
£ -or i 2 o7
5 m
2 / B z
W .09 - ] w09
-L1 2 1.1
-13 T [ L3
.12 -10 K] ] - -2 o -30 2%
Pore-water pressure (kPa)
(C) o % (d}‘u‘i
e
0,3 _‘)ﬁ/ : graS 't
' 7
E 0.5 4——— T E -5 - . N
g s l‘
2 o7 4 0.7 -
2 L. L1
= i
0.3 4 = -8 =
-1.1 4 &'\\;‘ - -1 - [
.13 Sl 1.3

35 -30  -25  -20  -15

Pore-water pressure (kPa)

\

-E0 =5 Q =55 -50 :125 -40 -35 -3 -25 -20 -15 -10 -5 0

—— |nitial condition {1-0 soil colurmn)
——— |nitial condition (2-0 slope model)
== 24-hourrainfall {1-0 soil calumn)
—m- 24-hourrainfall (2-0 slope model)

JUN 2.17 AsvluansAuseduhnauanudnvesiuluLuudnasmstuiuy 1 dfuag 2

(Lee et al., 2011)

Pore-water pressure {kPa)

Y

a
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a b
@ . L) / _
-0.2 0.3 \ \
— W5 -— 0,5
E E N
g 5
2 oz 8 o7
[} o
=3 =3
a S
TR B I B w00 —— |- R
-1 -1.1 4 :
S1a r 13
-1z -10 -2 -5 -4 -2 o -25 -20 -15 -10 -5 0
Pore-water pressure (kPa) Pore-water pressure (kPa)
) . - T (@, ||| T ] /
0.3 -0.3 ! [
F - — .05 |
E £ '
5 g .||
= 0F— = -7
m [
- -
= 2
[T B — TR —
-1.1 =11+
-13 : ! 13 e —r T
.36 30 .35 20 .18 10 -5 D EE .50 -45 -40 -35 .30 -25 -20 -15 10 -5 O
Pora-water preassure (kPa) Pore-water pressure (kPa)

| === Initial Condition
| ~m= 1-hour rainfall
e Fd-hour rainfall

JUN 2.18 N3 MLAnIANUFUNUETENINgA s n Ut AUANAN Ve FY NIAIN15BuvRIdNY

1 $lusuay 24 F3lu9 (Lee et al, 2011)

AK. Leung ag CW.W. Ng (2013) ladnwinisinavesilafuuaznisaigun

a U =

- a aaa i o 3 g va a &
vosivluaauniifivunagu wud seruthlafuluggruiiseaduiseduaudn 0.70 s
o 3 < a < = 14 (Y H ya 1 LY =
wazuseruludafuduuin Tuvuginlugguasszauinlafuegiszduainugn 1.00 wns
wseruludinfuduau wagaranasegnaunnis -200 Alataaia (kPa) Tuanadundisiniiy
INTNAVDINYUNAQUAINAUITYIAAUILALAE U YT8TT8NTT N1TAETEINEY
(Evapotraspiration, ET) iansnsaglgiiiuusafegaiaminliunainfuiingetunitludusiud

Lsifisnitolagadia 200% wanedsgun 2.19



Pore-water pressure (kPa)
-200 -150

-100  -50 0 50 100
0 3 '
DA K GWT during | Root
|- \ %} rainstorm on | Z0n¢
Yy June 2008
'..: A '_Q
= 5 Colluvium I 3
: LU
5] é H '. = ]
a 3 4 Z i Lo F
ot L3 e
—Z =
4 &8t L=
zzt &
% : From S-CP_,
S 1
5 E :
== [nitial - Before Wet season (April 2008)
= = Wet - Heavy rainstorm (June 2008)
— /= Dry - Start (Nov 2008)
==dr— Dry - End (Mar 2009)
a v o & ! o 3 a adaa
suUn 2.19 mmamwuﬁizmwLmmuu’mmqQmaiummwuw%mqm
(A.K. Leung and C.W.W.Ng, 2013)

Ni et al. (2018) ln@nwiwuudiassndfigunagunislaaniunisainunn 24

Flusiidmaroaiosnnainau nelasuunsinnisnszarefvessiniisaiuszauniudn
(Fns1duUsuInssniie) Hdwanensildsunlasirmnuduniulsve i (Permeability,
k) eonidu 4 dnwagde Triangular, Uniform Parabolic wag Inversely triangular Wansa
gﬂﬁ 2.20 LarmANMNALTUGT¥NINIAIRTIdIUAIINUasnnY (Factor of safety, FS) au
mmﬁﬂﬁLﬁuwammﬂwqﬁﬂssmma‘uauau%ﬂﬂa ms@masmaﬁwmﬁ% nsasundas
audulufiy Aeudusulfue R unusnIEILUIIIRTIINTY LarSIBNINATINA
o100

wanaiagunn 2.21 nuinladeiidwmasiaiaiesnmainfuniivunaguee Arrnuduriulaves
Auluanzdudn

YUIPNUDNTAIUUSUINTINAY LTEaIanIdulAInN1sanasweeal FS
TnaLAsaUBNENANNAIUSNIVUATULD

25
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1.E-08 1.E-07 1.E-05
0 ' '
Root zone
] TSNS SR S ST a e b TN R A el o =« e v 2 i
E
g
e
] 27 ==B
------ Triangular
~ =Uniform
——Parabolic
3 - - Inversely tri 1
4 .

JUN 2.20 Aanuduriusseninedianudurtulatuan1izdudiiigiinaganuindunniy

FRSEMUIUINTIINNY (Ni et al,, 2018)

Depth (m)

1.3 14 09
. Mo
Root zone
i
E ¥
".AB ~ i
- =M £ 2 1 N 5
---M+H1 3 \ Zixa
- M+H2 R _ A
— M+H3 AN A - M+H2
Ml 3 i< N — M+H3
N
| % \~-\ —M+H
\\Q‘ ! \'\\ J
-\\ 4 | \\\:\ \

Depth (m)

5UN 2.21 n1sanasver1dnsidiuanulasadeniuniiudnvesainfunidinsunagy

JuLlleINHARDUANBUTI@NNINEN (Ni et al,, 2018)
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Shao et al. (2017) Anwin1sTuvasiulufus InfivingRNasulrausINNY
Hlnsea0952UU (Dual porosity) uartmanisAwuAuaullIipsigiatosninainmiu
NUI ANBRsIauANNUaanseiAmwIalnglgssuutaglradnsduanulasn e finnnin

nsAUIMlag RS IRALIINS 458 UULABY (Single porosity) SN2 UIUITRL AUNUT

nAanInsiasanfudulnsaszuuLien Wananagun 2.22

a. Low planting density soil D36 0 b. High planting density soil D320
I '

0.05 ’ b 0.05 ¢ | 3 b

4
S
)
o
=]
=8

Depth (m)
Depth (m)
S

I
|
025 | I 2025} 4 1
Failure | Failure i
03farea | 03 parea i 1
I ';
0351 | . 035} 7 .
I fi
0.4} | ] 04} ! 1
| i
| {
045 — : : 0.45 — - :
1 10 100 1 10 100
F. () F_(-)
| Dualt=0h Dualt=2h Singlet=0h ====Singlet=2h

A Y

a I v I 2 = a aa
E‘U‘Vl 2.22 A19ANA9UIANDATIAIUANUUABANIAINAINUANUDIAINAUNLTINNYDUY

iioanandvsnaves Preferential flow (Shao et al,, 2017)

nHaATETRIUELduNsAny g Anssunisduluatnfudianeuilifinssdanie

(% 1%
v A

sendradinfuiiissyiaies dadu NUITIUIIVIINTANYINGANTIUNITTUVBIUE Y
TufudaneruiifidiaziBeavufiufiudn 2 vliafe Ausrudunsie (Silty sand, SM) waz
AunsreUufungnou (Poorly eraded sandy soil with silt, SP-SM) flew3euiisunanes
wslwedAuiiuasuuassuiionduazdenluidemuiinardmanseusomdnsa
mudaenduegialstng wasdudivsvlovdlunsiauinsvanudningilillanuauysal
m1ﬂﬁqsﬁu‘lmamaUﬂqmﬁqmmﬁmﬁwmuﬁﬁLm?jmLmzswdmﬁmawﬂmﬁué’m uanNTs
whnwiiudniedvinavesiivunaquutiaiafudenginssunisduvesinudesniivay
Flidnvarvemnnuld@udoientu wlaluduiusnfivwasduiudan) Welnsedh

NOFNTIUNITTUVDITUAUTINNYUALAULUAT TINTINANTENUFBLEATNINAINAUR U



uni 3

A5AIUNT578

3.1 unih
Tunmssfununvnginssunsduveninuluaefuidodiotusazainfulidy
dederfuiiAaaniisunauiuuaznansenuduaiosnmd Hnguszasdifioveiona
n15AN®I8Y Chinkulkijniwat et al. (2016) TilAnwIngAnssun1suvesinuluainiu
318 (Poorly graded sandy soil, SP) Fudufuiilifiduasideavunarlifitanuidonwiy
sswhadaiu dofu lumsanuaddls weenalneutsmsmageusonidu 2 msvaaeusiil
1) MsnedaumsTuvesidulufiu 2 winde Ausiuvunse (Silty sand, SM) Fadu
AuiifianenudonndusznitadafuasiunsieUuiunzneu (Poorly graded sandy soil
with silt, SP-SM) Fafufudiaeruiifiduasdenlu lnefunassidaiiduiuieiieniy
Jeldponuuudianin1sdunuy 1 ARkuwvAuageU (Column test)

2) Msvegeun1suvesruluainfunseilidudoferiuifinaniisunagui

(%
a Y 1

TngugnitvuuRnihainduiieviliAutuuwdufusiniia (Root-soil zone) wazAUTUA
& a ! ) = ° = aa i | a adAaa
Wunutan (Bare soil zone) 3900ALUUIIABINITFULUY 2 UANIUNADIAAAUNUNY
UnAguau (Vegetation slope box test)

MEDIN1INAFUTIaRN UMY LHRHY LawiNInTinnsdsuwlasanuu

TuRunszaua 9 nelian11zAUTULTITeIHULANA19AU Ran1sAnwdazadielidila

q

'
! IS

anﬂimma%maqﬁmuiummﬁuﬁﬁmmmL%mmuswdwLﬁ@ﬁu annfuaneuid
duazBeaUu wovaeiuifvunaquiviilndifestuaiefulusssumfiniu uwdnideya
woRnssun1sBuaTieTziafuauaniitugiuresiuiidsnansenudoadnsdin
anuvaenfvvesainiu Wevselenilunisiauenuimisnistestunisivhivesanius

Toagnanunzay

3.2 AnNsnadaun1sTuvesnculufulaifenny

[

WMIAuduMIBUaAIRIUN 3.1 1ideiiuszneumeassdiuvan fail
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1) duwsn Wunsnegeuluissufifnislaenisasisuudiassnisdunuy 1 67 wie
WRLNAEEU warasuUaniiiy ndeuRnraniosiie aRnnunssuaunsinaduves
ey %wzﬁﬂ,ﬂgjmﬁlmwzﬁl,aﬁaiﬂ’]wawmﬁu??umaiéfamw%’uﬁwNwialﬂ

2) dawfiaes iumsfnwidvinavessuustadsauantifuidmasesnsidm
auUasafresanniulaen1suUsiuAnsfiwmese 9 Wiun Arrnudenutu (Cohesive
strength, ¢') Ayatduaniuniely (Frictional angle, ¢') W1318W8s a WAz N VoY

van Genuchten (VG)

Anwdgmilunngy
mmaauqmamﬂﬁﬁugm W3ELgUNIRINITNAGOU
YDIAURIBE LazN1ERULAgY
\ 4 \ 4
- YuIAURLdinAY Anwinsguvosiulunuudiass
- ANUANITNINZVRAIARY ANSTULNIAUTIUUUNTY (SM)
- ANUAUILUULIAS LAZLNIAUNII8UUAUNEND Y
- AuFaRuive v (sP-sM) i duduidoiea iy
- AUNTY (Homogeneous soil) AI8AIAIY
- MAIAIUNIURTITOUVDIAY JULSINUTNAN AU udA1S
- NAFDUMAUFUNUS TN IS WATILALETYTAINUDIANAUA Y
FapaLmInAuaLEL (SWCC) Toaneud

AATILANANTNAADY |«

\ 4

A 4

agunanIsAnw

JUT 3.1 dansaniiuanddengAnssunisduveaiduluuviaiuiledisi
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3.2.1  AITIADNLAZAYUAUAIDENS

Audildlunsmaaeudl 2 viiafe

1) fusauuunse ity sand, SM) 1iufiusiedrsiiivananwyiuaass
dztiou suatmil sunetuiiden Smiauesredndaduiiuiideaeaaidifiousts svuu
douderimainiunausyiuidiseTs lnefiufieg1afusuusuniufegrsvmsLi
(Disturbed) fisgfuannudn 1 13 LLamé’fﬂgUﬁ 3.2(a) Wudhwaionusudunseit
Aapsaziiou fignianlinaaey

2) AuuAsed (Synthetic soil) iuuiiegeitldannmsnaniuduunlng
sewieAusuUun e ansneuideniuiunse (5P) iielildfunsevufunznou
(Poorly graded sandy soil with silt, SP-SM) lnglg&nsdrunansznitmsieuazfusiuy
Yunsedi 70 : 30 Tnermidn G‘fummiugﬂﬁ 3.2(b) \Judnvauzfeg i uduaseniild
lunsvageu

ﬁm'ﬁ?miﬂzﬁm@mamﬁaﬁugﬂmmawﬁhaEJ'N 1AEMINITNTLINYIUIAVD
WimAu (Particle size distribution) #28n1SNAABUIOUNIUALLATY (Sieve analysis) Wag
n1snaaaulalansiinos (Hydrometer) AINLIAIEIU ASTM D 422-63 hasduunaIgszuy
Unified Soil Classification @1us1915g14 ASTM D 2487-69 M1A1Aua W3 w1zvednfiu
(Specific gravity of soil) #1uN1MSFIW ASTM D 854 mAdulszansaudurnuldvesily
anmzdudadieti (Permeability) MuaAT§TU ASTM D 2434-68 11A1AIUVUIRLILLIS
(Dry density) #1131915§7U ASTM D 698-70 %1AN&5ULIULRDUUBIAUAIENITNAZD UL
{dounsa (Direct Shear Test) wuuidounislneAuiilinaaouiaanuiubugud anw
1m351U ASTM D 3080-04 wagnaaeunduamdnuznsdutinesiu (SWCO) Tneiiviio
LIIFUANNAIMTEIL ASTM D 6836-02 uaninuansivesiufioganumniseil 3.1 uaz

IMUNTUIALALNIINTLIBVRTINAY UaZIFUANANYALN1TUUIRIRY uansluguil 3.3
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= v a i = = aa I a dy a (%
#1379 3.1 @mau‘umamuﬁlﬂumwmaavmwuwamm“luummul,uama’mu

Soli properties Sandy loam Silty sand

USCS SM SP-SM
Clay (Dia.= 0.002 mm.), % 2 1
Silt (Dia.= 0.002-0.05 mm.), % 36 10
Sand (Dia.= 0.05-2.0 mm.), % 62 89
Specific gravity, G, 2.59 2.62
Dry density, p, (g/cm?) 1.64 1.75
Porosity, i 0.350 0.323
Saturated permeability, k,(mm/hr) 15 65
Internal Friction Angle, @' (°) 30 36
Cohesion, ¢’ (kpa) 5 0

(a) (b)

JUN 3.2 Aiudregeiilinaaeunisduuiuy 1 4R
(a) AUTIVUUNTIBUIUAADIRLN DU B1LNDIIU LT

(b) AunsreUuAURENaUdLATIZY (Synthetic soil)



100

80
X

560

S 40
9
5
Ay

20

0

0.4

0.1

Volumetric water content, 6, (-)

0

9

| LALAALENL R LLLLLL R L
i A —e— SM Soil 1
B -&- SP-SM Soil N

TR RN TTTR RN S N [TTT R0 A B B 11T R A TR

107 10 1 10t 107 10 10
Diameter of soil particle (mm)
(a)

' BRALLL | LIBLBLLRRLL! | ALY LA LU

77 =0.992 for SM soil
< =0.954 for SP-SM soil

® Measurement from

SM soil ]

A  Measwement from |
SP-SM soil

— Best fit from VG

model

A

| Ll Lol

107!

1

10 10° 10° 10*

Matric suction, u,, - u ,, (kPa)

(b)
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Y

JUT 3.3 AauaudRLrisAunae U IEIAinAiu A1ANLTULATKSIRIARIYISY

(a) LLﬁﬂﬂﬂ’]i"ﬁ']LLuﬂﬂJuqﬂLLazﬂ’ﬁﬂﬁg’fﬂ’WEJ‘U’eNLﬁﬂa‘N

(b) wARIANUANTUSTENIUTIRAIVTNAUAUYURY (SWCC)

YDIAUTIUUUNIIY (SM) hazaunseUufunznau (SP-SM)

3.2.2  MIATIUUUIINRIYINAUNTSTULaTYANLTALIRY

wuudtaefianwuziluriensinssueniiieldussausedgneiiiiunld

Tun1sneasuldulvisfunaaaun15@L (Column test) indazaAsaalalnelninunau oLty

LagdunaANgAnIIUNNTTUVRIUIHY dAuvun 5 dafiuns Jvwinduriugudnatnigly

100 Tadiuns wazgd 700 Haduns 31uveIwUUTIaewihnwueAsanlany 10 dafiuns
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YA 300 x 300 Aadiuns ArutranunilavewiesrA3iniazuuInnine 3 Taduns g 30

faduns 91w 5 § 5281199z 1u 100, 200, 300, 400 wag 500 AafiUAT AME1Y

v
v v IS

Wioldlunsindeiainanudu (TOR probes) LLazSﬂéf’]wﬁmwiagﬂLmsgmmm L UNIY
Augnans 10 dadiuns [ieRnaviasyuneti A (Surface runoff outlet) fiszduwmnile
faAu 10 fadlums Agnusnuaisanzsuna Wushugudnans 10 fadwns S 2 5 laes
usnuileRndadninseauiinléu (Piezometer) mevisgalalareilavunduniugugnas 6
foduns Pdunensiuturesseduiilitu warsiides vinshndandiszuisoiniadiold
mmﬂﬁag”l,wdaqdwizijLﬁmaummzﬁﬁﬁmmuumauwﬂaau Auansmelunuusnaedd
wiudlowalng (Geotextile) Maliviuthiitulalidefuildlunismeaeulnasonuinieie

= 14 a o I a d‘
FEUNYBINA “U\‘ﬂ,ﬂLLﬁ@Q‘JWEJﬁ%LE]EJWU@QLL‘U'U"%]’]@ENLL‘VN@um@a@Ul’ﬂugUW 3.4

Surface runoff outlet

@ 100 mm
}_ i Soil surface 100 mm

T l«— Acrylic column

10 mm 100 mm

Pl —a
100 mm
100 mm

100 mm

100 mm
a— PS5 —

100 mm

|
T\
E 3 [}
¢ pa— et pa >4 e >e B

Acrylic base plate

NIEE]
Piczometer tube J L Entrapped air valve

Moisturc sensors

JUT 3.4 LandT18aL88nUeLUUTNaeINsTuluLiaAunAaay (Column test)

dmsugadudaiy Uszneulude Sufvihiifiauguuin 2000 8ng Ju
wuuANEFuAsT Mdrruaunisivaveni wmsTnanudul vewanadnvuiaidusiiu
Auinans 40 fadiuns uarluveiaffnduhasdduan 1 shdwiuddosinudiaoma
agjmﬁamwaﬂLLﬂqﬁummaaUﬁssm 300, 400 way 800 fadiuns vinlilaArUSu1IMuAINY
suussluaglugieszuing 5 fs 120 Sadwassedalusldanuiusglugaesening 3 fs 25
Jaussion1snsi levhmsnnasuazidensseyvineesiausdisatevouvioosasan
fannsaliduunannusunssuidesnsld wazinsaouiiisuanuainateves

ANNTuLs Ingldnsedeos 1 Tu vunaduriugudnans 100 Taduwns 1elinuuures
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s

wuudnaeswazivassiuiodnusuiauuiunal duindeansinadiennuduiug
seninUSinauUTuLsuiuanudue s ulnannadau sl ddlauanalilusun
3.5 MNNaMIaaUTIBUANNANENveIUTI At N U U9l AR U TULS I UTTIvIA

anusaAnaAdNUsEaNSuInNalawe (C,) lnanaunisn 3.1

N
N
C :1_@ (3.1)

u N
>,
i=1

Wes N Ao dwunszlesiiliveaeu
I, e USunaenususseluninlavesudaznszdes
I Ao USunaenusuwsslumdeiinlavesmnnszdes

19A1 C, Winfiu 93, 94, 94, 96, 97 uaz 98% dMSUNITIIABIANNTULSIEUA 5, 10, 20, 45,
70 wag 100 Hadiunsdadilug Fed1 C,0gluyie 90-99% uansitwuuiiassuinuild
AnuUneRanavinulglunsnaaauls IngLAURIYBILUUTIABINITNAFBULAL ATNEY

o = aa v d‘
VBILUUNABINNNIYATINNITTYU 1 UR LLﬁ@\‘]ﬂ\‘]EU‘W 3.6
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140 Trrrrrrrrrrrrrrr e T
120 E
100 E

Rainfall intensity, i (mm/hr)

Oz:.:..ilﬂ.:..l....i...l sl

0 5 10 15 20 25 30
Water pressure (Ib/in’)

TAD oo e

120 B
100 B

Rainfall intensity, i (mm/hr)

' '

' '
oL v
23

’ ’ 13
0 5 10 15 20 25 30
Water pressure (Ib/in’)

U = B8 £ SN e
120
100 |
80 |

60
40 ]
20 ! _

Rainfall intensity, i (mm/hr)

0 ....I....I....I....I...s..l....

21.
0 5 10 15 20 25 30
Water pressure (Ib/in’)

()
JUT 3.5 AUAUiUsTEnINaAIANLTULTINUAUALAUEY
(a) MAUTURTINUY 5, 10, ke 20 dadlunssatilug
(b) NANUTULITIHY 45 Uag 70 Tadwnsdatlus

(0) NAUgULTIEY 100 Tadunssedalus



Rainfall simulator
F— Nozzle

Il|q

— Surface runoff outlet

- i oy 4
<— Steel frame support
<«}— Experiment column
Water tank -

Data logger Computer
Valve Q

Pressure gauge

L— Entrapped air valve

Piezometer tube

1
o

JUT 3.6 WHURILaENNENEUBILUUTRBIWIR LA YA AL TnLNY

3.23  aunIalngiadinAduTULAEN1SERUWIEY

1) FaSmanudy (Time Domain Reflectometry (TDR) Probe)

frinautuiidnvasdurde fa¥nanuduiu EC-5 wagsiaingu 5TE
wanadasuit 3.7 Hugunsaifiannsatnerudulasandevdnnisanusadnglniiiszndng
yideuiiAnanmslnavesnszualiihsudsiummiuaenutluiu

\3estuiindeya (Data logger) u Em 50 uanssiaguil 3.8 Sdosdmiuse
dhifuaneuesiata 5 des anmnsormunszezaatlunisTaald daus 1 uniisionss aufa 24
Falusrands Inedlusunsudnsasuiivhouluzusuuyfdanisuu Windows asuu
poufiunes Jeyaiildaniatestiufintoyansianidinududeiuing (Volumetric water

content, ¢')
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(@) (b)

JUN 3.7 iriaauailu@u (TDR probe) (a) Wada 3u EC-5 (b) wadm $u 5ET

Em50

ECH,0 LOGGER »

OSlClﬂﬂl
DEVICES

5UM 3.8 isastiuiindaya (Data logger) 3u Em 50

2) MSEBUIEUAIINAINNTU
ANUSUIUANUTUNLPANNFITAAINUTUIEABILASUNITAD UM B U UAUNTTIU

nInAaeUe Falliunaumail
1) undanudegvasluwuunsINsTUaNvUIALEEUANENana 150 Hadiuns

TAlAANULLUAILADINNT
2) HafrinruduadlUiupuiiuasnideudosud
3) aputudaeriaia wastufinArrutuiisald (o)
4) \Ausegnsiutilveuritemanutulaeimin (w)
5) AuruANNTuIBIUIuesiigndes (o) Fen1sitesiziuuudiaes

dulsznauvesnu (Phase diagram analysis)
6) YY1 1 04 5 Laeiin1siiuuasluRuLi oLl SEUANUTU
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dlovnsasufisuiinuda ﬁw%’amﬂaﬁlﬁlﬂa%f'mm'mé{’uﬂ’uﬁ‘swiwmm%mﬁw’%mm31’71'167
Mnrinnudu () arwdulpeindinlumnaiu (w) waganutudeTunsfigndes (o)
e UFuuArIAuTY g‘dﬁ 3.9 LanIANLdUsTuS s aA AL TUTlE I N NS AU
AT ufienuldanndainauty wuin Arududildanaunisiuaifisnuldaindain
Auuiluanenaiy et Sedesiinsusunirmenaduildandaiannuty wielrlaand
IndiRssturitlaanaunis Tneiuinidemserusutunse ity sand, SM) U3uuiann
aunsi 3.2 é’m%’ué’ﬁmmwﬁuquaaaméu EC-5 uavaunisii 3.3 dwduiinanuiy
LUUALINgY SET dmiufudansizsd (SP-SM) UfuuAanaunisd 3.4 dmsuiinaaty

WUUARIUU EC-5 wagaun1si 3.5 dmiudiinannuunuuauvisu 5ET

0 = 0.9500¢" + 0.0082 (3.2)
0 = 122339 - 0.0649 (3.3)
0 = 1.1838¢ + 0.0006 (3.4)
0 = 13002¢" - 0.0544 (3.5)

dll A ! dy a a Ay v v o -dgl'l
bD g AR ANANNTUTIUS UL nFTInA LT

0.4

o
~

T T vy T T
_e— Trend line of uncorrected data
[ for sensors EC-5

0.3 | —a- Trend line of uncorrected data 22
for sensors 5SET Proe:

r < Corrected data
| ---- Llline

T .
& Corrected data
-- Llline

o
w
T

e~ Trend line of uncorrected data |

1
Volumetric moisture content
from calculation,o (-)
o
N
T

Volumetric moisture content
from calculation, (-)
o
N

01 - 7 01 i for sensors EC-5
e _a- Trend line of uncorrected data |
= for sensors SET
[0 Eat— I R I R I R 0L L 1 " I R
0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
Volumetric moisture content from sensors, 6' (-) Volumetric moisture content from sensors, &' (-)
(a) (b)

SUN 3.9 anuduiussenineenuduinlaannnisanduiilaandiinanuiy

(a) Audaddes, SM (b) Audaumsied, SP-SM
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324 tunsuniageunsduvastruluesufians
iAoty linaaouimuaisasliuiaduaa 20 $u vinisundaiu
asluvieszaidnlansenszuanvuiadurugudnats 100 fadwns ge 700 Hadiuns Wild
uwisAufinanuge 600 fadiuns lnsundafuitosdu uiasduliianunuiussuia 60
findiuns musumiinuadaluuiassuifiolilduisiu (Column test) Aifimetmidnus
9g5e1I9 1.64 ua 1.75 niusegnuiafiguiiuns dnsuwiaiunagauiusiudunsig (SM)

WagAUNTIEUUAUALNBY (SP-SM) AuEAU INTUAAAIRYTIAAINA (Probes) Linugiag
NAULINVBINTEUBNAUNTEAY 100, 200, 300, 400 waz 500 UAFLUATIINGIUYD
wuudnaedkaseaeidniunsesiuiintaya (Data logger) Wiouvafnmsszuudtaatalull
wilowrisAunaaeu Waszuudiaq wieuldiuuad Jsdestmudaesdiiuasguvienu
nadau frinmuturziuiudoyarnuaundUsinsveiunn 9 2 wiilaufuluwuudiaes
dusdaen wagsaudifvasennisieinseauinldfuiugavinfuseduRtRunagey
VN =Y
JuduaSafiunmmaaeu

- = | a S P !

Weulyn1svaasunsduruluwisiuneaauLitaNagAinwinisnauauessse
AUTUVRIAU 1I1a1NN3TUVRIUTI IR wagn1siAnUTeuuRAY TdRufed1s 2 vila
wiagvinagyinisvagousiinas 5 n13nedsu luksaznisnaaauiivuafIUTun
AN (Rainfall intensity, 1) Awansneiy Tngluudazganisnaaeuladnasssuin
Augukssulinseunauluyenaind Indifes wargeninAduyseansnsgurulivessiu
luan1gdudinigin (Saturated permeability, K,) nvuAusuLseludmsuauTIuly
318 (SM) fid 5, 10, 20, 45 wag 70 Hadtunsaedalag kagamusulsudmsuAuns1wUy

Aunznau (SP-SM) o 10, 20, 45, 70 way 100 HadlunsAotalue WILNSUNSAdeU N394

1%
=1

Tukvisfwiameiu wanslisanisien 3.2
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A15199 3.2 TUSHATUANSNAGDUNISTULUUNTINNR LULVI9RY

Experiment Soil Dry Density, Rainfall, Infiltration index,
No. Type 74 (g/cm?) i (mm/hr) i/Kq
1 SM 1.64 5 0.333
2 SM 1.64 10 0.667
3 SM 1.64 20 1.333
a4 SM 1.64 a5 3.000
5 SM 1.64 70 4.667
6 SP-SM 1.75 10 0.154
7 SP-SM 1.75 20 0.308
8 SP-SM 1.75 a5 0.692
9 SP-SM 1.75 70 1.077
10 SP-SM 1.75 100 1.538

3.2.5  NISATUIULENYSAINAINAY

Tun1sAs1ERE@dysTnINaNnAun83s Limit-equilibrium wanIninanves
annuetiufluanziunn TnoszuuitivesaiaiusysuRuintuluuuvunufuRmees
19U A19RTIEILAIINUADANY (FS ) 1laa1nA18ns @I usenInemInaanIuNILwI Loy
(Shear strength resistance, 7) searmandouiiotainmsdeuloandeusivewiany
(Mobilized shear strength, 7,,) TulinszuuRe iU

Tneiluudranmannpulusssuaiosliogluangdusadet dafu Tu
nM53duasell Femmiidsiuusaionvesainduldmunguinielddoulunisithives
13- panut (Mohr-Coulomb failure criteria) TuanzAulidusdeth suuwfaves Lu

and Griffiths (2004) way Lu and Likos (2006) @i 3.6 Faeluil

TR = C'+[(O' ~u,)-o° ]tan @' (3.6)

&

e ¢ Ao ANTRULUUTENIEAAUUSYANSHE (Effective cohesion)

o' Ao AyudsanungluUsednsna (Effective frictional angle)
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o Ao AIAUAUMTEAIMINELTIRIRINTIY (Total normal stress)
u, Ao Auswiuemaluidin@iu (Pore-air pressure) @z
o Ao AIMUIBLIIANNA (Suction stress) Feanursaideuagluguaunisi

3.7 (Lu and Griffiths 2004: Lu and Likos 2006) &ai

0 -0
O-S :_L(ua_uw):_se(ua_uw) (37)
Hsat - er
e 6, Ao Al uaulufy (Volumetric water content)
0 0 ANANUTUANLEBIUAY (Residual volumetric water content)

[%
12 o

0] AANUTULUAUENMERAUDLAIPI8UN (Saturated volumetric water

content)

[y |

v & ' = 2 a . . 2 a1 |
GYJEJLMG!'L!W]WL!’JEJLLN@QQ@I’UL&I@@U (Soil suction stress) IIUAWNIAUNANIG

U v 1 a a

sznsAusaiuenalulnsadefuduamssiuiludediu (u, —u,) AufusziuAFEng

Y9IAUBUF MsU1UsEaNSNa (Effective degree of saturation, S,) fatiu AERIIEIUY

Anulaeniy (FS ) vesainiueiiudnugun 3.10 aunsaldeuegluglaunisn 3.8

TR _ c'+[(a ~u,)-o° ]tan @'
T W sin g cos

FS = (3.8)

1 a a
ANUAPLBENUDIR1AAU (Slope angle)

o))}
©

lagfl B |

W A edmdnauludud@iunindaninansun (Weight of the soil slice)

Wesa1nII W =9Z,, o=yZ,c0s* B uaz u, =0 luaniizAaunu

w?
U3367N1¢ (Atmospheric pressure) 3anunsawdasguaunisi 3.8 thundeulmdiduaunisy
3.9 (Duncan and Wright, 2005) ¢ail

3 c'+[yZW cos? f—o° ]tan ¢ Cc-oc’tang' L tan Q'
¥, Sin 3cos f W, Sinfpcosf  tanp

FS (3.9



a2

gy Ao AnmunAusiaUIuIes (Unit weight of soil)
Z, Ao A19zAuAudnluLfAIvesEuuitR (Vertical depth at failure
plane)

FMSUNIINIANRNIVRIANNB U IA8UUSEANSHA (Effective degree of
saturation, S,) tieuNILNUAlUaNN1IN 3.7 Agldaun15u0s van Genuchten (van

Genuchten, 1980) AuaNn1S# 3.10

0,-0 1 o
5, = w0 _ ! (3.10)
Hsat - er 1+ [a(ua —Uy )]
il « fo  AsIRIgaLnInFuAsgaeIniadiunlulnsudaiu (Air entry
value)
N o H & a A = a_ a ] .
n Ao dnsnlnasenainlnsudafiuiiloflus A nIniAundtal Air

entry value

\? Rainfall

v
a S a

a{' a ¢ = a v ea & o
EU'V] 2.10 ﬂ’ﬁ'JLﬂif]%'ViLﬁﬂﬂﬁﬂqwsﬂaﬂaqﬂﬂu@uumﬂLU‘L!@IUL‘N@L@ﬂﬁﬂuzuaﬂqjgﬁxlumﬂ

a

3.3 FBnsvedeumsBuvasiiduluaiafuninsunaguau

[y

msfnwmgAnssunstuvesduluaefuliiludefeduifaaniivunagudu

[

aaal o a a v o A % | ) &
HIBNITIANUUNITIVY LLﬁﬂQﬂﬂEU‘V] 3.11 UY52NaUmednId@Iunannail
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1) druusnidunmsmaaeuiiiemauantinismenmiazauauiinsimnssuved
Aulaiaziusiniiy lawn uinveudafiu AMUENTINIZI0LINAY AIIUNUIRLULIAY
Amaduslivesiu arumgy naaeunduandnvuznssuivesiu Yiinusndidluiu
wazdilluisunaguau udu

'
] =

2) dwigeadunisvegeuluiesufuRnislaenisadanuudiasanisnennnsdy
lu 2 §f Mmenaesanfuniiivunaguntinfiu (Vegetation slope box test) Baa1nfuazlyl
I3 & o . N A 1 i = =
Juillowieanu (Heterogeneous soil) AIUANTINABNAUNUILUUIINAMTS Uaziouly
nsnegeunsluanmmihanfuiluivunequuarlifiluivUnaqu vazUgnitvuazinnis
NAAoUNIMUAAILLAIATUTRIa1nAY (Slope angle, B ) AsIWINAY 20 BeAlinaaniad
U A ~ a a A A a a E a Y S v
HuAe snivazveulvlulufsmussusAvesianiasyiulaluiuiaindes wiounsasng
wuudnaesulisiaugulssneiy 3 Al 1 AfidesndiAanuduniulivesdusinie
waglile 2 AANINNINAIANUTUNIULVBIRUTINIY LasRnfAsaIlaInn1siUAsULUAY
ANUTUTURAUAIUANUANTFIULNUINDUUY AOUNANLAZADUA1IYDIAIAAUINaDal tTuns
AN ANTIUN STV Ulua AR ivUnAquALdmansenusialadesn naInAY
YUNANNI5AINAUTUA LALANNAAINUIOLSIRIVDITINAYLIIAY 1.0 Alaurdmna
A P kg a ) a wa a adaa a ' & P
WeysaunmsanuilanuguigiunTivivesatndundivunraufunauLuuAunels
annzsuliny
e nIufsdvSnavadluispquuthanfuidmasenginssun1sguvaaniay
= Y o = o o a a I ) .
Jelavirnisnegeunisdudimnsuilieuiisunanundu 2 gan1snegeu (Series) Inayn
nsnaaaull 1 (Test series ) Avualian ndmthataauluiivdnaguiu (Surface slope
with leaves) waann1snAaouf 2 (Test series 1) MuualianIninttainfuladluieyg

UnAguau (Surface slope without leaves)



Anwdgmiluningiu

ANNUANIUNZ VDT AR
ANUAUILLULLIAS

= 1 v a
ANuTLEulAveIfy
ATIUNTY

\duAMN YNNI VBIRY

- YSunausnfislufunaasu

G RIGRIGERIETY vl WiLLgUNIRIN1TNAGOU
VBIAUAIDEN waENITAULIEY
A\ 4 A 4
- FUIRvBANARY ANwINgANTIUNITBUVDIUIH U

Tuawdunsieduiefuniadu 2
I A S a a 44 .
YUAD VUAUNIINNY (Root-soil
zone) harTuAuLUan (Bare soil
zone) luaneSuuIHuianIw
Rnthatanuiilukagladilu (@alu)
AILAIAINUTULTINUTLANGS Y
LAVIINISIATIEALEDYTATNYD

ANPRUMLITAINDUUA

> AATITINANIINAGDU

A

v

aguranIsAn

A 0% o a a v a = goj a Aaa
E‘U‘Vl 3.11 Nﬂﬂﬁﬁﬂ’]Luu@’]U’mEJ‘WQG]ﬂﬁﬁ?,Jﬂ?i%ﬂ%@ﬂﬂ?ﬂﬂiuaﬁ@@uVI?,JWGUUﬂﬂ’QJJ

3.3.1  NISHTUUAUAIDEI

a4

Aunlglunismageullufunsie (Poorly graded sand, SP) 31ntu Y1unun

dalunansanfunegau lnsundanuiazdudu wiazdulrianunuIUseunnl 6 WuRuas

muauitnuagaluidasduliliuduruiuldieivansaudenisasaiulnvessiniiy

18AIUANAMUTUUABAGIULAT (Dry site) NSovay 8 Tildainfuiiniieumtnuie 1.72

nfudegnuiadiwufilunsnIe 169 Aladdudegnuiaiiuns (Amdlgdnidnuiisgga

(Vama) WU 1.87 nFusiognuiAfigudwnsiusunamnuduivangas (w,

pt

) WihiuSeeay
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12) lumsdnaesandunseniiivunagusiu (Vegetation slope box test) 9gvn1sugning
anusaasyivlalasluAunsenliguiinazdadinnugauauysalan uaziiaiue1ives

sinldunniiteyilideAuannuldiduieifentu (Heterogeneous soil) Usgnausieiianu

¥
A a

2 Fufle PuAuNTIINGY (Root-soil zone) uagtuiiloAulaiiisiniiy (Bare soil zone) lneil
FEMIAZIBEANTINTENARAUNTNYUNAUAY Al
1) AunsreNdsnie (Root-soil) 1uAuluainfudiaesiilaannisugnug

1ALy (Carpet grass) WINYIENANTIT Axonopus compressus (Swartz) Beav. UURININ

a a A o/ = 1 1d Y o ' a a a
AR eraidenvg i nalBeinsizindungilgndte awnsaasgdulalaluiunse
wazdamuaududsdragnldnaaoulaluogned laun amue1isin (Root length) A
MU (Root density) wazaravillulnaauimitiaindu (Leaves area index, RAI) @4
< v A v [ a = H ! a 1 a o [
Jusudsineadesiunginssun1sduvesdmudainsiu n1sugnlundesainiuvitlagl
asuaugeag INa LT U AT US adeUdealidusindiuiunin dndiadduain
AUNTIY TEugy Al AN UTENIM 2 WURIAT ATUUUNEBIAIAAUAGUAIEAIYIENTI
Laaan ann1satg1vesilylesiunisiaedel diuniudindesainfuiunienivie
WILEIAN Useuiad 2 -3 Tuiiieldliuasunnsuniuni1sieneesin (Ws1gs1nive
IS a < 1 4 A a a IS 1
fngAnssuniuasuan) sxdglvsnuarluivasyulaanunuiwiusnwarluunagy
auaneatnfunadou vin1ssativniu warlidetimndlav wasialisnyeuluas
WUIRUGUALINUAIAAUSTTUYIR FUARDATINIAN 3 LhauilnzUgniigang1azuiu
ANNAINTUYDILUUT IR ARUBE YL WU 20 BamIRaaALIa LiBITINLASYLAULY
Waud Fa3uvhnisvedeuyansBufidinnugunssduaig 9 luaamimdiaiaaudluiiy
UnAau (Surface with leaves) gy ANHUYINITAALUTS wWaTanaaeunsauluanI i

a 4

amAuliuiiludia (Surface without leaves) wanin1sinssundedsainAuniivunaguau
AU 3.12
2) Audan (Bare soil) WuAulaildlaufusiniigfiuiuinainnaesainfuiiiie

UNAQUALMEIESIEUNNNISNAAOULAD
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JUN 3.12 AudegnlinaasunisBulundesaafuniivunaguay

Woazanlunsmauantfvesdiusniiy Fainnmanieuiegrsiuludnuus
WetunnUsens laedgnitelunsguaniiid (Polyvinyl Chloride, PVC) vu1alduny
gudnananisly 4 97 (1016 wufwas) $1uru 10 nzvenlaevinisundaliiiuas
Jowileundesamiunnusznis uenaninewrhnimmaaevlfimnfivainnssueniia
wvhnsAauTe s InfitwaznTsdeu A UAMLiuTe s nvlundesaaR utta Ry
AOULU Reunatuazmauan e liulladAusnielundesaiafufufusinielunssuen
iBuansfognsiaguil 3.13 fanuutiusnlndlfesiuinniign nsesufogisiusnity

wazAuanlunszuaniitisieazdenninalull

JUN 3.13 Mwsegeausniiag iy

(1) mawseudegeaulunszuaniiddmiunadauniidunmanyme n159u
UvasRuIINiY Wisulneiunszueniia vuiaduriuaudnais 4 Guduveu 9 ag 10

URLIAT NINaNIYBIsaEYiB U FEMALNIWINAIUNTG 0.4 LWURLUAT AN 0.5 17



ar

(Wszanas 13 wuiuns) dmsulBideumegiuanuiy (Time domain reflectometry (TDR)
probe) tviouiiidusessaiuas 60 WwuAwng (6 viow) Ungianzuaziuisesdameriny
naffui (Leak seal tape) W&EonwIITOERBUA AR Ba18SATID (Horse clamp) Lile
Jostufunsdounamunzuadafuviediedesmvudie a1niu twieftidfisznouiase
udmsunusLAiungU (Porous stone) UndnRunsedudy 1 adunszueniiifaunseitsld
aruvuduiu 50 lwuiung Weugngunaldsauaiaivinduiudmuiiaruenisn
fygnuszana 22 WuRwesiohnsiuenanizviouuu 2 vieu (20 wuRuns) u1seq
foffu wanansieadegnsRunnfituazmvadeundunndnunrnduthveshusnfi
Ma5UTl 3.14 way 3U7 3.15 mudidu Taedefialiifung 3 Yulserummnutuainiigiy

AL TOR probes 7isgfiuawga 15, 35, 55, 75, 95 wag 115 1uRunsInsgiui

— Cut along perimeter

—— Carpet grasses (4xonopus cornpressus)
/

: T_-_'_.,j —PVC pipe dia.d"
h S

?-7‘-0.4 em X 0.5" hole @10 cm

and PVC adhesive leak seal tape
“— Geotextile disc
PVC adhesive leak seal tape with clamp

e{' a o I a - A ! ) I a
EU‘V] 3.14 ﬂ'ﬁLmﬁEJNG]'J@EJ'N@I‘NT]ﬂW?IIUﬂﬁgU@ﬂW'M (@) MNAA az (b) NNOYFRIBYRU

ANSUBNANAUNITINNYIBNUINAFBU
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Grassleaves were removed
prior to disconnection

PVC cap
ﬁfm TDR probes
are connected to

datalogger

~—
Discornecled
/Pm

/Fm

-
- =

=
=
S

fe—
Disconeced

t

8

=+
N\

130

Discormected

i
Disconnected
parl

015

:
1
i
.
’
3
E
s
’
’
’
’
’
’

Water basin—=|

| 00

Bottom valve
PVC cap

(a) (b)

Geotextile
Perforated plate

= o o v 3 a =
JUT 3.15 MINAABUNMEURANAN YEN1TANUNTDIAUTINAY
(a) MWNANMTHENFAIBEFUTINNYRBNUUTENDUWR BN TNAGDY
(b) MNAENITNAABUN A UAMSNYULNITINUIVDIFAUTINNY

A o

(2) nMswnseuiagrsiulunszuaniiddmiunadeuniduamanenznsdy
thvashuar Woladedunnnismagouuda ihiedwAuddariiogldlsufusindis lundes
anfunuadaldlunszueniidfianggiudienssvenlidmiudeuiainautu TOR
probe UM 2 NT3UDN 9 Az 60 WURLLATUINNIEIROAY Lau lUNAdaUnILE U
Az sduinvesRuanTuRsiutuRunie waeIn1neteNsieg1s uaznIwnIs

VAFOU MAUAMANYMEYDIAUUAY AagUN 3.16
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PVC cap used only rlurmg SWC deteminati on
mhermse 10 PVC cap)

020 T 020 19‘%

0.60
Compacted sandy soil

T L 04 cm X 0.5" hole @10 cm

015

120

Leak seal tape with clamp

L 020

060

0.4 cm X 0.5" hole @10 cm

0.20
Compacted sandy soil

Leak seal tape with clamp

Geotextile
Perforated plate

Bottom valve
PVC cap

JUT 3.16 NsVAdUMIEUAMENYLN1SNLvRIRIUE
(a) MWNANITATPUFIBE ALY

(b) MWAENITNAFDUNLHUAAN ¥AENITANUITBIAUEN

(3) dirednsnulunszuanidIFarniuniarnnudunruldvesfusinndLas
fulan wsulaevunszuaniiid sunduriugudnats 4 Tudurieusn 60 wufiuns
LaIAIRg AU INNYwaAuUa1aINNsedeuLduRudn vz sniivldadugngunsal
meanuBusuldvosduiu uansseanBeadssud 3.17 Taeneaeumenudukiuldues
AufiflsnfivuazfuUadneisienasi (Constant head permeability test) kagAUIMMNAT
Fudsransanudunuldvestuiuludnnizdusasehidenuuanaetune ndutuiu
2 (Layers) l@nnnasmuanduimenisinnanageumadudszansanuduniulgves

Fupunsaeatu (Equivalent permeability, k) AENNSN 3.11

H
K =—r (3.11)
eq Hr Hb
+ Y
kr kb
Weo H, D ANNUIVDITUAUNTTINNY
H, AR ANUUIYBITUAULUEY

(N a

AduUsEANTAMNTUNIULAYITURLAT S NN

= ~
rp b
©

A AduUsEANSAMUTURIULAveITURULUEN

o
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Water inlet valve Air release valve
(connected to water tank) PVC cap used only during permeability test

Spring \{ otherwise no cap)
=3

Perforated plate
s

Geotextile
Grass leaves were removed prior to the test

0.20

Root soil zone

I

0.50

Bare soil zone

AS
%Bottom valve
PVC cap

0.30

Geotextile
Perforated plate

a{' = 1 Y a dAa P Y a i
E‘U‘V] 3.17 ﬂ'ﬁ‘Vlﬂﬁ@‘U‘Vﬂﬂ'l']llemJN']u'lﬂsua\‘lsﬁu@uvmi']ﬂWGULLaSGUu@TJL‘UaW

(a) M (b) aweneypgunsal (o) NsnageumAmANINFLHULA

VHINITVAGBUNITTUATUNNYANITNAADULATUTEUTDEUAT YINSLAUFIDEN9AY
INNABIMAADUAINAUNDUUU (Upper slope) nounan (Middle slope) waznauang (Lower
slope) LlenadeunNukLuTNAauLadmAdey MAaNTRTUs T shuf g 19Ty
Audifisndia (Root-soil) wartududilifsnfia (Bare soil) dmsududunanisiiasey
AuantRfugLTesAuaeg 19 ldannszuaniiid 1dun n1snszateveteunia (Particle
size distribution) A1EA1INAABUTBUNIUALUASTY (Sieve analysis) LAENISNAF DU
lalasfiwas (Hydrometer) muu1msgIu ASTM D 422-63 wasduuneszuu Unified Soil

Classification Ma11915g11 ASTM D 2487-69 laenisiuiadesavvednfudungusiig 1
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oA n518 (Sand) ns1ewde (Silt) wagRumiien (Clay) 1AIANNENTUNIZVUIARY
(Specific gravity of soil) @m1uu1MIFIU ASTM D 854-14 NIATAIUAUILUULIAS (Dry
density) A13111M 3511 ASTM D 698-70 wansnauausavanunvesiufiasts wazfand
Aendestunisfulundesanniu munsed 3.3 savsanauditugiuvessindis uandly
5197 3.4 MITUUNVUIALAZNINTEIEYRLIRAY Lﬁu@mé’ﬂwmzﬂﬁé:mfwaﬁa@;maau

MIAUANANYAULNTTU UARIRIFUN 3.18, 3.19 Uay 3.20 ANUAWY

M3 3.3 AuaudivesiuLayTagildlunismaaeunisBuluuasdiilunaesainsiu

Material properties Root-soil Bare soil  Geotextile

Soil type (USCS Classification) SP SP -
Clay (Dia.= 0.002 mm.), % 0 0 -
Silt (Dia.= 0.002-0.05 mm.), % 7.1 7.1 -
Sand (Dia.= 0.05-2.0 mm.), % 92.9 92.9 -
Dry unit weight, 74 (kN/m?) 17.1 16.9 -
Specific gravity, G 2.69 2.69 -
Hydrologic parameters

Saturated permeability, K, (m/sec) 3.90x10” 9.70x10” 3.70x10”

Saturated volumetric water content, Hsat 0.33 0.36 0.80

Residual volumetric water content, 9r 0.025 0.023 0.03

Fitting parameter, & (kPa™) 0.910 1.047 2.00

Fitting parameter, N 1.320 1.354 2.50




M50 3.4 auaudRvessnfivlundesainaiiu
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Root properties Value/Texture
Root of carpet grass (A. compressus (Swartz) Beav.)
Wet unit weight (Root bulk density), ¥, (g/cm?) 0.731
Dry unit weight (Root tissue density), 7, (g/cm?) 0.133
Wet roots in soil by weight (%) 0.94
Wet roots in soil by volume (%) 2.35

100 @

TTT T T T T T LI B B B | T

—@— Root- and bare soil
80 -

[=)]
(=]
I

N
(=
|

Percent finer (%)

[3S]
(=]
|

Diameter of soil particle (mm)

‘:l' o @ a
E‘U‘Vl 3.18 ILUNANUVUINLAETNITNTEINULUAAUY

sssee Best fit-Geotextile
= Best fit-Root soil

-\\; O Test results-Root soil
30 === Best fit-Bare soil
3 \\ ®  Test results-Bare soil

-
.
.
.
.
.
.
.
.
-
.
.
.
.
.
.

Volumetric water content, w (%)
o
o

N
10 Geotextile : ¢=2.0,n=2.5 N
[| Root-soil : ¢=0.910, 7=1.320 =, SE
R2=0.997 TS ey
Bare soil : =1.244, n=1.354 Sey O TT T T T e v rrerrr
R?=0.998
0 - & ) 1 111111l 1 111l 1 11 11111
.01 a I} 10 100 1000

Matric suction (kPa)

JUT 3.19 idunndnyaizNTudIvesiuLay Jaamagaey



53

101 -
E Geotextile
10”2 = = « Bare soil
10\103 E """"'.,_ Root soil
E .
~ 4 -
= Sntteli ettt o
2 105 L ———
B oY
> F - - -
e} o ~
S 10° ==
o E 3
© E
2 107 £
o E
5 F
> 108 - R
I 10 E | Geotextile: kgat = 3.70x10 3 mis =
10 —L-| Bare soil: kgt = 9.72x10°° mis :
E | Root soil: Kggt = 3.89x10°° mis
1000 ——
0.01 0.1 1 10 100 1000
Matric suction (kPa)
(a)
500 =
.
2 esree Geotextile
g S = e = Bare soil
= 400 - Root-soil ||
- .
g 350 mm/hr o
E P ri s e 7
S N 4
=~ 300 ..' 7
o . /7 |
B : ’
o s /
.2 200 s Vi i
= s /
= 140 mm/hr . 7/
= e ———— - R
= o 7 /‘
= ) Z o | |
— 100 T = ] 1
N5 // (I
. - 1
. -
* - |
0 M) PO e L L i Wl I L
33% 36%
0 10 20 30

Volumetric water content, w (%)

(b)

JUT 3.20 LduRnENYaIE NS

(a) ANudNITUSTENINANUTUNULA LU IEBNMMEU UL ALLYISN

(b) ANUAUNUSTEMINIANPNUT LR ULAURIRUTUAMUTURY (K -function)

3.3.2  Msauudaemnfuninsunaauaukasyaniauiey
1) 91¥asRyavalLuUIIaRIaafuninNsUnAgy
F18aridunvekuudIIaeIaIniu Usenauluaediuiidunaes

a  a A vy o a o A = o w aa =
‘V]ﬂﬁa‘UﬁLViaEJlINUN"ILW@I%‘U?iﬂun@ﬁ@EJWQV]?]%ISmUﬂ'ﬁVIW?{@U %quﬂﬂﬂagﬂﬁaﬂlﬂﬂﬂjqiﬂﬂu’]
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15 fafiuns Weliineransueiuiazdunanginssunis@uvestinusgredniay dvun
19149 200 Fadiuns ©13 1,500 Tadunsiazgs 1,000 dafiuns sudnednaunilavesndss
NAAULANEIIUIN 9 Hadwasluudazdiuveindemagey (@uuu d1mnans wazdiudna)

=

dauay 5 3 Tavienun 15 § Tezervineainitundes 100, 200, 300, 400 kag 500 TadluAs
paddy efndaiinenutu dukdinsesneutateduniafuuiuneunianguiude’
lowmalng w1 50 Tadiuns a9 600 Tadiunsuazning 210 Tadwnsruliifieliiluaniu
anunsaluadueenld fndesaniuillasandndaduiiodestunisususmionsindeuves
ozasan WollliAnnsfhifuveniuaslnsindemnaouandousesuguiemaniiolly
MsUSuaBusImANLaIntuTe IRy tieTiaznsiaaeunsiUasulasess Sut ARy

a a

ﬁu%amdmmaawzngﬁuum 10 fiadiuns 3 § J5veriinganUangvesann@mu 350, 750

(% £%
v v v o °o

waz 1125 Jadwnsniuainu lagfnnsdainszauinlanu (Pizometer) meuvionatainla
YUILFUNUAUEI NG 8 fedwmsifiedananisidsunUasastuiindvessefuliau
AAnTu wonand Seiindnndadn 3 fhilgudsvesndemegeulng q fusinsyauiinld
ﬁuﬁ’m%’ulémmﬂﬁa&ﬂuamausumzﬁ‘1:1;1ﬁ’ﬂé’q%maqfgjamﬁuﬁawﬁﬂﬁtﬁmmiﬂaﬁmm
wosermaduamaliaanuunaimadeuls vdmnldausegsuasalundemadounds
yhmsususzRundemaaouliiyuaiadu winfu 20 eamdnsld wieuugnugunaded
Rt anafu wasilesannasameaeuiduezasaela waaanenasuniunsasyiulnues
nivle FesodldnvIensaLaiLan NUTEUNaRINAdIY QLLamﬁm‘%zgLau‘lm‘lmiﬁﬁmm
Jeurulszunn 3 Lﬁauﬁ]umﬂﬂﬁﬂqmﬁmLauimﬁuﬁ Jeazswhnisveaeu delduans
S1UALIIAVBINADIVIAABUDLATAA NIDNABIAINAUNAGDUN1ITL (Slope box test) 13Tu

Al

JUM 3.21 WNURILaENNEIENFBIaINAUNAFaUNITTUNLNvUNAUAY (Vegetation slope

Y

box test) LANFIUT 3.22
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= Acrylic plate

Surféce runoff @ v @

Soil surface

Porous concrete a
overlaid geotextile 5

0.60

=

o

=

0.05 035 | : d ; Pizometer tube
R L Entrapped air valve
Subsurface flow Moisture sensors Dl?
L Impervious boundary
(Side view)
(a)

Observation hole # 9.0 mm

|

1.83

Acrylic plate thin 15 1 i
|
‘ El
N
(]

on
N 6o oo
o

Porous concrte
Entrapped air valve

overlaid geotextile

0051, 035 L 040 |, 040 ] 035 |
1 T 7 1 1
Vv _ | 1.50 |
1 1 1
(Top view)
(b)

SUN 3.21 s1wazldunvrssnanialnfunagaun1sdu (Slope box test)
(3) S1UALLDYANGDINAFDUIINAIUT (Side View)

(b) S1982198ANADMAFDUIMNAIUUU (Top View)
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Chain pulley system u'\’
Rainfall simulator {"(

o R ST | TUR | 1 N

i

\"egemtion (Carpet érasses)

Experiment box " - Lo
Steel frame AP A N\
Surface runoff

Subsurface flow

IL A v Tank

-~ p "]
Pump
Computer ;
‘ \al\;j

Pressure gauge

nl' v ! ! a d‘dd o a on
E‘UVI 3.22 LLmumLLazmwm‘ammﬂaaaammumwwﬂﬂquLLassqmmmecJu

2) TgaziRenvaIYnnILinuey
gamilaumuazgninaslimiendesaindiu Uszneuluse dufuding

ANUUIA 2,000 E73 TUUMUUAINAUAIN 218IAUANNIS ITATDIUT UIRTTAAIUALLN

a aAaa ¥ 1

] ¢ A a o 3 & o v |
W@Wﬁ']ﬂﬁ]ﬂW'J“?I‘UU']@Lﬁum']u@u&]ﬂa']ﬂ 40 HUaaLun g LLaVVT'ﬂaL‘UiEﬁJu’]@Laﬂ‘l/ll,'ﬂ']g[g/j\il,‘mlﬂiu‘l/l@

a aaay | i Y] o & U & o = a ¢ o Y}
NANFNANIYAIYTEYLNRILNT ) NU I@ﬂmuqzﬂggﬂ{]ﬂ'ﬂqﬂﬂﬂLﬂcUU']“U\‘]"UgiJ'J"Ia'J‘UiULLi\?@Iu

1%
o

d' a g v | a da 'Y & 1 g v Y ]
L‘W’e]f"’]’?l‘UFjll‘Uiiﬂm‘l‘!’]L"U’]VLﬂIUVI’EJWEﬁ’]E‘W]ﬂVIGW]M'J’dLUﬁEJ‘W‘UﬁSQQQU’ma’]EJﬂU‘U’]NUG]ﬂa\‘]N’]Q

NADIANNAU

AsAUINUSUUUINY Avlviana1aRniItRnmeaUsgUassuniunaie

Y] Y a1 =1 1 =

7 NisziuanuasnsiiAvilsegivilondedatnfiu AMruaTeeeriiavesiial U unRanAs

Y
1
Y v ! o a

aAaa 1 ° o 1} 1} LY 6 ]
Whiuvisdmanafnfi@ieganianediuiu 2 vieu Inevieulsniiawséisvesving 300
aa ! d‘ v 6l 1 a a 14 (% 901 i 1 ! =
fans wagviounaeiasdlisseyring 450 Tafwmsldanuiuiieglugiesening 10
25 Yaunrean131987 aglaainnnusulseluaglugiesening 100 §a 250 Jadwnsdetilus
HI9yNFARUMIE UMY ANAUTULITIHUNABINT LAkA ANTULIINY 110, 170 way 230
fadwnssetilus azaesldmnuduii 12,9, 13.4 uag 20.1 Ysuasen1seiin1uasiu

Lanafaguil 3.23
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o Nozzle space @450 mm. Nozzle space @300 mm.
300

>
160
140 /
120

[
G
=]

y =8.9594x +49.61
R2=0.9883

s
=1
=1

46,981

100 r
R2=0.9998

80
60

=)
3

40

Rain fall intencity (mmvhr)

i
=]

20

\
'
'

1

=y

o

-

&

=

W

Ramfall intensity rate (mm/hr)
3

o
=1

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Water pressure (Psi) Water pressure (Psi)

() (b)
JUN 3.23 Anuduiugseninennusuwssluiuanuiu
(a) NAFEUNAUTULSINY 110 Hadwnssatilus

(b) naapUANTULIEY 170 Uay 230 Tadunsdatilus

= v ] ° S ] v Y ~ Aa ° O o
LWE]SLM LLusLﬁn']LL'U‘U"i]']aENu’]ﬁ»]qua@\‘ﬁg‘UUSqur]NULV]EJQJVIQJQ'J’]N?{N']Lall@m'gﬂu
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| a

naesa1nnu elanageumeaimiuadtdlsveInusuks wulagldnseUas vunaduniy

L

ugNANg 100 Aadwns 1ebiduuuresndasatnfuiioTnuTuiuuly uadeya

ey =

ufamAduUsansvesnmaiiaue (C,) Innaunisi 3.1 :innansasuLiisy
Auasaueve T YUt AL TuL s Fes M ITanun nuthAduuszAnSues
ANNEL AN 95, 96 WAy 97% AMTUANUTULIIHY 110, 170 way 230 Iadiunsee
Flusnuddy Geoglutneszning 90-99% wansliiutgaiudatuddauindeded
avthanlglunisnaaeula
333 nsAnnsgunsalnTaiaanuduasnsseuiioy
1) gunsainsinnuiy
gunsainTIv IR Usenaudie sa¥arui (Probe) Ju SUT v1.0

a a

(03315 Funafalimi, 2559) uaneiagun 3.24() \WugunsalfiauisainAiauduiie

q

[
o

FE1UANTU Time domain reflectrometry Tngandandnnisausisdindlnda wasia3as
Suiindoya (Data logger) uansdsgUil 3.24(b) Aifivosdmiudertriuiainanuiusiuiy
15 904 anansafmuaszezialunisinald doud 1 uniidends auils 24 dlusdends
Tneflusunsududaguivhauluguuuud foanmsun Windows asuuneufinmed deyadils
MniaTeatuiindoyaszuansaranuiadnglniiesnududaiung (o) fwedy

Tadlan (mmV)
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JUN 3.24 gunsalinAnnutulufu

(a) a¥mn Uiy (TDR probe)

(b) Lﬂ%@qﬁuﬁﬂﬁﬁaga (Data logger)

2) msaeuLiBufaTARNTY

AL Tuitldanndrinnnutuasdosldfunisasuiiousuiuildlunis
vadeuriou aeldunousisl

1) drsegnefuidan (Bare soil) i UL INNEDIAINAY USIN1TNARDU
UTUABALULUUNTINTEUBNUUIALTUNLANENATY 100 Hadluns

2) Hadr¥nenuduadlulufusedis

3) Samutudeain wastuiinAmTuRinld (o)

4) \Fudhegputhlusuiiemanutulaetmen (w)

5) AN EUIIRsTignees (o) Tngldmslinsesiesddszney
¥83AU (Phase analysis)

6) N9 UaN 1 09 5 TnedinsiiuunadlufuiianUsaunNuTY
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7) ¥geuduneuil 1-6 Inewasuidufuiedediiisinila (Root soil)
finannaesaniu InsusniersniiseendeuthAulleuwss teldldanuduiioslu
Fornadinfunazsniuiase

8) avnsasuifisuiaiauga ﬁfl%’agaﬁléﬂﬂa%ﬂammé’uﬁuﬁ‘iwd'm
AT sUsinasfilgniiinamtu (o) ansdulaetimdnlumnadiu (W) wasauty
L%w%mmﬁgﬂﬁm (0) WiipUSunAAIANTY TneyAnuduTussEninesiautuilaann
MsAunaAUAIP LTS UlEI N TARLT Y A uSuRLTTisIndty (Root-soil zone) way

Aunlaifisinie (Bare soil zone) wanafaguyn 3.25 azlaaunisiiuAiiguAUTUAIY

AUNTSN 3.12 WAL 3.13 AUAIRU F9T

g =43.803¢ - 65.319 ; R?= 0.9818 ; (Root soil zone) (3.12)
9 =52.776¢ - 75.582 ; R?= 0.984 ; (Bare soil zone) (3.13)
3 [~

®Root soil

25
s © Bare soil

v=43.803x - 65319
R*=0.0818

% Volumetric water content
N
N

1.00 120 1.40 1.60 1.80 2.00 220 240
Probe read (mVolt)

dl U U (3 ! ! dqj dl ¥ o L ! dgj dl 1 ¥
E‘U‘Vl 3.25 ANNEINUSTENINIAIANLIUNTAIINASATLIMAUAIANNTUABULARN

A1INANNTU ANUSURAUNLSINAY (Root-soil) kazAuiuan (Bare soil)

334 tunsummageunsduvasruluesufidnis
wdanimisunaesainfufidilvunaguiu (Vegetation slope box test)
Usgaas 2 ey Jusuvihnisindeinnanutuidfugitegdudndemaaeu Tnsuus
amdueendu 3 moufe amAuneuul (Top section) maunals (Middle section) uag
noUAs (Lower section) Eudrinruauduinandemnasuainiusians auszduaudn

VN 10 LUURWAT ABUAE 5 F7 ITIaMIA 15 Aafe A1 T1 83 T5 (@1afuneuuy) fn M1
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fla M5 (@ mfunounans) uagaft L1 & L5 (@1afuseuans) audisu LLamé’quﬁ 3.23(a)
Humsilefgruanutuiislilundesaniunageudn 1 iteu quasath Tidetnuund
Lﬁaslﬁ%’juauﬂ%'uﬁuammawé’qmﬂgmuﬂ'gummzamé’jﬂﬁ'gémmm%u dlofimasaydvln
WFaiiuds 509uAsU 3 Weumufvunduihmdiensuauaneen dunasnughveulvasdn
Uszana 22 wufwes wnseiindunat 3 Suteusuvhnisnedeunginssun1sduves
naosmmAuTiTifvUnAq
Feulvnisneaeunisdulundesainfulésuniseenuuuiiiefzfnunares
anusunssrulunsnevauesdenuiuresaafuiidifivnaauy Selivionun 2 yannaou
Tngganagaulsnil 3 nsnagey azldAuiinunnusuLssuiwnseiulunvmegeufe
110, 170 waz 230 fadwnsdotalus Wuriauguusady (Rainfall intesity, i) A&
Wisuileufuannuduruldvesfiuiiannedudadaeti (Saturated permeability, k,)
vostuamAudiisniia (Root soil zone) naniite Wusiinanda (i<k,) LazATigen
(i>k,) Aanufuiuldvssduiuiidanii sraundauainduresainiudassvinfiu 20
osrnasiilunng maveaey layanageuusn (Test series 1) vuniouluimihainaulyd

L%

Tufivunmgy fuanAg iy (Leaf area index, LAI) 928353518 nae@ava
(Image analysis) JALVIfU 0.778 ‘Luﬁumzﬁﬁqwmaauﬁaaﬂ (Test series Il) fnuadouly
anminntiaindugndalufieis S1uau 3 maneaouilderusuussulunisadeuie
110, 170 way 230 Dadwnsaedaluaguiieniu ANYULANNAMTIANAUTIADIULARL YA

NAADU WARIAIFUN 3.26 SIUNIADIYANTNAGBULNIMUA 6 N1sNAFRY NNN1snaaeulviog
luannednasunnnisal Hunnegsaiatensiiuazmaiios (Steady state Rainfall period)
< 1Y) a a & a o
Juszeziianlumismaaeuuu 4 Talaus Aasunisivfsuivasanuduluainfiuuaeinnis
VAAOUMBIIBIUAIUTY JufinAlaNuTuwuudnlugiann g 2 wiliiudeyawuuneuaues
v A . U = =3 1% v = Y a
Vuiuaznaaniian (Real time) musgauanudn inuteyalilugaduiinteya lneasulouly
nsnaaeulawanililuansenisnaaeaui 3.5
wauasIEuLiazNINAde Uz UaasEueuileaueanIINaInfu kgt
ANRIUN1TANAIVRIANNTU (Redistribution) Tuainfuna@aunie TOR probes 714 15 7
3 ! dy A v 5 ! [ 26’ 4 (% (%
sRaUNsENIAIANUTUaulaning 0.10 nglidessaumemanisnageudseana 3 Ju

Jusunsneasuluaisudaly
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Aaa

M1597 3.5 WWsunsun1svageunsTuiuvaesliilundesainfuniifivunagy

Test  Rainfall intensity, i Infiltration index, /K Vegetation leaves
Series (mm/hr) Root-soil Bare soil surface (LAI=0.778)
110 0.786 0.314 With leaves
170 1.214 0.486 With leaves
230 1.643 0.657 With leaves
110 0.786 0.314 Without leaves
Il 170 1.214 0.486 Without leaves
230 1.643 0.657 Without leaves

Remark : Slope angle, S = 20°

K, Root-soil zone = 140 mm/hr

K, Bare soil zone = 350 mm/hr

(b)

JUT 3.26 dnwaizanmiminaIaiuIaewiasyanaaeuy
(a) HwtharedudluivUnegu Yanaaeui 1

(b) Awhamauliiiluiivuneau yavegeun 2



uni 4

HaN13IATITtaYaLasNIsaAUTIENE

4.1  unin
NanNsNAFBULaZNITIATZRNgAnssuNs T niduluamRuEelier fuiidu
Ausaudunse (SM) ffA1Audouniu (Cohesive soil) kaglufunieuuunznou
(sP-sM) FaduAuifiavenuiifidauagideatu (Fine fraction) uansfENaNITIAAEUNISTL
wuu 1 Siluursduilawioatu (Column test) dauranisnageuuaymMsliaszsingingsy
nsFuvesiduluanAuilifudefetuiuliseesmaiusmeiuse (sp) fiflfinunagu
Amiinanniu Lansfienan1smegeun1sdunuy 2 falundesanduiiiivunaguiy
(Vegetation slope box test) NANISVAABUNIITLI Column test was Vegetation slope

box test Y1UNATIEININANTENUABLEDETNINUDIANNAUAY SuazLdenmasalUl

42 wanisvageumsBulusisiuioiieat
4.2.1 waAnssun1sTNTuRLuisAunagay (Column test)
dledrasairuanliuyisiuneaey SM waz SP-SM column udatufinnas
WasuulasIumsanutudisgunsaiinaanuu (TDR probes) fiindsluuvisiunaaey
§1wu 5 ¢ (P1, P2, P3, P4 wag P5) fisysuanudn 100, 200, 300, 400 way 500 fadiuns
PMNRMTUARUTAdEU AUEIRU NaNSIAdeULAZ AT R HaNAARUR
SUT 4.1 g 4.2 wanseudiiusszriisunsenuiiu (6, ) fuanes
usAuTUNI8 (SM column) TuusagAmnuguusaduiiunniisty aziiuldegadniau
MmaBsundasesanuduluwisduiuegfuaarusuusely (i) a1mnsnsuun Uiy
WYANTIUNISTUVOIUIsAUNAaaulanesnsiAtaainisdy (i/k,) Tunsali/k, <1.0
Tur9isnveesruEn15Tu (Infiltration phase) fu ArpuTuazAsey 9 Lﬁuqﬂﬁﬁumﬂm

& a v 1 <@ = 1 & A a ! 1 & [
AITUVULIUNY (Hwi) BYNIINETT fﬂummmquﬂqmmiamw ATAIMUYUNRAITEUIU

'
a a

g ” - P T A
AT (6,,) wazille 6, Tuaslufatuiiuui d1ua19anveuisfunagau azisuLin
NITAZAUAIVDIAMUTULANNINTULTDY 9] AULNDUDIAIAIUTUAN1IZAUDUAIAE
11 (0, =0.35) szuzili3and) s3uzn158uAIAI8UT (Saturation phase) TuuuzNnTl

i/k, >1.0 nsildsunlasarnuduluwisfunadeuaziinlueg19saasinintun s
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v g Y .:4' i v o = 1 1 v &
i/k, <1 wardslidn 6,, 1gendn Insamgninadsinisguge agldvsngen 6, i
= 0.35 Tuyiud

Tnensidsuwdasianuiuan 6, wLingen O,

U 4.3 uay 4.4 wansATuduiuSsErinainaseudutunaveuisiu
nIgUufuAgnou (SP-SM column) ﬁﬂ%mmmmquLLiquuLLmﬂﬁmﬁ’u Wi d3Uuuy
NYANTTUNITUARBAUTULUUNGANTIUNITUVBIUMSAUNAFBUTINUUNTIEY (SM column)

LAY EELLIAINISUA 8 ULUAIUSUINTAUTUVDIAIIAANUTULARLAILNITHDUAUDS

M3 GuRe diluamnsaduasluwisiunsievudungnoulaanitlulrsiusiulunsy
S e I a a a = % a a o v S

wilidunseifunsevuiusznouliamnudurulavesauluanizdudimei (kg = 65
mm/hr) gendrAraudusulavesdunsiedufungnouluanizdudinieudn (k, = 15

mm/hr)

L T e e T 04 ¢ . | ]
N on . saturation_4
=) r B Y e [
;E 0.3 _— _________________________ {}1{17: § 03 ”bt
] ,"‘—Pl atdepth 0.1 m § — Platdepth 0.1 m ]
E) 0.2 ,l' ;’ —---P2 atdepth 0.2 m E 02 :' : —-— P2 atdepth0.2m |
g ! P —-—P3atdepth03m | § i —-— P3atdepth03m 7
2 :' v ====P4atdepth 04 m ) - | ---- Pdatdepth 0.4 m 4
5 ol A Htithtcius atcs MR AL i Padetisn g
?E- ﬁl\’f g -------- Hui
€ i =
= Y S N o P I L
0 500 1000 1500 2000 0 500 1000 1500 2000
Elapsed time,  (min) Elapsed time, #(min)
(a) i =5 mm/hr (b) 7 = 10 mmv/hr
o 04 T T T ] + 04 T
N S [ [ V. saturation_ = saturation
~ T bttt e i
E) 03 | B ‘é 0.3 ]
=) 1 =
8 — Platdepth0.1m T S — Platdepth0.1m
§ 0.2 —-- P2atdepth0.2m 5 02 —-- P2 atdepth0.2m
g —— P3atdepth0.3m 1 = —— P3atdepth0.3m
o -=-- P4 atdepth 0.4m ] i ---- P4 at depth 0.4 m
2 0. i e  he
§ o1 B i, ik 4 LU Loy I b3 atdeph0.5m
E H\w E Hwi
= S
>0 L L L N T N R B BRI
0 500 1000 1500 2000 0 500 1000 1500 2000
Elapsed time, #(min) Elapsed time, #(min)
(¢) i =20 mm'hr (d) i =45 mm/hr

JUT 4.1 ANUFUTUETENINANIRuAuLIa1veLaAusIuUUNT1E (SM column)

TuwslagAnAuguLssEluuaneeiy

(a) AugULIINY 5 Tadunsdedalus  (b) Anusuussly 10 Tadwnsodalag

(c) ANFULTIEY 20 Tadwassedilus (d) AnuguusIu 45 dadlunsdedalus
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9, O,y O 0 b By O
0 T T —T T T v T ‘ T T l l T v T T T
‘ LI 1 —o— t = 0min L ! L ] 1-u-r=0mm
Molvement of wetting frbnt } == 120 min Movement of wetting front} | —a—rt=120min
10 + n h M—o— t = 240 min — 10 - 0 OpEm Yy —o— =240 min —|
——t = 360 min —v— t =360 min
e —o—t=480min | = —0— t=480 min
;E 20 [ i —— t =600 min — E 20 + ARy —— = 600 min |
2 —— = 780 min = —o— =780 min
= —&—{=1020 min ] 5 == =900 min
?—2‘4 30 - g ==t = 1140 min{ o 30 F A gy—=— 1= 1020 min_|
o - t= 1260 mn L == £=1140 min
- B fl =— t= 1500 mm 7 2 r
= L ), t= 1620 min_| = L A 1 a
n% 40 4 il t= 1740 mm ] %3] 40 |
50 L » & % - 50 - 3 . A5 N
| ! Rising of water table 1 L ] Rising of water table
' i b1
60 Ll L L L tl 1 ! L . 60 P L 1 L i 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Volumetric water content, &,y (-) Volumetric water content, 8y, (-)
(a) i =5 mm/hr (b) i = 10 mm‘hr
6‘\ | H;m‘ 6'” i Bsm
0 T T T T T & T T T 0 ™ T T L T T T
' 1 1 —o— t=0min I . i —o— t=0min
; Movement of wetting front | —a— =120 min { Movement of wetting front | —s— t=60 min
10 —o— t =240 min—{ 10 0 P —— t =120 min—|
=w= t =360 mn =0— =240 min
oy —0— 1 =480 mm =y J| -~ t=360 min
5 20 —— 1= 600 min 5 20 B o 1 =450 min-|
< o~ { =780 min 2 —— 1= 540 min
= —a— t =900 min = g —— t=600min
= 30 F - 2. 30 - @ —o— = 780 min_
9 o l}“ —&— t = 900 min
= 1=l
T 40 1 3B al o 4 .
7] i ,
50 F e 50 + & d -
1 i L 1 i
] i i |
60 PR " I L I H 1 L 60 | \ I . 1 H 1 .
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Volumetric water content, &, (-) Volumetric water content, £, (-)
(¢) =20 mm/hr (d) i =45 mm/hr

a v v ' N 4’4’1 [ =<
E‘U‘Vl 4.2 ANUANNUTTZMININITURIULUAIAMUTUNULIAT AUANUANUBDY

WANIIUULNTIE (SM column) Tulsiagaanugusslununneeiu

(a) AnuguLseEl 5 Tadwnssedalus  (b) Auguwsely 10 dafiunsdedilua

(€) AUTULTI 20 Tadiunssiadalus (d) Auuwssy 45 dafunsdetilus



Volumetric water content, &, (-)

Volumetric water content, &, (-)

0.4

0.2

0.1

<
'S

=
L

<
5

e
=

<
T

T T T T T T
[ — Platdepth0.l m ]
______________ saturation_-|
r—-— P3atdepth0.3m Shg
| ---- P4 atdepth 0.4 m

[---- P5atdepth0.5m

—-— P3atdepth0.3m 1
---- P4 at depth 0.4 m

{
:.' v —=- P2atdepth0.2m
! ---- P5atdepth0.5m 7]

Volumetric water content, &, (-)

Volumetric water content, &, (-)

0.4

0.3
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saturation 1

Ny 2 A : 02 {1 — PlatdepthO.lm &, ]
r O {1 —-- P2atdepth02m
4 L i 1 —— P3atdepth03m
[ 1 o1 b I I --=— Pd4atdepth0.4m b
: L (i _zzzzPSatdepthO5m 4
9\\'i | r H]‘T
M I TR oL L L1 N .
0 200 400 600 800 0 200 400 600 800
Elapsed time, #(min) Elapsed time, #(mun)
(a) 7 = 10 mm/hr (b) i =20 mm/hr
T 0.4 T
____________________________ saturation 1 . sanwation |
N H:lb : ]
— Platdepth0.1m ] — Platdepth0.1m ]

—-- P2 atdepth 0.2 m
—— P3atdepth 0.3 m A
---- P4 atdepth 0.4m |
---- PSatdepth0.5m

P S SN =t ol N S N
B‘V' H\V'l
. . . . 1 0 L
0 200 400 0 200 400
Elapsed time, #(min) Elapsed time, f(min)
(c) i =45 mm/hr (d) i =70 mm/hr
0.4 | Y .

o
|75}

i
o

Volumetric water content, &, (-)

saturation 1

— Platdepth0.1m ]
—— P2 atdepth0.2m 7

i —-— P3atdepth 0.3 m :|
i ---- P4 at depth 0.4 m
0.1 | ---- P5Satdepth05m -
R V>~ N 6,1
0 !
0 200 400

Elapsed time, #(mun)

(e) i = 100 mm/hr

JUT 4.3 anuduiusseninsanuduiuiaivesvisiunsgluiunzneu

(SP-SM column) TuwsiagatAu UL seluNuaneianiy

(a) Anuguwsely 10 Tadmassetnlue  (b) AuguULTIE 20 Hadlunsredilus

() AmguLserly 45 Tadwnsdetilue  (d) mnuguwssly 70 Tadwnsdedilus

(e) ANUTULTINY 100 Hadiunssiadalus



Soil depth (cm)

Soil depth (cm)

30

40

50

60

30

40

50

60

(9”_,- 9\1'[) esm gu-i gn-b emr
.w, .“, v o Io“ 0 T T —— T T
L 0 V. 1 t= L ! N R/ 1 = i
Movethent of wetting front ! I t= 8(;1:1]::11 Movement of wetting front | : : _ gOn::Iin
B ——t= 120 min | 10 |- T 3 —— t=120 min |
—=— t =200 min T — r —a— t =200 min |
- —o— t = 240 min | 5 20 | —— t = 240 min -
== t=320 min | ~ L ==t =320 min |
—— t =360 min s - t =360 min
o - t =460 min | & 30 - —+— t=400 min |
—o— t =520 min | =] F =% t =460 min
L —a— t =580 min_| = 40 F N
—— t = 640 min 1%}
—v— t =700 min ] i
- s - 50 RN -
! Rising of water taple | ! Rising of water!table
o " :|+ ’ |f:. 1 60 o . |:.f *I:. 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Volumetric water content, &y, (-) Volumetric water content, &y, (-)
(a) i = 10 mm/hr (b) i =20 mm/hr
wi 6n-b Hmr gn-i gsal
:‘ T T T T 0 L T T T T T T
A¥ - Lo Pl e t=0min i s T { —— t=0min
i Movement of wetting fron} | & =40 min 1 0 L iMovement of wetting front; _ t=20 min i
—o— t =80 min —— t =40 min
~— t=120 min ] = —— t =60 min
- —v— t =140 min— 5 20 —o- t=80 min -
—— t=200 min | = —o— t=120 min |
=% t =220 min "é 30
B —e— t =240 min | B @ T 7]
1 =]
B J e W0 | A
" m B
= .. | 50 4
! Rising of 'water table L ! !
[ . 1 H:g.; 1 60 [ : L : L 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Volumetric water content, &y, (-) Volumetric water content, &, (-)
(¢) i =45 mm/hr (d) i =70 mm/hr
0 0\1'[ US(H
g |+ T T * T g T3 T s )
) mn, @ 5 B y o= t=0mm A
io L \Movement of wetting front} _, t =0, |
—4— t =40 mn
- —+— t=60min
5 20 | b —o- t=80 min
= i —=— t=100 mm |
2 30 b .
-
S ]
3. 40 - 1
“n L ]
50 + -1
L ) | _
) |
60 ) . L L () 1
0 0.1 0.2 0.3 04 0.5

Volumetric water content, &y, (-)

(e) i = 100 mm/hr

dl U U [ ! dl dgj L2 =
E‘U‘V] 4.4 ANUAUNUGTTENINNNTURIULUAIANMUIUNULIAT ANUANANVDY
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WIRUMIIEUUAURENOU (SP-SM column) NIANAIUTURTINUTTLANGAF Y

(a) ANTULTINY 10 dadmnssedalus  (b) AuguLseEl 20 Hadwnsdedalus

(0) Anuguwsely 45 Tadwnssetilan  (d) Anusuusesly 70 Tadwnssetila

(€) ANUTULITINY 100 Tadinssiadilus
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NnHamIneaeuMsdalutsaanuguLssiulesniAmnsduilfvesRuan g dud
feth wdomduiinisdudennd 1 (i/k, <1.0) nginssunisneuausadegnningives
wisiunnasuTiogluszerdisninAnnszuiunisdu (nfiltration phase) aglsAaudugegn
fiFoni1 ArAuBundasEuIuAILTY (Water content behind the wetting front, 6),,)
uadsfiansninmanutuiianiizdussie (Saturated volumetric water content, O.,.)
anunsanAuduiussendng 6,, fu i/k lufunsieniuaunisi 4.1 (Chinkulkijniwat
et al., 2016)

1-1/n
0,,—0, 1

0..-0, |L+[-n(i/k,)

Sep = @.1)

e S, A sEAUANUBNAINI8UNUIEAVBNANANTUNAITTUUAMUTY (Effective

degree of water content behind the wetting front)

0, M USinasAuTuvassEunuA Lty (Water content behind the wetting
front)

0, Ao U‘%mmmm%uﬁamawqmﬁa (Residual volumetric water content)

o USumsaruiuiianizduisae (Saturated volumetric water

content)

a  fo wmafimesvesuuuitassiivsuendusadiun a gadternadudnluly
11780 (Air-Entry pressure)

n fo mafinefvesnuudassiiviuendninisanasmesUfinnsanutiuiy

W5IRIUY Basanennas U luluaRu

LaZANHANIIANYIUBY Lee et al. (2011), Chinkulkijniwat et al. (2016) wag Wu et
al. (2017) wu1 A1 6, "Lailﬁsﬁuaguiﬁuguaﬂmsﬁumaqamau oy §eansathnantsnagey
159 1 Dluwvisiunageut] Tmenuduiussewined 0, hazA i YoIAARUIIIAY SM
uaranau SP-SM I¢ Felinansveaeusiuan 10 wae 15 Msnadeunuddiu Aldannnis
Iadreutuniuanuinvesuisiunaaoudaeiisuanuiu s1uiu 5 fluudasye
NINAFBUVBIAIAINTULTIUAN 9 LAZATIVADUAIENITINABIVDY van Genuchten

109151997 3.2 WnuatuauniIsi 4.1 nuI wan1snaasuiuAINtaaINaunIsh 4.1
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fanuaenndosduiusivegeauysel laglie r? = 0.996 uag 0.997 dwmsuuriaiunagey

SM U@z SP-SM column AUAGU WaRaRaUR 4.5

95'(’[
70 T T T T T | —
== L R S ADEEELEE R RS Tesssssssssssssssssooos
= 60 L Calculated water content -
= Experimental data SP-SM col
é 50 | © Probe1(p1y SE-SMcolumn |
—~ A Probe 2 (P2) SM column
2 40 - o Probe3(P3) .
& v Probe 4 (P4)
2 30 - & Probes(P3) -
= 20 N
,""C_‘: 1 = ]I\'5 -----------------------------------------------------------
‘= 10 R e
a4
0 1

0 5 10 15 20 25 30 35 40
Volumetric water content (%)

‘:ll L v 1 4’4’ v dy
E‘U‘VI 4.5 ﬂ’JWiJﬁﬂJWUﬁiSW’N\‘Iﬂ’J’]&J‘UU‘VTﬁQ3SUWUF‘1’J’]3J‘UULL6Sﬁ'JWlIEULLiQNu

YBIAUTIUUUNTIY (SM) tazaunsisUufunznau (SP-SM)

4.2.2 @19n51d1uANNUanNBYRIRINRLLBIREINY
sukuunsIAnnuveglumsiinnsAtivuulvade nsidanuLwITTUIY
lngwurssuviviszedlusvdunuiasenvuiulydvimtiainfiu sewmegd avinis
psetiadeosnInvssalnfuseisaInAueliug (nfinite slope analysis) lneA1dnstau
Aulaensdy (Factor of safety, FS) Niesign azeganasivluaindulureuivnloudiu
Sl dl ’O’ = = a a dl o o = 1 a d’J <
Jenminuduaalude kagainsiavesduniinvinnisnedaunistulusvsdunaaeuiidu
a [~ Ao a =3 a =3 I a dy ) 1 a '3
Aullianeunilauasdealu Fanginssuni1sduluwishunaaeuiiasilugnisinsgsim
AdRs1AIALUaBnSEYRsaRRWaLRgTuEnreURTiduazBeaUusY TneRusIuUY
7518 (SM) Tudausnaglinansiiuseunuanudululsuiudondaauin wilsufudenn
o X o va o ¥ o ¥ v - Y Xy
faranutulnaAesiuaAIANTUREITEUIUAINTY (6,,) At Tun1sAneiasell ela
mvualiaausugeanlulsududendawiniuan 6,, wazA1uINA18nTIdIUAY
Uaendy (Factor of safety, FS) vo958u1uAuauly o Fa1 FS Uagludauly
AsRasaunsTNasRuluLIRaaAulldNMIA18EY ANENNTS 4.1 LATHIANRUIBLSS

=

faga (Suction stress, o) a1naunsi 3.7 Wevin1ssimaunsi 3.10 Whivaun1si 4.1
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wAALTIAIRALUNTA (Suction) NFUNUITTUIVAIINTY Faunuame (U, —u,), A1

aunsfi 4.2
1, .
(u,—u,), =—=In(i/k,) (4.2)
o

Wesnien 6, awnsaussniumlaannaunisi 4.1 AneLsIRnanaILileTE Uy

Y

ANMUTURINITOLYUAIFNNIT 4.3

1-1/n

R 1
as_[ a'”('/ks)} 1+[—In(i/ks)]” (4.3)

A ol Amleainaunisi 4.3 uunudtasluaunisi 3.9 Aazlaan FS Asyauaiudn

TunuaRsweeszuIUANTU (Depth of the wetting front’s advance, Z,,) fiaun1si 4.4

ES — c'+[g/ZW cos? f—o° ]tan ¢ c-o°tang' N tan¢'
yZ,,sin fcos f A, Sinpcosp tan g

(4.4)

sUN 4.6(a) hay 4.6(b) LEAIANNFUNUSTENINATATIEIU AuUasnfe

Y

(FS) fuamnuansyuuamulunuin (Z,,) fA1anmsuusse (i) wag Ayuanduves

a1anu (B) 619 9 voIaInAuIIUYUNIIE (Silty sand, SM) kagaAUNI1I8UY Aunznou

1 [

(Poorly graded sand with silt, SP-SM) @TUE1AU NANITILATIZH WU AFFTNITTL
(i/k,) Mingstuazsyitbia FS ananus@ununudn Z,, venani fmuirluainfu

SP-SM fignsIn1sanadvasen FS Aiunndnfiu SM wasfiseruangadaa FS drgatiu luaie

A SP-SM aglaan FS wown  Aves i/k, uaz f aveglutndiuaunitluaindu SM
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. T T i T
L ---- i/k,=0.001
-==- i/k, =0.200
m— ik, =0.600 -
L — i/ks =1.000 /5

o

—
@

o

—_ ~
g £
N N 14 ;
5 5 ik
& 2+ & 2 | it i i -
= ) I u it
g £ i b Bieees ik, =0.001 1
o 3+ - 5 3+ i;‘ I it ===- i/k; = 0.200 —
a Al | £ H i I == i/kg =0.600 |
b= ) it /1 ks k ] p o ik = 1.000
i D R —1—"  Impervious g * T 7 o Impervious
] p=40°p=30" p=20" ~ loey) 2 p=40° p=30° p=20° layer 1
5 1 1 n 1 L 1 L 1 L 1 i 5 1 L | L 1 L 1
0 0.5 1 1.5 2 2.5 3 0.5 1 1:5 2 25 3
Factor of safety, FS (-) Factor of safety, IS (-)
(@) ©)

A L7 v 6 ! % I LY =€ dy
E‘U‘Vl 4.6 ANUFUNUTTTMINANDATIAIUANUUADANSNUAIUANTEUIUANUTU

'
a1

NANAIUTULSIY UaTaIRa1ATUAIARAUATS 9

(@) TuamAusutunse (Silty sand, SM)
(b) TuaafAunsigUuaungnou (Poorly gsraded sand with silt, SP-SM)

1 =

Tunsfinwdnsnanusulstadonuandffudii G8nanasior1dnsidu

o v & 1

mulaendoresainiuniely sgdlsdu endonnsnanuduiusszndns FS fu Z,
TnsuUsiummsfiwedaing q laun Aanudenwiudinduuseansua (Effective cohesive
strength, ¢') Anyadsaniunieluyss@nsua (Effective frictional angle, ¢') W1313was
MNPUTINMALLUNTN @ Uag N Y89 van Genuchten (VG) LLaméﬁgUﬁ 4.7(a) f13 4.7(d)
Tneguil 4.7(a) uay 4.7(b) uansnsiUdsuulasAmnuduiugszning FS fu
Z.,, InsudstiuAnnsiinesindsuasiu (Strength parameter) fio ArAaTasULLTEWINg
inAuUseavdna (Effective cohesion, ¢') wazmyudsaniuniglulsz@ndua (Effective
frictional angle, ¢') uanwranudyanualidunsmtudmsuaavinisdy (i/k,) a1 uag
Funslszdmuani/k i wudn @nsdlil f1 i/k sagliidn FS gandn 5U#l 2.41()

S

=3 o 1 a1 ° '

wansliiiudaauinduifian ¢ fidndt agihilien FS anasmuanudn Z,, 0819590152
Tuvaziinuiiian ¢ Auandrefuduliiinale o Gi@ﬂ’]iL‘UgEJ‘NLL‘UanUi"N‘UENﬂSWW
Auduusszning FS fu Z, iWssudliidunsmazaduludrudraviniu uansdagud
2.31(b) wamsiaswhsandliiiuing ¢ fisnit agviilien FS anasnuenudn Z,, 16

FUaTalalols



71

'
a

U 4.7(c) wag 4.7(d) wanan1siUasuLUasAanuduiussEning FS fu Z,,
Imauﬂaﬁuwwmﬁma%vﬁhLLiﬂﬁquLm%ﬂﬁL’%'uﬁqq]mmmmﬁﬁmﬂﬂwmﬁmﬁu (Air entry
value, a) LLazmé’mwﬁwlwaaam'miwmﬁmﬁul,ﬁaﬁLmﬁqaﬂLuw%mﬁuﬂ’jwm Air entry
value,N 983 van Genuchten (VG) Lansuamedyanwalidunsiuiivdmsvaiaasinisgu
(i/k,) g9 waztdunsmiuszaniueni/k, i wudr Tudnsdiiani/k, 1.0 (hs1widudiv)

Mulsnsdweda waz n ifinale 9 senisidsunlasarves FS du Z,, usoddle

Py ] | I =) e 10
\E/ ot T et é .
§ S 4
N L 7 ik & ) _
= d & d o
§ ¢ A 8 da 40 d (' -0kPa] n-15]
& ? 18 =35 n=15[1 & LTS |30 a-os[ike
%ﬂ 2 L 8 @' =30° & =0.5[1/kPa] ey L ddnd i i
B ¢ Yoo ik=0.1, ¢ =0 [KPa 2 9149¢ —o- itk =0.1,4" =30°
2 ‘ F k=10, ¢ —o}kvu% 2 v £ S iy
B 3 i - ik =01, c¢' =5 [kPa] % g ¢ 1 3 -4 ik =01,4" =35
s 0 U —— k=10, ¢' =5 [kPa] s BRI = ik-104 =35
= 4 o= ik, =01, ¢' =10 [kPa] = ? g8 g0 o ik =0.1,¢" =40
o '} ——ik=10, ¢’ =10 [kP 2 oMb de e ik — 10,4 40
Q 4 14 L 1 SI n 1 [n aJ D 4 L 4 2 1 ‘I i 1 L

0.5 1 15 2 2.5 3 0.5 1 1.5 2 23 3

Faclor of safety, FS (-) Factor of safety, £S ()
(a) (b)
0 T T T T 0 T

@' =30 ¢'-5[kPa)
p=35°n=15[]

¢'=30° c¢'=5[kPa] |
=35 =05[1kPa|

dex o
B do- i -01,a ~01

Depth of wetting front, Z,;, (m)
8]
T

Depth of wetting front, Z,, (m)
L)
T

3 [1kPa] | mee ik =01, 1 ~12[]
g —— il — 1.0, % =0.1[1/kPa] —— k=101 =12[]
g8 -+- ik =0.1, @ =0.51kPa] ~es ik =01, =15[]

3 - B9 —— i =10, =0.5[1/kPa] T 3 —— iks=10,1 =15[] T
gy -o- ik =01, a =LO[I/kPa] —o- itk =01, =18[]
gy~ k=10, =10[l/kPa] == iks=10,n =18[] ]

4 — ¥ " 1 " 1 B JE 4 i b 1 , | . I L

05 1 15 2 25 3 05 1 15 2 25 3

Factor of safcty, £ (-) Factor of safety. £S (-)
©) (d)

JUT 4.7 anuduiusseniiendnsduanudasadeiuanudnssuiuanuiu

TUa1ARUNAIAMUTULITINY LaZAINISITNTHTN 9 VBIAU

(a) WS dimesANUITENLUY (Cohesive strength)
(b) Wisfiwesyadsamiunglu (Frictional angle)
() W153LM3 @ 989 van Genuchten

(d) W15 30mas N W89 van Genuchten
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4.2.3 AIANUANINGRA
AUANINGH (Critical depth, Z,,) fin ANNANVBILLITEUIUITRLULLIA

NiAdndunMuUasnfulia1yiniu 1 weh au1sanIAIANaNINga lWwainaunisi 4.5

Fulunnsuiuhmanudningfigninunlilueiedefnudafousvarmihaunay

7 c’ B o.tang’
“  y@-A)sinBcosp  y(1- A)sin pcos S

(4.5)

el Z, Ao AnwanIngfnvinlvial FS = 1 weh
A fe dviliadesnin (Stability index) 113NeANERTIEUTENIANY AN Y

MelurasiuroryuaIntuvedaInfiu (tang'/ tan §)

= i o 1 = a a v = Y o . ' =
waztoANazAInknnIsiA1ANaNIngAlUTgY F9lavinn1s Normalized Avpadn
INQAUAIBAIAINNNUIVDITUAUTINUAYD I 1A UTY 7 (Z,) 8115 Normalized
A1 Z,, luaun1si 4.5 aieA1nnununestuainay (Z,) aglansnsidimauaningne

ANANUNUIVBIAARAY (Z,, [ Z,) puaunisil 4.6

o = . o. tang’
Z, yZ,(1-A)singcosp yZ,(1-A)sinpcosp

(4.6)

JUN 4.8 uanInUANTuEIEnINeAIgnTIduALENTINg Ao A1AIINUITY
a1mAu (Normalized Critical depth, Z_ /Z,) duAisesinisdn i/k,) lasulsiuaidinys

a

v a A a a i a f o w ' , a s
pytiafiosnin (A) MAnanasiasuwlasrnnndmesinasniu (¢ uag ¢') wagnsifines

v w6

999 van Genuchten (@ uag n) aziiuladmng unugiinnuduiusuansliiiuil ainmu
Aa o A4 Aa 1 o oa a ° i ° a wa a a &£
nanuaIntuge vsendardviliadesnine (@1 Ae) szuvithvesainfuaziinuly
SEAURY 9 (A1 Z, [ Z, %11)

Tuandudaneu (Ruliimenudouwi) llanuaiaduliunalsdayudu

a ! J = a = [ 1% A a1 v oa al Y a [y

YasaafuaIniAmidsanumelureFiuisudntes vislrwviianesamlndifeeiu
1 92n1318uiaeIr Z, / Z, 9899305901015 iuiuve s AL gun s luvaeily
a1AAUNIAIANLT UKL AN SRS ULABIAT Z,, / Z, HoandilaiiuAInuuIss
dufaudimaanudaveuniidiuazidealuaziAmanusunduniiiosin ¢’ = 5 kPa Annu

£IN1INDUAUBIADANRIUNITTUAD UL LBE



Normalized critical depth (-) Normalized critical depth (-) Normalized critical depth (-)

Normalized critical depth (-)
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i/ky (<)
00 0.1 02 03 04 05 06 07 08 09 1.0 Usage chart
391

0.0
0.1
0.2 1

06 /
/

A — Different ¢’

Different ¢p’ -==

<
<
A
l
IIV

<

il

v |v|

Different n -

e e i O

3
A

07 4
0.8
0.9 4
1.0

0.999
Different &

I

A

ly

A
A
|
I

i/k, () ik, (=)
00 0.1 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

: : 1.0
c'=0, ¢=35, =05, =i =5, ¢=35, «=0.1, n=12

ik, () ik, ()
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
0.0 q 0.0

0.1 17 =086%_ T 0.1 +—a=03064
02 ¥A=1091942 0750 02 4—

03 40953 03
04 +— L ‘ A
05 —=ra=p i\ . NV |
0.6 ! =
07 +—1—1L 299> L
08 - |

0.9 1 ~A=m —
1.0

Normalized critical depth (-)

— 0364
5 i |

A =0.750

2
0.99? |
0.999 |

4=
A =0,

Normalized critical depth (-)

1.0

¢'=5; #=35; x=05;n=18
i/ks(')

00 01 02 03 04 05 06 07 08 09 10
0.0

|
01 A’=’6‘3€2‘1j !
PN 2§ 1
03 4 A =0750

0.0
0.1
0.2
03
04
0.5
0.6
0.7
0.8
09
1.0

Normalized critical depth (-)

1.0
=0, ¢=35, «=0.1, n=12 ¢'=5, ¢=35, «=0.5, n=12

JUT 4.8 ANudUusIEninemsnsdumnudnIngisiemanuruivesaInnu
(Normalized Critical depth, Z,, /Z,) flumawiin1sdy (i/k,) Aduwlsiu
APEnesnIN (A) LazAdinesnasiu (¢ uag ¢') wazn1simes

984 van Genuchten (@ wag N) AwANANGAY
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a1 n1sdtmesves van Genuchten laadiAna (Air entry value)

a =

ﬁqm’mwmaﬁa cshumﬁqgmm%ﬂﬁ'w AnAB1INTA (Air entry suction) wazin (Water
entry suction) wWunlulnsadafuazdaisdinis daudan ﬁqummﬁqjﬂmﬁaauﬁ
m3nsraseguasinsadesitvssniadafudiuiumn vieideAuiinnunsugs tumneds
usaiagaumEnazanasosunfaudiAuasdidmistugetu fewi Audenetu (Coarse
grain soil) el wag n genindudinaziden (Fine grain soil) ImaﬁWaﬁqqﬁuazﬁwiﬁﬁw
Zcr/Ztangluizé’U?Tuﬂ'jw dquen ﬁqq?gwﬁ Zcr/Zt%aeﬂuizﬁUﬁ?g{uﬂdﬂ (Futiu) 39
3SNares Al uaz n AzdwmadenIsiUdsuutasm Z,, /Z, iteauuinnitluaiafuid
Audeuwyy
4.2.4  #ylaiusena
nansAnsnginssunisuvenidulufuioiienfiddiuaziBeaty 1§

P8NkUUTIABINITNAgaUN1sTNTUTBIUfURNSIUY 1 BRluwrisdunagsy (Column test)
Tagld wisAusIvUUNTIY (Silty sand, SM) Laguvsaunsreuufunznau (Poorly graded
sand with silt, SP-SM) Lu/iqauwﬂaauvl,é'gﬂamé?qm%aﬁai’mmmauaumL%qqm‘immmm
AuEN 5 sEU ot disesiiadesmmanniuiussisatniuetiug ameldaniizdu
ﬁmuﬁmmmqmwmumq 7 asUlddad

1) pruduiussznanam 0, wazan i/k, iWulvsgeiionawanyselluiieni
Weafunsluuiafiunagou SM uaz SP-SM column TduAuinveuiifdiuazdeniovy
Twilofiu

2) BvEwareIm131RAesias (Strength parameten) kA AAMudonuiuLa
Aulszdndna (Effective cohesive strength, ¢') uazayuidsansludafuyszdnsnae
(Effective internal frictional angle, ¢') HBNTNADEINUINADNITANAIVOIAITATIAIY
Alulaenne (Factor of safety, FS) mmmmﬁﬂLLmﬁ'wmamﬁuﬁﬁmmamaWﬂ
mimﬁauﬁaawaﬂiﬁzjuauﬁaﬂ (Wetting front’s advance) Iummsﬁﬁmﬁﬁﬁma%"uaﬂ van

Ganuchten (. n) finasar1 FS dasnin

a a ] = 1 a

3) a1nAUNLAIRTENITTNNTY TuatnRundAINIs a8 ¢ uag ¢’

AN ATz UidRtuseauniun I luaeAundAmIiwesige ¢ uag ¢ gena

4) TuaeAunlifiArAnuonwdudinfy waziauaIntuatsesutosdasyeu

Y

Uunan viearnduilyuatadunldunifunieyuideaniunieluvesiu Jadeiidamasie

N153URVD9IRIAUSEAUAU Ao ANANNT LN UlAvasRuluanN1IEDURIA8UN (Saturated
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v

permeability, kg ) WagA1ANNTULTIHY (Rainfall intensity, i) Funfisuanduasud
M3 T
agUlddaziBoaiiFeuusgluduiianeruiiliaiauiaanudonuny
Lﬂuﬂ'mﬁuﬂ"']é’aauiﬁmmamhaam@m%wamaqmmqmmsluﬁﬁwaﬁamaamawaq
AsnsauauUaen fevesussuuiviluaniuldfininainfudildfisanudenudy

'
1 a

naIfe ANUBNLUUIaRudeIfuadesa natnauRuluanelunnlasiy uenani

[

FINUIAINITIALNDIASIAY ¢ waz ¢ dVSwaneAnaissn maInfufuluanIIzelunn

1MNNINAINIINMBIVDY van Ganuchten « kag N

43 wamsmagaumsBuluaiaauiiinsunaguiu

{losanninanfuneuuu (Top section) fiAAnunuIkLusINAOUTIASAY (Root
density) Hosninanfuneuduy ¢ §ﬂﬁdagmauuuqmﬁﬂumuLsuma'awmaau (Boundary)
FaldannsnidoyanamnaaeunniesgiiuFeudioutuld fou dmfunmeaeuyed
1 3 nausnanisnaasuianizluainfiunaunais (Middle section) fuaInRURBUA"S
(Lower section) iy duuganisnadeudi 2 i iflesaninAeaudsmeesiieny

Ya v U A

ANuTILILLn Idednaulaldieuanuiunddldauliufansanizneunans
(Middle section) ¥94NaaIaIAAULINTY
4.3.1 weAnssun1sdulunaasanafundnsUnaaudu (Vegetation slope box
test)
a a | & = a

JUT 4.9 uannisivfguiasAmanudumunnuanvesainiuly yavegau
7 1 1WIguiigun1s3usznINmtnanaInfuneunals (M-section) AURTNARAINAUADUAIN
(L-section) Wui1 nMstUsuklaspstusuaNdnliifinasidsuldasiuuiiudivula TUa

& v ] = Y aa & a | 1Y)

ANNBUGATNEYRITURRUNITUTRHY (0, ) (lunstlianudukansszuullunagataau
o 1 oA a & a Y] a X & & Y] a =
aagunUsINgluaInfuiaLReiu 15198138NANUTULI ANUTUNAITEUIULTEN (6, ) B9
uwana1saInRaniIsuadsuluainfulidelfngdves Chinkulkijniwat et al. (2016) way
Chinkulkijniwat et al. (2019) #ifin1siUasURUaIANUTUAINALEALAAT U UlALAY
Us1ngArAnuturassznulentaiausasieiasiinaennisnegey wasdanudntuaudaile
a A 1 a dy v A v 1 (% 5 dy v a 1 a
Ausiniinladnisilasuwuasrnuduiuuriuiiviulaguiu Nl dullvgruiniswasuilas
AnuFuLuULdugisn enunasilumsigimehusinviarAudanlddufusiniieieng
n1sidsunlas usefsdiazanuduludugudnyurn1sguinde Asdguulas

ANAUTULUUEUNIUA NS LATRL Ul UaIARUADUANINSEAUAMUEN 10 LWURLLATINNRINUN
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anfuTiAIALTULTIY 110 wag 170 Hadiumsdedalus 1eann vsnaveanisivasen
futa (Lateral flow) wazmssuanenasanadeuiivunisnaemaasuse Geotextile 1in
Capillary barrier Sutilasu1anauuana1asznitsaududiuldlufiusinfivwas
geotextile

ngfnssunsauvenikuluaaneunaniuaafuneudafinandeiu agviou
Tfudsdnsnavesnisivaduing nednuiifuaduiufudSaglvasondiudnanin
anduneunadlUdamAuneuase (M3du 2 iR) Fedvsnaainnisinafudnsaziii
wiutalunsvadeufinnusuusauyiiiy 110 fadunsdedalas

Ul 4.10 Wisuifisuwanismaaouyad 1 Amiaiaduiilufivunaqu (Test
series l-with leaves) funanisvaaeuyan 2 fmihanaulsidlufivunagu (Test series II-
without leaves) agiiiuldeensdnmuilufisiiunequiharefuldudiesndulsinaely
flazanasguihnannauld wienandnienide Tufivtivanmiauguusauisiassgnin
anAlantiosanderluriaugunssHuays (Net rainfall intensity) nalnnissnduriay
yosluivagiiulddniaulunmsmeaeuisanusuissduintu 110 Sadwmsdedluslngde
amﬁqumm%umﬁmqqqmmmﬁﬂéhu,azamé’mﬂmﬁmaaﬁmumgﬁamauﬁw Tuaie
MIMAREUTIANANTULTSHUYINAY 230 ﬁaﬁLmm&ia%"ﬂua%aqqﬂ’jwhﬂ’nm%*umulﬁmm%u
fufiflsinfivedteunn nalnadnduvedlufivastiorrasnmmstuvenidulumafuinby

wallanunsaanAANUTLEAYINgve TR UN1ITNYeIH Ul
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Root zone

b2
=

4

Depth (em) _ Root zone

Root zone
P L S}

Depth (cm)

Depth (cm)
8

0.00

Volumetric water content (-)
0.10 0.20 0.30 0.40

0

0

M-section, i = 110 mmfr | ]
0+— :

0.00 o.lo
'

Volumetric water content (-)
0.20 0.30 0.40

+ 1 }
M-section, i=170 mm/hr !

Volumetric water content (-)

0.00 0.10 0.20 030 Q.40
0 i : —
M-section, / = 230 mm/hr
10 ofin :
30mim i
20 + o
P i
30 1 o
40 4 3o —
50 T ¢
1
| I
60 :

(a)

Volumetric water content (-)
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0.00 0.10 020 030 0.40
0 —t ' T
E L-section, i = 110 mm/hr |
2o oy 4
30
g
_ 201 !
= I
= |
= 30T i
= 1
£%)
D § &
40+ \
P
50 1
60
b
Volumetric water content (-)
0.00 0.10 0.20 0.30 0.40
0 : - +
” L-section, i= 170 mm'hr
=
| |
=210 = %
5 30fnii o
=307 g
g i
5 0t
o A b
7] o S &
e &
& ol R SIS 2N
2
50+ b
I
!
60 2
Volumetric water content (-)
0,00 0.10 0.20 0,30 0,40
0 t + t T
4 L-section, i=230 mm/hr
=
8ot
=3
o
=
"
B
=,
= 10T
=
o
(]
40 + =
Fl
50 + =4
60

ci ci. 1 g =f - =-t'
JUN 4.9 mswWasunasimmiununnuinuesanaiulugavageud 1

(ﬂwﬁwmmﬁuﬁlnﬁmﬂnﬂqm WU UMUAILAUIYBIa 1AL

(a) nihdnanRunaunan (M-section)

(b) BuFRaIRRURDUE"S (L-section)
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Volumetric water content (-) Volumetric water content (-)
0.00 0.10 0.20 030 040 0.00 0.10 .20 0.30 040
0 4 - } 0 - + s
2 Series 1, i =110 mm/hr . Series IL, =110 mm'hr | !
] 1 g |
2510 o3 Rt o
[-]
& 0 E
PO e Nt
] =
Ic A
5 30 %‘ Kl o
oy
(a1 (a1
40 +— — - a0 +
N
50 1 t 50 9
60 60

b

Volumetric water content (-) Volumetric water content (-)

0.00 0.10 0-30 0.30 .40 0.00 0.10 0.20 030 040
: + = 0 3 t +
Series 1, i=170 mm/hr Series 1L, /= 170 mm/hr i
2
8 J10
-]
&
E
2
£ 304
o
o
o
40
50
60
Volumetric water content (-} Vol
- 5iid el g o0 olumetric water content (-)
o 4 + 4 r 0.0 0.10 020 0.30 0.40
! =230 /] + t ¥
H] Series I, mm/hr " Series 11, =230 mm/hr i
2 o+ i } §
Ak O frien
2 30fnim 0 o E
20 1= i W =
= = 0 i i R ~
= 30T \ =1
=4 =
A g &
40 + L [a]
50 ' 1
|
Foie]
60 o L

(a) (b)

sUil 4.10 Wibuiiigunanisaaeuyail 1 funismadsuyai 2 finauguussy 110, 170
way 230 fadunssadalua

(a) E‘J’mﬁ’]mﬂﬁumvﬁ‘wnﬂqu (With leaves)

(b) ﬁwﬂ"lmﬂﬁuhjﬁﬁmmﬂqu (Without leaves)
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gﬂﬁ 4.11(2), 4.11(b) uar 4.11() uansnsiAsuuaseanudumunamitety
Aldaniguantuluaafuneunats veswanisnadeuynd 1 @lu-nsmlduiiv) way
mamimaawmﬁ 2 (Anlu-ns1vlduyse) ﬁﬁfmmqmmwu 110, 170 wag 230 dalunsee
s Ygeanvesdunsmuansdeinauiuaninevesdunounisdu (6, ) Inefiynwanis
NAFOUNUIN AATITuaTes 9 isTunanan lliuduriuiivile wazdmuin enuty
AnTNEv0ITUNBUNSTLLUU AL ATAITUL SR LEYE A

Lé*umqﬁuﬁﬁwﬁafmwLLsmmm;mﬁ@hmm%uﬁ?'mLﬁuqqsﬁummammmﬁﬁm
AuTu M1 uaz M5 arlvArauduiivansdedniinisturesiwuadsluainiy
Tngfiarsaunanmanuduseduddanuanisnaaouyni 2 (ialu) Felaifinisindurin
asganndu dduiinruduninuansindiandnsnsduedsann wuindiaemagulsa 170
uay 230 9xldnsnsTuadunninmsaaeuiidianusuLsey 110 fadiumsdedalus
Tuvauziranugunssu 170 fu 230 faduwnsdetlusazdsnsnisduadsvintu Femny
JULIUAINGITAUINNTIANUTURULAvBIAUSINY

GldsiuAunsiianidenqafisnauiuduivvestununatves # e
LABEH LARINITIUUBINITTUTTIUMSA99 TasRAIANNTULTIHY 110 Dadiunsee
Fluatinsminsve ST AT e LAY M2, M3 uag M4 duilvgruindunaunainlua
A1udng (Lateral flow) dutlunaaInANaINTBIAILIIAIRALUNIA (Suction gradient)
flannizanutiush vonanddmuiinmantsdidumis M3 uay M4 firanasdudunaain
AL UL Ma Senmnnndndl M3 uasdl M3 11nnd M2 dwiuarugunseu
170 uay 230 fiadwnsrodalusmuinisinsvesnsduiidanauausuusssuiiiad

wansliiudndoanusussuiindy nsduluwwifddnsnageau
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(a) finnuguusas 110 (b) 170 ua (0) 230 Jadiunssodalus
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AmutugaTevestuneunistu (6, ) vesduduiifisinfiefiguldain
siaautu M1 way M2 drusmanuiugareestuseunsfuvestuiudiisiuldan
Hainaaudu M3, M4 waz M5 wasisganismadeutad 1 (@lu) uagnisnaaound 2
(#irly) AAnAuguLIIRY 110, 170 wag 230 fadlunsiedalus dawdranuTugainees
Fupounisuiiszinamstu aunsofmuamlinnanuduiusseninemamusunssy
wazA1ATMAUAY (K -function) vestufuiiug MIMAABUAAANLTULTINY 110 TadIns
sodlusareldmautuaninevesiunounis@uriniu 319 uay 24% vestuiusiniis
wazduRuUanuddy WeiUsudisuiuauduiiuszanaain k function fe 31.1% uay
23.5% vestufumnfisuaztuiudamudiudsdiaonedostuotaunn sgslsfiniunis
NAFoUTIANNTULS Y 170 uay 230 Tadluasdodalusdenmmguiazliaimnuguusicy
a3 (Net rainfall intensity) fidugatafulaifiuAraufusiulfvesduiusnfiedasini
140 fiadmssedalusagldmanutugnievestuneunsduiisdldfanmsnaaeuuansis

! | o =
AINANYITETUIUNTBYIININ ANAITNN 4.1

M15799 4.1 ANAUTUGAVINEVBITUADUNITTY

Root soil (%) Bare soil (%)
Test
Measured 0, | Approximated @, | Measured ¢, | Approximated &,

/110 27 - 17 -

l/170 30 = 28 -

/230 34 - 32 -

117110 31 31.1 24 235
117170 33 33.0 29 257
117230 33 33.0 32 257

Note: Due to rainfall interception, net rainfall intensity was not equal to the applied

rainfall. Hence, approximation of @, in the test series | was not considered.

N5AANNTUNGUIAAINNINAGBUMIBANUTULIEIY 170 Wag 230 T81WAS
sotlusdiAngeniniuszunaunisegiaunniilunaunandyninaves preferential flow path

F9ApAARBINUNANITANYIVEY Xu et al (2011) Mnudluannzduanuinaznszduliiin
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preferential flow lugufusniiy ilviduduluaantuausnivasgldfuidanuaale

Y (% (%
==

$952UNTITU AUV IR ANLTUD IR

Y

Wlauldsiniiviiugy

=

4.3.2 A9RTIEIUANUUADNNYVBIAINAUTINNY

1 '
a =

AdnTIdINANUARAfYvR A INAUNITUAUTULANANAY MlARInaun1si
4.7 lngAaannginssunisduvessuluaafuanni i lidvwunagu (ealu) Ham

AULBEIYIYY 20 89AT B1UAINITIUAIULUAIAIAIUTUAIULIA WAL AIINEN A11UA

[

1 a ¢ o a a ] a s d'
AINITIULNDINIAIAUVDIAULLARYIULAZWNITIULABI van Genuchten (VG) A1UR1T19N 3.3

ANUANSTALNIZLTD99INTINAUNTU 1.0 kPa AzylvduRusIniwiiAANUdouwUuLnmy

a

UseAnSua (Effective cohesion, ¢') bNAULIIUIUNIUT 2 ¥99dUNISN 4.7 wlaanlu

- a  a i

AAAUNINYUNARY AMUTULTIHUENTILTAILANFAI9INAIUTURTIHUNNTEVIsBN TN
anfu ibiiAnAugeenTun1sniAugussEuans astuieliaiunsaaiung
Wisugusendngnsndiuniulasnieflaainniseiuanuaulaensaiudnsidiu

o Ay & v a o . Y e
ANUUaanfelaaInnIsUszuIamINTUAI8AIN UL LENSAU K function Mewnlia

TEnsAnugnsdumuUasnieanANUTLEILINNSIRgeUYAN 2 (Fnlu)

!

tan ¢’ c *tan ¢’
@ 4 o @

- ar
tan g GsinfBcosf Gsin fcos S “r

FS(z) =

dll a v | o A = v a adaa a
dla  FS(2) fe aAdamduanulasndeianuan z ldainduiiiiyunequau

¢ Ao AweussdanizveadinAudssdndna (Effective soil cohesion)
¢ Ao enyudsanunelulszdnsuavesiu (Effective soil frictional angle)
B fe yuamduvesarnfunaaau (Slope angle) luynnisnaaeunivuali

B =20°
o° AR AMIIELIIANRA (Suction stress) MlARINANNITH 3.7 Uag 3.10

G  Ae wwminAunnavivegwilossunuitiluwuifanieudn z awnsanla

v o ¢ a'
MNAIUAUNUT RUFAUN1TN 4.8
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G = [ (7, +7,0)dz (4.8)
0

ey, fin ANAUWAIREUSHIAS (Unit w eight of dry soil)
v e andmtdnidisieuSuing (Unit weight of water)

6 Ao ArPnuTUluAY (Volumetric water content)

U 4.12 UaneA1dns1duANNUanfEn 1A AN IINFUNAFIUNTTUVDS

Y

(%
o

ihrlufeAeutuiivszananisldanAanuguLsssugrBuag k -function vesanaRuiil
flwunaguiananmilmihanauliiluiie (alu) fdianuguussy 110, 170 uaz230
fadunssedilus wiandunanadumsninduanulasadefiinanssuiuanudududs
G?jgummﬁﬂﬁmqiuamau LﬁmLﬁuﬁmmé’mﬂﬁ’;ummﬂa@mﬁmmmmm%uﬁﬁuqﬁumﬂ
mmsﬁuﬁmL%'mé’fuﬁqﬂ’gmﬁ?}juqmﬁwmm%umumi%331/1:1"1@LﬁuﬁuauLsumu (Upper
FS boundary line) waziduveulanans (Upper FS boundary line) siail 1duaouiun
AdnTIamAL U AT BYRIANANLTULTINY 170 LAz 230 dadunsdedalusaziludu
Fenfunsgintduiuasgainfusomanusunssugysivniuddlifudaudusuld

YDIANNAUTINNY

0.0

0.0

Lower boundary Lower boundary

0.1 Root zone 01Ff Root zone

0.2 0.2

-
i, S L.l

< -
~~~~~~~~

Depth of wettingfront, Z,y (m)
Depth of wettingfront, Zy (m)

/
1

~ ’ 4

03 ~¢ i = 110 mmvhr 03} N R i = 170 and 230 mmihr

/- Upper boundary p, il /- Upper boundary p,cal
d1
=== Py-cal === Pycal
04 / — = P-cal 04 { — = P-cal
— pycal / — Pyecal
0.0 5.0 10.0 15.0 20.0 25.0 0.0 5.0 10.0 15.0 20.0 25.0
Factor of safety, FS (-) Factor of safety, FS (-)
(@) (b)

JUT 4.12 iduveuundnsdiuanulasndeussainnis
(a) AnAnuguLseEly 110 Taftumssedalus

(b) AnAUgULTIHY 170 uar 230 dafiunssotilus
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Ul 4.13 WisuifisuAdnandruanuuaenfederuanainainnuty
Tuandudiifivunaqu anwimthaedulliluiiy @alu) Asueldainaanimaaeu
(Eudisneg) fuAdnsaunnulasnieiivsznamnn k function (Fuds) muraniivny
Fuasgarndudisziunmansneg fidAnuguusaey 110, 170 waz 230 dadiunssedalus
wuAfANguLsy 110 fadlunsdedlusaziiduveuivavesdndrumiuiasady
p3afu winsiasundasdndusnsrnuvasndoaziifawuuiudiviule dsiildannisin

AMNTUIINNITUTEUIUA8 K function lUAIUIMERS1dIUuANUaandy Tuvaeh

a

NINAFBUNAIAMUTULTINUGLY 71 170 uar 230 Hadwnssetilusazlaveuundnstdiu
AMNUaDAABIINNANITAARU (1IdudR9 ) lldenadssiuiuamdnstdiunulasniedn
o & A A Y A o a | Y o v
ANUININNAMUTUNLUAIU970 K -function (@uEA1) TaeansNvsunanadudaz
YBULADAIIAIUAMUUABAN N EININAUART LT ULNTIZNAINNITAANIT I A RUY
. ° Y a | X v & = [ & A

preferential flow ¥IANAIANUAIUFATNEVDITURDUNTTUGINTIIANANUTUNUTEUIUNTT
970 Kk -function

aetiy TunisauiamiA1gasidmanuvasndevesarnfuniinsunagusin
amelaannzeunnuidn vinldaranuduluainfuilszuianisain k -function fle

a A 1 a M Yo = = a a a . ¥

ATANNTULTIH UEVIEING 998191 Y7 Tnelallarnlsdedndnansiin preferential flow agla

A19RsIdIuAINUaendefiaindininuiduase (Overestimation) uenaind Fanui

a [ 1 (%] a a < a v o v a wa

MsasuwlasA1onsIduANlasnngazin1siUdsunlasd uusian NWinssuudIvh
a o [~ a 1 [~ a waa v [y =

LUANWAULLUUUILIUNINN LUULUITLUIVIUANADAARDINUNANITANYIVDY Shoa et al.

(2017)
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=z 03, )
- \ i =110 mm/hr
; : Pg-cal w— P -read
S 04} === Pg-cal P,-read
o 1 — = PyCal mm P,-read

: = PyCal e P,-read

05 1 ! ! !
0.0 5.0 10.0 15.0 20.0 25.0

Factor of safety, FS (-)

(a)

0.0

0.1 Root zone

AN e

-~ 7/ Upper boundary

epth of wettingfront, Zy, (m)

i =170 mm/hr
/ o Pycal Py -read
=== Py-cal Pg-read

wer l]y{undary — = Py 0l e P-read
— Py Cal e P -read
L L

10.0 15.0 20.0 25.0
Factor of safety, FS (-)

(b)

0.0
1
|
—
= |
< 01 B Root zone
N H .y ’
= i ™S~
5 1 -
= L e — b ]
‘S ! Il T :
=4 | " 3
= | -~ 7 Upper boundary
R AN
------ g ! / i = 230 mmvhr
. < | / Py,-cal Py-read
E & \ - P,-cal Pg-read
f 03 wWer foundary  — = PsCal e P o-read
= — P ,-Cal m— P,-read
I ower baundary ! . o o

.0 10.0 15.0 20.0 25.0
Factor of safety, FS ()
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Factor of safety, FS (-}

(o)

= ™ = @ | Y] Y
SUN 4.13 lWTgUNEUAIDRNTIEIUANUUABANEAINNANAFDUNULAUVDULUA

Y

(a) MANUTULTH 110 (b) 170 wag (o) 230 Tadunsredalug
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4.3.3 #jUanusena
Han1sANwINgAnssuNsTNvesluluatnfuldiluilioferiuiiinein
wrUnAguAnluiesUURAnT Mmewuudtaeindesaiafunugnitviiimiainsuas laguaui

WANANSAUAD FUAUTINAY kaztuRuUa NS nAvvaulyasldlids nnelaaniieSuuinu

'
a1

NA1AU RIS 9 MvuaReulvan i mdhaeaulidluivUnaquviauwagladly

v a

fiwnagu WoUszifiunsinduveslufividsaneAianusunssugniiduguinaind
wSoufinmunisuasuulatAinnuduiiseiuanudndie 4 auna nan1sIAsenR
woAnssunstuildanmanaaey awnsailuiesginansenudemdnsdiua
Uaenfevosanauiiuls agunanisin feil

1) nsdumesirlungldnnuguussiush (dgendmamuduinldueshu
Fuiifsnity) wazAudautuSudus WOANTIUNTTULIATUBNTNAIINAMUAIALTIRIAA
L3n (Suction gradient) Tnetiduarduadunuis ndeufulnadudng (Lateral flow)
Jihlisnmmsuaduinasiiniimsfuneldauguusalugs

2) waveanislnadudreinliiinnisinda (Lag) vessrurumuty
(Wetting front) sty lunisdnasenisimalufiusindia (Root-soil zone) sududadldnis
$1893898 2D model ilomuguusanus (ianusaldnissiassiie 10 model Wy
Hydrus nyiuensTala)

3) nslvadiuinsaznisindavessruiuanutuazanas iWeanaRudidie
Unaguiu(Vegetation soil slope) ldsuthiuiifiamsuusssugsniy

4) Tuannzdunnnidn (Heavy rainfall) iulindiianisanduvedluiivagy
fumihanadutuundidoAusniia (Root-soil zone) 92195 UANNTULINUENT (Net rainfall
intensity) getudae amrsaviilfiAnnisinawuy preferential flow denalinuiugniing
Y9388 N158 (Infiltrated water content, 6, ) Tufusuilan (Bare soil zone) ﬁa&ﬂé’%uﬁu
sniagiidngeniiaiildarnnisuszanudie k -function wagarmuanesidiuindudle
ATIATULIIN ST

5) mstuvesidulumaRuiTirUnAauRLITLARIA LT UAAT YR T Y
n15%u (6,) waue ldinazilun1sTunuulaunau (Sharp wetting front) n30n15TuLUU
Tuni19 (No clear wetting front) #30n158uUUE preferential flow Tuanzunnutin

6) fiAnauguissusdsliguiuinuduiulfvesdufuiiisndes
(i <k) uazluifin preferential flow anunsauszanaauduluainiuldann k -function

wiidnnsFutuazlivsngssuuanudundaiau (No clear wetting front) Anu
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7) Adnsduanuuaensefidualiannginssunistuvenieuluain
Aufififivunaguiuasandesiuveuvndasdiuanuvasafefuszaiansidan k-
function tlerusuussdugnsliiiumanufuriulfuesiusinfivyin

8) luannesunnuiinfidiminguussiuavdgsnimanuduriuldve siu
51N BNBNaves preferential flow path azviliAdnTdIuANUasndslidonndadniy
YouUlUndnsIdIuAdNUasafefiuseuiunisléain k-function lnaldadnsndau
anuvaeafefidniiAveund1ave A nsdumulasnde waruuiszuuddRdy

Y3HIUNININ



uni 5

ajUuasdaiauaunuy

51  #3Unan1siaeg
nan1sAnwngAnssunstuvesidvluuvisiuiudofeatunarluaeiudilddu
doeatuiiinainfisnaauiud unuudiassnisnaasunisduluiesu fianns
Tnegdausnanisidgeenlu 2 dwu druusnilunanisnageunistulunvisiunagou
(Column test) laglduvisAusiulunse (Silty sand, SM) LazuyisAuns1oUufunznoU
(Poorly graded sand with silt, SP-SM) GTfﬂLﬁumaﬁﬂquaﬂﬁmmﬁmaaﬁmuiu
fuilaieafu (Homogeneous soil) d@rudidesiunanaaeunisduluainfunaaeuii

WyUnmauAu (Vegetation slope box test) Ineldunsne (Poorly graded sand, SP)

a

wuadalundesainfuwsIUgniivrquAunivthansu waylindesaiafunifivUnaguau

TANUTUAITLYINAU 20 99ANNABANISNAADU LUUTIABINAEUNIddUlIRnAILATDIllD

1
£ IS =

TarnurunuALEn 5 seAU UanaIni lundesainfuninvUnAquAnRIRIB TUANAINTY

¥
a Y

AUTY 3 MOUVDINADIAINAUNAADUAD MBUUU MOUNAINLALADUANVDINADIAINAY

WiouayangAnTINNITTUVDIUNUNIIATIBRNAN TENUABLAT TN NI AURUMIETT

v
Y v a

a1nfuetiud Meldan1EsulINuAmIANUTNHLAN 9 FEgunan1sITula dall

(%
[

1) mami?iﬂquaﬂiimmi%ﬂmwiqﬁuﬁalﬁmﬁ’uwuiﬂ AIANTUNAITLUNY
AUTU (Volumetric water content behind the wetting front, 0,) %{uasqj JuARat N9
@ (Infiltration index, i/k,) lnsal 6,, asiusiua1ue i/k,

2) msdulufuileetuaziingssuumnutudadunsindeusasvedey fu
Jun (Wetting front’s advance) ¥y Tuvaugiinisdulumuiilsidudeidentuag livsng
sTUATTUTIYALIL (No clear wetting front) uazUsngA1AuTuss s aavnEvDInIs

v s 1w oa = A

&3 (Infiltrated water content, 6,) PduwusuAutinigTy o ik <1

3) TuaaRudififiunaauiu WeRuszuenduidutuiuiiisndis (Root-soil zone)
uaztuRuIEn (Bare soil zone) AgwumgAnsINNITTULLL 2 TR Tnen135Tuazlésudvdna
INATIUAIALSIRN (Suction gradient) iilAanTslnaduinsegedmauluannzaniu

SuthdunflenusuussdosnitAanuduniulavesiusiniiy
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4) MsAuInIASRsIEIuANLYasadevetataRudiiuRudofoafuaiunsa
T¥aruduiussnsinisduiuanuduiu w3e Kk -function Uszuanslagnaeuaiugn
TuvariluaiaduiifivunaguluangdunnminGsazléfudvinaves Preferential flow
path ﬁﬂﬁauiéf%uswﬂﬁsuﬁmmm%uqqﬂ'jwmﬂizmmmié’w k -function N1SANUIUNN
Adns1duANUaenielngliailst®ndnaues Preferential flow path aglar1snsaIu
mmﬂaa@ﬁaﬁqaﬂfhm’]mﬂuﬁq

5) miLﬂ?iaumJawhé’mwdaummUaamﬁmmmmﬁuﬁﬁﬁwﬂﬂqmauﬁaamé’mﬁu
YounsnTduAuUasndeUszananin k -function azfinmsivasunaanduuiinaning

[y

o 4 a vaa < a | ~ I &
WWIMi%uWU’J‘UG]lI ﬂiﬂmgLUUUiL'}mM’]ﬂﬂ’J’lLN@ﬂWﬂ?WNiULLiQNMQQ%H

b4
5.2 VDLAUDLLUY
5.2.1 UBldUBLUTAINSUNITIINAIIUARY
Tunsifiuafesnmuesainiuiu AisUsudeainiudaneulildiunas
| a a | A P | 2 a a ya A A X yy
Yasdruazdenay luteinaAudankuuresdnfuluanfuliidiesn i uyule
warn1ssnwINwiusnesyulaunaguninaindulunsedlunn 9 ganiaasdisasy
wdgsnmaafulagluiivuassnazdIandvisnan UL Euasduasgamauls uay
& ac ad @& a v a %
Judssssuan dulinsiudwinaay
5.2.2  Yauuineuldenaly
AITYIINTANY1BNENAVRINYUN AQUALTINFDN AN TTUN1TAOUAUDAUTING
AIYTTUUTINNALKNAIUNITEUUTINNOIAN AL NN LALA TEUUNSNNATUIZUNINAEN
welnuagnsER UMWY (W8 @ngNY, 2551) SIUNI0RNRUUNISANELUAAAUIUNTEA IR
Neglusssuyd IngdInadins iy anginTsunI15nouaueLTINaLaziiennIngu)
Useiliwadesnmainausu ielvlananisviuneadnsidiuanulasadenauysaiunn

(%

a
GNVU
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Abstract: Rainfall-induced shallow landslides are
known to be extremely dangerous sinee 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 unigque relationship  between  eritical
hydrological  states, minfall  intensity, and secil
properties  was  formulated.  Sequential  stability
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analysis provided insights into the stability of slopes
anbjected to wariations 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 wvariation of rainfall intensity was found to
grongly 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
mprove mitigation measures in susceptible areas.
Keywords:  Shallow landslides; Rainfall; Failure
depth
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Notation
van Genuchlen parameler
Steepness angle of the slope
Soil unit weight
Dy it weight

a
¥

W

ﬂr Water content ab residual state
ﬂw Volumetric water content

ﬂm

Water content al saturated state

i) Volumetric water content behind the wetting
who fromt
ﬂ“\l
3

Initial volumetric water content
Fa Cohesion
(ﬁ’ Soil frictional angle
7 Suction siress
A Stability index
(s Specific gravity of soil particles
LL Liqguie 1i mit
PL Plastic limit
PI Plasticity index

LY Atective degree of saturation

&

i Depth at FSealenlation

.nf“_ r.-‘cpth at 5 equal to 1.0,

Z, Soil layer thickness

Z,  Depthat theadvance of weltting front

i Fainfall intensity

k: Soil permeability al saturation state

n wvan Genuchben parameber

i, Pore air pressure

U, Pore waler pressure

re Cowfficient of determination
Introduction

Rainfalkinduced  landslides  are natoral
disasters that are enconntered in many parts of the
world and they always resalt in massive destruction
and loss of human life (Yomuang zoo6; Guzzeti et
al. 2008). Among the various types of landslides,
shallow landslides present a special danger since
they can potentially initiate debris flow (Trostrum
et al. 1w99), particularly when rainfall continnes

after the initiation of the failore. The huge scale of

damage cansed by shallow landslides has been
reported in the literature (Gabet and Mudd 2oo06;
Postance et al. 2018). Shallow landslides are
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typically translational slope failures that involve
the upper few meters of unconsolidated surficial
material. Recent  reports (i et al.  zo13;
Chinkulkyniwat et al. 2016; Yobonchit et al. 2016;
Maidu et al. 2018) have concluded that, for rainfall-
nduced  translational  slides  in
homogeneous soil, the sliding failure can  be
categorized as ocenrring in bwo major phases: the
mfiltration phase and the saturation phase. In the
mfiltration phase, rainwater infiltrates the sloping
ground advancing the wetting zone. If the failore
takes place in this phase, the falure plane can
ocenr at any depth depending on factors such as
the slope angle, rainfall intensity, and soil
properties The saturation phase takes place doring
the rising of the water table, which initially ocenrs
after rainwater reaches the impermeable interface.
In this phase, the fallure plaine oceurs only at the
impervious interface.

The ability to predict the depth of the failore
plane is vital when assessing slope stability during
a rainfall event. A number of reports (Shimoma et
al. zonz2; Chaminda 2oo6; Tohari et al. 2oo07%)
found that slope failore is initiated at the slope toe
ance 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 cireular
or noncircular sliding failure. Although the danger
of shallow landslides has been recognized, reports
that foensed on the depth of the failure plane in
shallow landslides have been limited in number
(Tsai et al. 2008; Li et al. 2o13; Al et al. 2014;
Chinkulkijniwat et al. 2016) and few attempted a
ngorons  understanding of  the  stability
characteristics of shallow landslides.

Chinkulkijniwat et al. (2016) were among the
few to attempt o charaeterization of the stability of
sdhallow landslides that took multiple factors
account. They conducted a series of art
minwater  infiltration  tests and  introduced 2
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  varions magnitudes  of  rainfall
mtensity. Subsequently, they developed a ceritical
depth chart based on relationships between the

terraing  of

100



101

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 failore plane  was
comprehensively defined. They reported that the
depth of the failure plane can be determined from
the soil frictional angle [Jf ). the soil saturated
permeability ( ), the steepness of the slope I:J!'J’),
and the rainfall intensity (¢ ). 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
whesive strength, especially doe to plant mots,
which reinforce soil by their tensile strength and
adhesion properties to form enclosed root matrix
systems that give soil additional apparent cohesion
(Tosi  zooy; Burvlo et al. zon).  Failore
characteristics of these soils might well differ from
those of cohesion less sandy soil

To  further knowledge of the stability
characteristics of sloping prounds, this study
extends the work of Chinkolkiniwat et al (2o16)to
soils that contain a certain amount of fine fraction

i

and possess cohesive strength. The work extended
the analysis of the eritical depth charts for varions
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 elarify the hydrological
hehavior of the studied soils and, based on the
conclusions  drawn  for  hydrologieal  behavior,
continued by anabzing the stability of the soils
using the infinite slope model under various
rainfall intensities. Results from this study will
reinforce related research that seeks to design
landslide mitigation measores.

1 Hydrological State at the Welting Front

For a ponded surface, the maximom water
content during the infiltration phase is equal to the
saturated water content, Green and Ampt (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

Jo ML Scil. (2o019) 0(9): 2171-2183

magnitude of water content during the infiltration
process, which in the present work is termed water
content behind the wetting front, U,,.,, Mostly, the
suturated water content wias assumed without
mnsideration  of  rainfall  intensity and  soil
hydrological  properties. Chinkulkijniwat et al.
(zo16)reported a unique relationship between &
and the infiltration index I:Hk, ), defined as the
minfall intensity ( § ) over the saturated soil
permeability [kx ), repardless of the slope pradient
and initial water content. However, their report was
based only on test results from a cohesionless sand,
which were considered to have distinet (or sharp)
wetting front characteristics. In this work, the
relationship  between ., and /& found in
Chinkulkijniwat et al.(2o16) was further validated
with two soils that possessed a certain amount of
fine fraction. Furthermore, the water content ()
profile of studied soils that possessed a certain
amount of fine fraction was revisited to test the

wilidity  of the proposed sharp wetting  front
boundary during varions 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 D68 36-
02, The air-dried soils were compacted to the
metainer rings placed on a saturated ceramic plate
in the pressure chamber. Saturation state was
acquired by spraving water from above the soil
sgprecimens. 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 wis released from the chamber,
The specimens were then placed into the oven to
determine  their  water  content.  The  above
procedures were repeated for variouns magnituodes
of air pressure. The dataset between air pressure

and soil water content was used to plot the SWC
arve of the studied soils. Shear  strength
parameters were determined from the direct shear
test (ASTM  DzoBSo0). Each studied soil was
compacted to three identical density specimens.
Direct shear testing was conduocted under three
normul stress levels of 50,000 and 200 kPa with a1
mimy min

displacement  rate.  The  strength
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parameters (¢, ¢') were acquired from the peak
shear stress values of shear stress-horzontal
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 1shows
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 100 mm in diameter and 1000 mm in height
An impervious acrylic plate 15 mm thick was used
as the base of the experiment column Five holes of
5 mm diameter were made in the column 100, 200,
300, 400, and 500 mm from the base. These were
for the nstallation of moisture sensor probes To
ensure homogeneity, 7728 pgrams of 5M soil and
Bog7 grams of SP5SM soil were dried in air before
being layered into the standing pipe column. Ten
compacted layers 60 mm thick were put in place to
create i column of soil 06 m high. The unit weight
of the SM soil and SP-5M soil columns was 164
EN/m? and 175 kN/m?, respectively, Five moisture
sensor probes (Decagon 5TE, Decagon Devices Ine
(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 eolumn close to the piezometer to prevent the

Rainfall simulator

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 assipned through a well-calibrated rainfall
amulator comprising a water tank, a constant
water pressure pump, i pressure pange, a plastic
pipe, a control valve, and a fine spray nozzle placed
m the plastic pipe

The experimental program is summarized in
Table . The magnitudes of rainfall intensity used in
the experiment were determined by the saturated
permeability - of  the  studied  soils.  Rainfall
e

ties of 5, 10, 20, and 45 mmvhr were assigned
o the 5M column, whose saturated permeability
was 15 mm/hr (& = 41067 % 100 mfisec = 15
mim/hr). Rainfall intensities of 10, 20, 45, 70 and

00 mnvhr were applied to the SP-SM colomn,

whose saturated permeability was 65 mm,v‘hr[ﬂ'm

= LBo6 * 105 myfsee = 65 mfhr). These variations
were applied to demonstrate the hydrological
responses under three rainfall conditions: rainfall
ntensity lower than the soil saturated permeability

(i<k, ) rai

fall intensity approaching the soil
saturated  permeability !'Hﬂ'x ), and nainfall
mtensity greater than the  soil saturated
permeability (72> & ) In each rainfall test, rainfall

was applied until the steady state was reached. The

Pressure gauge

Figure 1 Schematic diagram (a)amd phots
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aph (b of one-dimensional soil column apparatus used in this study.
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onset of the steady state was indicated when the
values for water content remained constant at all
maoisture sensors.

1.2 Test results

The grain-size distribution and SWC curves of
the stodied soils are respectively presented in
Figures 2(a) and 2(b). Atterberg’s limits, specific
gravity of the soil (G0, strength parameters (¢,
¢"), and the saturated permeability [-"}) are given
in Table = The studied soils were classified,
according to Unified Soil Classification  (ASTM
Dz487), as silty sand (5M)and poorly graded sand
with silt (SP-5M) The fine fractions were about 40%
for the 5M soil and about 10% for the SP-5M soil
The SWC test data fit using the wvan
Genuchten (VG) equation (van Genuchten 198a)

written in Fqg. (1) as,
§ - W - J l | [I]
] l Lt e, — e, )}

where ‘-‘ is the effective degree of saturation, fi'w

Were

is water content, 4 is water content at residual

state,

el

i water content at saturated state,

i, s matric suction, which is the difference
between pore air pressure (4, ) and pore water
pressure (4], and @& and # are VG parameters
relating to the inverse of airentry pressure, and pore
size  distribution, respectively. The  validated VG
parameters for the tested soils are given in Table =

I'm T & & T T g r
K 8= S\ Soil
.. Sor h’ =des SP-SM Soil
g }
560 b ]
E b ]
E o} F
2 H
5 !
ook Y 4
ay
0 PRI 1T | TTETE I . ITTT
10° 10 1 wtowr w1t

Dhameter of soil particle (mm)

(a)
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Table 1 Infiliration tests in one-dimensional column
comnducted in this study

Soil property Value
Soil bype (USCS classification) 5M SP-SM
% Clary o 1

% Silt a6 10
% Sanad iz Hy
Atterbergs limits

Liqquid limit, LL (%) .80 NP
Plastic limit, PL (%) 14.95 NP
Plasticity index, PI{%) 485 NP
Spocific gravity, (s 250 262
Dy unit weight, ya (KN m?) 16.4 17.5
Soil hydrologic parameters

Saturated permeability, ke (mmhr) 15 05

Saturated volumetric water content, G
Residual volumetric water content, B
Fitling parameter, a (kPat)

360 323
0,040 (.025
112 0186

Fitling parameter, i 1445 L7o8
Soil strength paramelers

Intermal friction angle, g (") 30 36
Cohesion, ¢ (kPa) 5 0

Table = Summary of propertics of soils used in this
stuady

Experiment  Soil Y i ik,
M. wsed (kMN/m=)  (mm,hr)

1 Sh 5.4 5 0333
-] SM 1634 16 o067
i SM 1.4 20 1333
4 SM 3.4 45 MY
5 SP-SM .5 14 154
& SP-SM  17.5 20 0.308
a SP-SM  17.5 45 002
8 SP-SM 7.5 it} 1077
q SP-SM 7.5 10F 1.538

MNotes: yg, dry unil weight; §, rainfall intensity; ke,
saturated permeability; /s, infilteation index.

& Measurement from
SM sl 1

& Measwement from |
SP-5M soil

5 —— Best fit from VG
_Jl mosdel
2 02 F
2
_.é 0.1 )
5 | =0.992 for SM sal
g rd = 0954 for SP-SM soil
= i el PITTTS sl skl
10! 1 10 10° 107 10’

Matric suction, 1, - ¢ . (kPa)

()

Figure = Properties of silty samd (SM) and poorly graded sand with silt (SP-SM) soils used in this study (a) grain size
distribution curves and (b)) soil water characteristic corves, (e, cocfficient of determination.)
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Figures 3 and 4 mespectively present the time
series plots of ¢ and the development of the {7,

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

those from the SM colomn The f)w TESPONSEs

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

ik, mtio. When {7k, <1.0, the response of &,
could be categorized  into  infiltrabon  and
saturation phases. In the infiltration phase, the
volumetric water content increased from its initial

value [f)m- ) to the maximum volumetric moisture
content, known as the volometric water content
behind the wetting front (€, ).

Figure 6 presentsthe @ profile in the SM-SP

soil. The value of  changed from @ to
within two consecutive probes, which implied the

presence of a sharp wetting front. The £ profilein

(=)

"

Volumetric waler content, 4

1] 1 1
[} S00 1000 1500 2000
Elapsed time, ¢ (min)
(a) =5 mmhr
(Y «Pumm————" [ I I |

. sanaration_

P = Platdepth 0.1 m 1
i —=-PRatdepth 0.2 m

: == PEatdepth 0.3 m
---- Pdatdepth 0.4 m

« P35 atdepth 0.5 m

!
]
i
|
!
!

Volumetric water content, & (-)

0 500 [LLEN 1500
Elapsed time, 1(min)

() i =20 mm'hr

SM soil (Figure 4) showed that the ﬂw inereased

immediately from @, to an intermediate

magnitude of @, before slightly increasing again to
a final value of #, . These results indicated that

the wetting front in the SM soil was not as distinet
as it was in the SM-5P soil, although the varons

walues of !')w in the wet zone were very close to f)m,‘ .

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

{2 . the volumetrie water content, inereased from

W
=035
This increase in water content corresponded to the
nging of the water table When !'Mj =10, !')u,

i, to the saturated water content (f

]

increased  from @, to ), =035 since water
started infiltrating into the soil column Onee the
wid spaces were fully filled with water, no further
increment of ) was observed

. sangation

-)
=

W

— Pl at depth 0.1 m

Volumetric water content, &

02 —=- P2atdepth0.2m ]
== P3 at depth 0.3 m
=== P4 at depth 0.4 m
0.1 ---- Piatdepth 0.5 m ]
..t.-.-r-—----—-——-—-—-——-—----—-{i"—r--
u:._.,._l_.._.l.,..l,,..
U] 300 1000 1504 2000

Elapsed time, (min)

(b) 4 = 10 mm/'hr

5 04 T
:'-_' satralion
:E: 03 ]
= d H
] t )it — Pl ai depth 0.1 m
5! I == P2 atdepth0.2m ]
3 | i —-— P3at depth 0.3 m
:: || | =-=- P4 at depth 0.4 m
E ool = PR atdepth 0.5 m ]
é Mmoo
E [
i ” 1 1

0 500 1000 1300 20000

Elapsed time, ¢{min)

(d) i =45 mm'hr

Figure 3 Time series plots of volumetric water content (2, in the silty sand (SM) column for various magnitudes of

rinfall intensity (1),
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Figure 4 Development of volumelric water content (#,) profile in the silty sand (SM) eolumn for various magnitudes

of rainfall intensity (f).

1.3 Water Content behind the Wetting Front

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

witer content behind the wetting front [!'}"_‘,I ), will
be lower than the saturated water content. The
unique relationship between @, and i/, in
sandy soil was reported in Chinkulkijniwat et al

{2o16)mnd modelled as

1-Wa
0,0, I =)
e, 60 [+ (i)
However, Chinkulkijniwat et al. (2016)

validated this model only for a cohesionless sandy
soil. Since previous research works (Lee et al. 2o1r;

Chinkulkijniwat e al. 2o, Wo et al. 2o1p)

rvealed that the magnitude of @, does not
depend on the slope angle, we validated FEq. (2)
with test data from a one-dimensional infiltration
test. Figure 7 presents the relationship found in this

study between @, and ¢ for SM and SP-SM soils

There were 10 and 15 measurements taken in SM
and SM-5P soils, respectively. The measured values,
taken from 5 TRD probes at each rainfall intensity,
were close to each other in both soils, which
ndicates a unique water content for a particolar
arl at a given ranfall intensity. Using the van
Genuchten parameter values reported in Table 1, the
measurements fitted well with Fog. (2), giving an = of
oot and 0997 for the SM oand SP-SM soils,
mespectively. Therefore, Eq. (2) is valid for the soils
studied, which had a certain amount of fine fraction.
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Figure 5 Time serics plots of volumetric water content (4,) in the poorly graded sand with silt (SP-SM) column for

various magnitudes of rainfall intensity (1).

2 Analysis of Shallow Landslides

2.1 FS at the depth of wetting front’s advance surface.  Therefore, infinite slope analysis is

2178

Flapsed time,r{nin)

(¢) 7 = 100 mm'hr

In shallow landslides triggered by rainfall
nfiltration, the failure has a small depth to length
ratio and forms a failure plane parallel to the slope
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Figure 6 Development of volumetric water content (8,) profile in the poorly graded sand with silt (SP-SM) column

for various magnitudes of rainfall intensity (1).

justified when assessing the stability of a shallow front, the value of €, in the wet zone varied very

landslide. The minimum FS is calculated from the
depth of wetting penetration. Although the €,
profile in SM soil did not exhibit a sharp wetting

dose to {2, . Therefore, for the sake of simplicity,

this study assumes a magnitude of water content in
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Figure 7 Relationship between volumelric  waler
ntent behind wetting (ront (4, and rainfall intensity
(1) for silty al (S and poorly geaded saml with silt
(SP-5M) soils. (re, cocfficient of determination)

the wet zone equal to 2 and hence the minimum
F5 isat the wetting front.

The FS§
unsaturated conditions is written as (Dunean and
Wright 2005)

"+ cos” fF - o | tan ¢

under  wvertical  seepage  and

Fs 7 sin foos f
7 sin fFens
A @
o =] tan g N tan ¢
¥2sin fFeos Fo tan

where p isthe unit weight of soil above the wetting
front, 7 isthe particular depth where 8 is being
caleulated, ¢ & effective cohesion, ¢ is the
effective frictional angle,  is the inclined angle of
the slope, and &) is suction stress (In and

Griffiths 2004; In and Likos 2006) defined as

o %{u“ w )= —SAw, —u, ) (4

Combining Fq. (2) with Eq. (1), the suction at
the wetting front (expressed as (u, -, ), ) is

=
—

I
(, —u ), =——In{il k) (s
o
Sinee €, can be approximated using Fa. (2),

the suction stress at the wetting front can be
written as

2180

1-lfu

[ I
f o ik Taltnlilt ¢ )
o, ’V I7e o J‘}] l+[—|'1{f}‘{"t;)]" ”

and, therefore, the magnitude of #5 at the depth
of the wetting front’s advance, #, ., can be
calenlated by substituting Faq. (3) forthe expression
of ﬂ'; in Hg. (6). Figures 8a and 8b respectively
present the change of &5 with the wetting front’s
advance £ namely the F5 — £ plot, in 8M and
SP-SM  soils for slopes of wvarious  pradients
subjected to various magnitudes of infiltration

index i'.-"ﬂx ). In the SP-5M soil, at every valne of
i/ k,,the magnitude of FS decreased very rapidly

with #,, , and then leveled off to become
asymptotic at the lower limit In the SM soil, the
miduction in 5 was slower than in the SP-SM
soil This result suggests that when a wetting front
advances at shallow depths, the 5 valoe in SM
il will be higher than the F8 value in SP-5M soil.

To investigate the influence of soil properties
on the above mentioned characteristics, graphs of
8 against # were plotted using varying soil
parameters. Fignres ga — gd present the change of
5 with 2 for various values of the parameters
o, .;Ef" , o yand # . The variation of the parameters
< and ¢ is presented through lines of different
symbaols (Figures ga and gb), while the variation of
the infiltration index is presented though different
types of lines (full and dashed lines). At any
particular depth of the wetting front’s advance, 2,
the lower the infiltration index was, the greater the
5 was. Figure ga shows clearly that cohesive
drength governs the shape of the F8 -2 plot:
the lower the cohesive strength, the sharper the
mduction of £8 with increasing depth. Thus, the
5 value reached the asymptote earlier in soil of a
lower cohesive strength than in soil of a higher
whesive strength. With regard to the soil frictional
angle, the plots reveal that this factor played no
mwle in the shape of the FF.5 — 2 plot, changes in
the value of the soil frictional angle only resulted in
a sideways shift of the plot.
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Figure 9 The FS-Z, pots for various values of the paramelers: (a) cohesive strength ¢, (b) soil frictional angle ¢' 5
(€) van Genuchten (VG) parameter ¢ , and (d) VG parameter 77 .

Z,, plots Genuchten parameter @ , and n was completely

Figures 9¢ and 9d present the IS

produced by varying the van Genuchten diminated. When {/k <10 (dash lines),
parameters @ and n , respectively. When  dhanges in the van Genuchten parameters had less

effect on the FS -7  plots than the strength
parameters did. The greater @ and »n values

ifk, = 1.0 (full lines), changes of @ and n did not

affect the F'S—Z  plot since the magnitude of

), was equal to the saturated water content and, yielded FS—Z, plots with smaller curvatures.

hence, suction stress, which is a function of the van Therefore, with identical strength parameters, a
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sloping ground possessing preater o and # values
might exhibit a lower F§ at the depth of the

wetting front £, particolarly when advancing at

shallow depths.

2.2 Analysis of eritical depth

The critical depth is the depth at which a
failure plane is likely to ocour and it can be
approximated by taking £ to equal 1.0 in Fg. (3).
After rearranging the equation, the critical depth
can be expressed as

P —
" #1 - Absin feos g (7

e’ Lan g
#A1— Aksin feos g
where 4 is the stability index, expressed as
tang'/ tan . and Z_

depth at which 5 is equal to Lo, Understanding

is the critical depth or the

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 eritical depth to the depth of the sloping gronnd

[ £ ), asexpressed in Fq. (8),
4 g"l

% f},’..{I Absin foeos g

(&)
! tan g
Absin focos f

l.r;",’_,{]

Figure 1o presents the relationships between

the normalized critical depth (£, /2 ) and the
mfiltration index [\Hﬂ‘) with varions magnitudes
of stability index ( A ) for different values of
strength  parameters [ ¢ and & ) and wvan
senuchten parameters (o and ). All the plots of
£ 17 apainst ik indicate that steep slopes
(low A walues) wield critical planes at shallow
depths (small values of £ s"Z‘ ). In cohesionless

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

2182

wnsitive to the rainfall intensity !IJ'l.kj ). In
cohesive soil, on the other hand, the critical depth
was less sensitive to the rainfall intensity. Even a
small vale of cohesive strength (e'=5kPa)in
doping ground could reduce the sensitivity of the
critical depth to rainfall intensity.

Ahigher e« value represents a lower air entry
arction, and hence water entry suction. A larger i
value

represents a4 more  uniform  pore  size
distribution resulting in less suction loss with
merements of water content. Typically, coarse
grain soil possesses higher @ and » values than
fine grain soil. The plots of ﬁﬂ_;"f,‘ against Ika
mdicate that, for a given Hk; in sloping ground
with larger # and o valoes, the failure plane
dhould ocenr at a shallower depth. For cohesive
doping ground, the plot of /.-‘,‘_J'lf:‘ against u"kx
does not change much with # and @ valoes,
whereas the same plot for cohesionless sloping
round  does change. For cohesionless sloping
ground, larger values of # and @ clearly result in

aflatter plot of Z_ /2 against i/&, .

2 Conclusions

To verify the unique relationship between @,

and {7k, , 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
minfall conditions was analyzed. The following
wnelusions can be made based on this research:

« 'The unique relationship between ), and
ik, can be formulated either in sandy soil or in
@il with a certain amount of fine fraction.

« Strength  parameters  play  a
impartant role than VG parameters in the variation
of FS with the depth of the wetting front’s
advance.

mOre

» bor a given Uk‘ , lower values of the
drength parameters ¢ and l;ﬁ" result in failure
panes at shallower depths.

« In cohesionless sloping ground having a
gradient close to the soil frictional angle, when the
rtinfall intensity approaches the valoe of the soil

saturated permeability, the vanation of rainfall
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intensity plays the major role in the eventual depth
ofthe failure plane.

A little cohesive strength in sloping ground
an reduce the nfluence 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 & and n values, tends to fail
at a shallower depth.
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