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Abstract

This reports consists of two main parts. In first part, a series of experiments
were undertaken to evaluate the hydrological responses of shallow slopes of varying
steepness subjected to varying intensities of rainfall. An analysis of infinite slopes
were also undertaken to develop a fundamental understanding of rainfall-induced
shallow landslide characteristics. The hydrological and physical responses were
characterized in the infiltration and saturation phases. During the infiltration phase,
the maximum water content was found behind the wetting front, termed as the
water content behind the wetting front (8,, ). For a certain soil type, the magnitude
of 8,, was found to be dependent on the magnitude of rainfall intensity, regarciess
of the slope gradient and initial water content. Based on the relative depth of the
failure plane, the failure can e categorized by three prime modes: 1) along the
impervious layer mode, 2) snallow depth mode, and 3) transitional mode. These
modes can be characterized by the magnitude of a stability index termed as
tang'/tan B ratio. An infiltration index termed as ifk, .ratio was found to play a role
in the depth of failure plane only for the transitional mode. Second part presents
a sets of parametric study perfermed via finite element modeling to investicate the
effect of saturated permeability of soil, slope angle and antecedent rainfall on
instability of a shallow slope. It was found that the rate of reduction in safety factor
increases with an increasing the intensity of rainfall, only in a range of lower than the
infiltration capacity at soil saturated state. As such the.saturated permeability of the
soil, which is equal to the infiltration capacity at soil saturated state, plays an
important role in the shallow slope failure. The saturated permeability was found
also to govern a range of applicability of the rainfall intensity-duration thresholds for
initiation of slope failure. If the rainfall intensity is not greater than the infiltration
capacity at soil saturated state, the rainfall duration to failure be read from the
thresholds. Slope angle and antecedent rainfall were found to play significant ro_les
on instability of shallow slopes, as they control the initial stability of slope, which

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



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

Based on those failure modes, primary methodology for monitoring device
installations tc build up physically-based warning system was introduced. Where the
mild slope, the failure plane will be along the impervious layer. Should install a
warning device near the boundary between the soil layer and impervious layer to
detect an increase in water table levels. While the Intermediate steep slope is a
transitional failure, the failure plane can occur at various depths depending on the
stability and infiltration indices. For a given i/k,, lower values of the strength
parameters (both ¢ and ¢') result in shallower depths of the failure plane.
Furthermore, in cohesionless sloping ground having its steepness angle close to the
soil frictional angle, when the rainfall intensity approaches the value of the soil
saturated permeability, the variation of ralinfall intensity plays the major role in the’
eventual depth of the failure plane. This study also found that little cohesive
strength in sloping ground can reduce the influence of rainfall intensity on the depthr

of a potential failure plane.



Executive summary

Research Title: Hydrological Responses and Stability Analysis of Rainfall-Induced Shallow

Slope Failures (nanUaUDLTwaA@RTLazN1T LA TIZAED BTN YDA AR WL R NNL)

Contract no.: RSA6080055

1. Statement of problems

Rainfall-induced éhattow landslide is a naturat disasters frequently found in many countries.
In Thailand, four of fourteen most catastrophic natural disasters are disasters caused by
rainfall-triggered shallow landslide (Wiki, Yumuane, 2006; Oh et al, 2008). Early waming
systems are common tcols to manage rainfall-induced disasters, including landslides, floods,
and debris flows. The current warning sysfem is evaluating the level of disaster risks based
on only real-time rainfall data, i.e. period and intensity of rainfall (Caine, 1980; Calcaterra et |
al, 2000; Corcminas, 2000; Crosta and Frattini, 2001; Aleotti, 2004; Cannon and Gartner, 2005;
Chien et al,, 20(55; and Guzzetti et al,, 2007). This system is ease to use but it is empirical
based and neglects several critical factors that govern true landslide characteristics (Pradel
and Raad 1993; Rahimi et al. 2010; Ma et al. 2011; Santoso et al. 2011; Cho and Lee 2002;
Rahardjo et al. 2007; Cho 2009; Xu et al. 2009; Ali et al. 2014a; Shen et al. 2015; Rahardjo et
al. 2001; Rahimi et al. 2011; Cuomo and Della Sala 2013; Zhan et al. 2013), thus making this
system not applicable outside the calibrated area.

Presently a physically-based warning system (Tohari et al. 2007; Greco et al. 2010;
Eichenberger et al. 201 3) is being interested. In this method, the warning levels are
evaluated via the real-time hydraulic responses read from a set of monitoring devices.
Tchari et al. (2007 ) conducted a series of large-scale tests on homogeneous slopes to
understand the triggered mechanism of rainfall-induced slope failures and reported that
most of the failure planes took place near the slope surface and were triggered by the rise
in water table. Consequently, Tohari et al. (2007) suggested that the monitoring devices
should be installed close to the slope surface and suggested two levels of warning phases,
termed as early warning and final warning. However, this recommmendation is based on a
homogenecus soil slope, where the dominant failure mode is a noncircular sliding failure.
However, for shallow slopes, where the thickness of the soil slope is thin compared to the
length of the slope, the conclusions might be different from those reported by Tohari et al.

(2007).



Insight into the development of seepage responses on shatlow slopes during rainfall
period will assist instrument installation, and hence enhance the efficiency of the warning
systerﬁ. Pradel and Raad {(1993), Lee et al. (2009), Li et al. (2013), and Ali et al. (2014b)
reported that the increment of pore pressure depends on an infiltration index, termed as a
ratio of rainfall intensity to the saturated permeability of the soil. The higher the infiltration
index, the more likely the failure occurs during the period of downward advance of wetting
front termed the infiltration phase, and hence the shallower the depth of failure, and vice
versa. Though works have been undertaken to study the hydrological responses in shallow
slope due to rainfall, many factors are either neglected or played less attentions to the
considerations. There has been no known study to date involving a series of laboratory
experiments to evaluate the hydrological responses due to rainfall on shallew slopes,
whereby the slope angle is conclusively taken into consideration. Ancther interesting factor

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

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

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

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

2. Objectives

1) to investigate the effect of the relevant factors including rainfall intensity, stope
angle, vegetation, and soil hydraulic properties on the failure characteristics of shallow
slopes subjected to continuous rainfall.

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

will work effectively.

3. Research methodology
This study was systematically divided into two parts: 1) laboratory experiments and 2 )

stability analysis of the slope.
1) Laboratory experiment
A large physical slope model was constructed such that a series of experiment to evaluate

the hydrological responses can be conducted under various conditions of the relevant



factors. A schematic diagram of the physical model is shown in Figurel. The model consists
of four compenents including the rainfall simulator, the experiment box, the box supports,
and the chain pulley system. The box supports are pin and roller type supports such that
the experiment box can be raised one side to a prescribed inclined angle by the chain
pulley. The configuration of laboratory experiment was designed to investigate only
hydrological responses of various sloping ground subjected to various rainfall intensities.

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

. P
Chain pulley system (A~
Rainfall simulator L—-L—:}{ =
e e "Z’&E ol > »i,_'“‘

Nozzles
. —..
//M \\
4
Subsurface flow \e : '
Data logger S Water tank
¥ Pump
Computer Valy N
U\ i e

R S SR

Box support

Pressure gauge

Figure 1 Schematic diagram of the physical slope model
Sets of laboratory experiment was conducted as shown in Table 2. EacH test, rainfall
was continuously applied until the arrival of the steady state which is indicated by the rate
of water outflow at slope toe equals to the rainfall intensity. The magnitudes of rainfall
Intensity assigned to every test are lower than the soil saturated permeability. Monitored

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




Table 1 Detail of the tests to be conducted.
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30
4
il 100 | 20 7
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2) Stability analysis

Based on comprehensive knowledge from laboratory investigated in the first section, a series
of infinite slope analysis was conducted to develop a fundamental understanding of the
characteristics of failure planes in shallow slopes when subjected to varying of relevant
factors. A limit-equilibrium approachis a most common method to assess the stability of
infinite slopes when subjected to varying rainfall conditions. Figure 2shows a typical section
of infinite stope under rainfall condition. The failure plane is assumed to be parallel to the
slope surface. The safety factor (FS) representing slope stability is defined by a term of shear

strength (7,) over mobilized shear force (7, ).



Figure 2 Analysis of infinite slope subjected to rainfall event

4. Results and conclusion
The physical model was conducted in this study to investigate the effect of rainfall

intensity, slope angle and inter-storm period on hydrological responses taking place in the
soil shallow slope. The comprehensive understanding of the hydraulic responses gained

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

® The hydrological response is characterized by wetting and saturation phases. During
the wetting phase, the magnitude of volumetric water content increases from its
initial value to the final volumetric water content called “volumetric water content
behind the wetting front: 8,,,". Further increment of the magnitude of volumetric
water content will take place again when the saturation phase begins. At the
saturation phase, the magnitude of water content will increase from 6,,, to the

saturated volumetric moisture content (6;).

® The magnitude of rainfall intensity (/) affects the volumetric water content on both
phases. The higher magnitude of rainfall intensity induces faster movement of
wetting front and rise of water table. in addition, the magnitude of 8,,, increases

with increasing the magnitude of rainfall intensity.

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

the wetting phase. In addition, the magnitude of 8,,, does not depend on the



magnitude of b. However, the slope angle affects the variation of volumetric water
content during the saturation phase. The flatter slope coincide with the faster rise of |
water table.

As for the slope stability analysis, the location of the failure plane is located at the
depth of the impervious layer for the low gradient slope and at a shailower depth close to
the slope surface for the high gradient slopes. Based on the relative depth of failure plane,
the failure is categorized to three modes: 1) along the impervious layer mode, 2) shallow
depth mode which occurred very close to the slope surface, and 3) transitional mode which
occurred any depth from the impervious layer to the slope surface. These modes are
governed by the stability index (tang’ frang) and summarized below:

® For the low gradient slope (wang'/tanp = 1.0), the failure mode is the along the

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

pressure taking place during the saturation phase.

® |f the slope gradient is greater than the soil frictional angle (tane'/eang < 10), the
failure is triggered by the {oss of matric suction during the wetting phase. With the
assistance of the critical depth chart, the failure mode is characterized according to
the magnitude of tang' /tang ratio.

O |If the slope angle is far greater than the soil frictional angle (for the illustrated
case shown in the study, the rane'stang ratio is lower than 0.9), the failure
mode is the shallow depth mcde whi'ch occurs closed to the slope surface.

O If the slope angle is closed to the soit frictional angle (for the illustrated case
shown in the study, the tang’/tang ratio ranges from 0.90 to 1.0), the failure
mode is the transitional model. The depth of failure plane can o.ccurs any
depth in the soil layer depending on the magnitude of infiltration index. The
greater the tang' /tang ratio results in the more sensitive of the depth of failure
plane to the infiltration index.

® Foragven i/k, , lower values of the strength parameters (both ¢" and ¢’ _) result in
shallower depths of the failure plane.

® |n cohesiontess sloping ground having its steepness angle close to the soit frictional

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



- permeability, the variation of rainfall intensity plays the major role in the eventual
depth o-f the failure plane.
@ Little cohesive strength in sloping .ground can reduce the influence of rainfall
intensity on the depth of a potential failure plane,
¢ With the identical strength parameters, a soil having larger and more uniform pore

structure tends to fail at the shallower depth.

5. Publication outputs:

1) *Chinkulkijniwat, A., Tirametatiparat, T., Supotayan, C,, (...}, Salee, R, Voottipruex, P. (2019),
Stability characteristics of shallow landslide triggered by rainfall (2019), Journal of Mountain
Science, 16(9), pp. 2171-2183

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

steady condition in stabilized earth with drainage installation, International Journal of

Geomechanics (under second reviewed)
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dinitldanmstaiaemiige twineuduiu vinsusuuieie dwinfufii
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Tnedutinds dadiureaivinanuiudalusosasrasivtnfiuauwi

w = ﬂ><100 {2.1)
W _

5

Wa  w Ae anuduaulaauvin, %
W, ¢ ihwilniin

W, A umtindiuums

venanazfnanuduiiuleadmdnuds daursedailiuiosazessliuaninldfeSands
AudulreUIueg (Volumetric moisture content, #) visnefis Uuesuindiegludusie
Uinasviavuavasdu Jaiedwduiitanmanuiulasuiunasdudegragmdaaiuiy

ﬁaaﬂmﬁuﬁiﬁmﬂaﬂu%ulﬂ'aﬁmﬂ’ﬂ aAnsadnalfinaunisy 2.2 (Scott, 2000)

0 = Vo0 = wle 22
‘ Y, Y

We 4. fs Aanuduiulaelsunes, %

V. @9 Usumai

!

V. fa YT svanaseaeiiedaiy

7, f9 mhpumtinueadusIu

y,, Ao s mtnua

2.1.3.2 m3iannudulufu
nsieanuulasUlunsdianisainiagunsalinaiiuiu (Sensor)
LadnnmilsgaduitinAraudumaldiy (Electrical method) sienisinan Dielectric

constant wasfuudinismaruiiueantu 2 55 (1) Time Domain Reflectometer

methed : TDR (2) Frequency Domain Reflectoreter method : FDR  uaz (3) Amplituce
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Domain Reflectometer method : ADR  uasawasenunduamausadndlud (Topp et
al, 1980) @sludaduiimatansnsaliaanuiuliasisainAmuduvesfundoului
TaAra1nuTu Inanisudasan Dielectric  constant  1uainasaaludy (Electrical
- i o = 1 ] 1 @ o ' [
conductivity) winzAIrudNTasduandluguvesinnihiii denuduiiviiedy

[
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AU TaladUSInanAAuaIduaie (noue et al., 2008)

2.1.33 LL‘a‘Qﬁaﬂﬂ‘tf’ﬂuﬁu (Soil suction or Total suction, ¥)

ussiepailufiude umedafinuiitui-fegluresinssswineyniaiy
6’3&&1sﬁﬂ'mn‘ﬂﬁmﬁamm%}ﬂuauamaaLLamﬁa?j'adiw3w:iNaqﬂmauﬁfuuwmﬁﬂaaﬁﬂu
ﬁﬁaaiﬂaﬁuﬁagjmﬁassﬁuﬁﬂﬁﬁuqsayj‘lﬁan'nzl,l.iaﬁa@mﬁt."%aﬂ’j'l wseegaLInin - e
W3eATAIa13 (Matric or Capillary suction, (u,—u,) ) LLaSLLidﬁﬂ@maaalmﬁﬁ (Osmatic
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u, Fo usiueInIAluteITehY e u, Ao ussiuinlufy

a

Vo= (u,—u)+7 | (2.3)

wIeAIgAaLYIIUIanTIAIRIa T ausamlddaanslivdousedy (Pressure  plate)
PIUNIATEIU ASTM D6836-02 NedaumIAIusInIfiig"3 Wamanuduiudsendininiuiu

WAYIIRIPANYINVTELTIRIANT (Soil Water Characteristic Curve : SWCC)

2.1.3.4 FUAARIUUY

MsTue (Infiltration) L‘TJum‘sLﬂ?iauﬁmmﬁwmﬂmauaﬂﬁﬁuuﬁ”nq
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(1) $asinnsaneeiily trauseniy vieanuineiiidiuuingy (2) A1naunse

lunsfudhvesdiu (3) Sumanudutufnrasduiu (4) anuaiadulasrinivgusseas
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JU#t 2.2 Tensveun (Water cycle)

2.1.3.5 wqwﬁn’mﬂﬁauﬁwaaﬁ:ﬁuau (Theory of soil water flow)
Tudruilvsznaulidre aunsasd-Tafoney (Darcy-buckingham
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{ ar £ = a‘ 1
JU# 2.3 wdnnsvesesd (Aadns aulva), 2552)
Funaun1sil 2.5 91 n99eA138 (Dracy's law) Bslddunislualudiananindusiziaed nsdl
nnstnaludulddudfagds Buckingham (1907) eUszandldnguani@dmiunisiva

TuauladussedndyUanniy fia
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g = —-K,i {2.6)

Mo i A wnandioudvamans (AH/AL) was K, Reanmiivamansvesnuliiug

saddaduiaiduvesnutiuresdiu (o) viaeausiu (A,) Fauledu

auni33113nd (Richards equation) Mnngwsunaginanieasdeuligymetduludinms
mvaw (Control volume) dasluariraswiaiiaudiednsinisiuasenseuviiAudas,

o of o ‘ LYY 1 = T a4 e o Y] Mo
ﬂWﬁLWJJ‘EJu"Uaﬁﬁﬁﬁiuﬂiﬂﬁﬁiﬂ’lﬂﬂﬂ AIWANFTEUNINUIAURAD UT“NLUH‘U@QW@’JWH@@@IM‘LW

el

(Incompressiote  fluid)  R1TaNUTuImsuvuIa Feawnsanallanagun 24 Tudas
spaziial At aunsiviediluaunisdmiuninadaunitiuianatawunisiuiiliaud
aasidlsaglugatuslined (Unsteady  flow)  waziluaunisoyiudeas (Partial

differential equation) @1su¥iaaa (Second-order) wuuwslusA (Parabolic) ladudadu

(Nonlinear) Wiadgulugunslvalu 3 dvelé

99 _ E(KB_HJJFQ k2 +2(K§]—{—) 29
ot ox\  ox,) oy\ ov) dz\ éz

o K A fendueasninudunsoananiusiy

H f9 igavavadians
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* Control volumé

V_><

R‘ o/ kY = = Q‘ 1
JUR 2.4 dnsmsluadiuazaaniinUiiasaiuny (Andvs aulvg), 2552)

o
s

TunaduliBudadand ddulsyaninstuinldvesduaziuegiu
ﬂmé’ﬂwmxnﬁﬁmﬁwaaﬁu {Soil-Water characteristic, SWC) %agﬂuﬂmauﬂﬁﬁ’ugmﬂumﬁu
'Luam';ﬂzjé"uﬁaﬁwﬁw T,msJﬁmé‘fnwmxmaé:u'tfwaaamﬂummﬁuﬁuésijwmmu%u
W@aUFums (Volumetric moisture content, 8,) fuwsadah (Matric suction, w,—u,)
wuasmdiudiannsananléd deussieiludesiusswiadedudnduasdsnarili

aruduluduiiaranas Tusuideilanuduiusdinanansasduigldlaouuuitansveg

v
[ ]

Van Genuchten (Van Genuchten, 1980) U

- 1 n
S, = —=—r = (210
ST PO Py 210

de S, Ao seuATANTIR I sEAvua (Effective degree of saturation)
8, 7 mm%m%w%mGl‘iﬁam’éwqmﬁ'd (Residual volumetric moisture content)
8, Ao prududeUSinasiianmeduiadae (Saturated volumetric moisture
content)
o fa winiwesveuuuassivuandusdih w fiennmaiudiily
1786 (Air-Entry pressure) |
n Fo winiweiussuuassiivuandasrsananenisdudeiinas iy

~ 5 v A PN v a
w3emaus ndnfiormadudluluuiadiu
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disviunsaudnsuznisdudieesduld dulseansnisdusiuiives

[
W ] | = ot

Auluanglududidistifanisoviiuislauieddy laveandanuudnasiyad Van

@

Genuchten-Mualem model (Mualem, 1976) il

(2.11)

+ E
Q

o = ar a 4 = 1 LY ’u‘ & = ar 2/
LB ks fio dulsgAvdnistusulaveshluinefunan1iedusinieu

aw o d &
2.2 sideiheados
Inounfdusauitiadululssmealvediuluglasdusuanirudusin seduwdn Tae
wiin138aEu (nfiltration) asgaradu Waanuiuluniafiugalu anvquivemieuss

-ooa t

YseAniuasznuiianundanssreadulzanaiauanuduluuiaduiiindusaztudug,

o LEEN

MvhlvRuauifvediuifiaauzsluvewdsansaddoulyiduradvald asiu dwWudu

- eedesiansandlevmidnwdymmaiefuleausdufa nszviunismienninel was

nswdsunlsenmuanifnsunamansUaIRuTEnIIINSIAANTEUIUNTN VA TTET

2.2.1 \@desaweasarniunialdinizuIuntsgnningd
nsfinuagisaifeafunmainsssaiosnmessaeiuldiinsinsdadas
wnduseggiateuiunaziidmslessiuansds 1wy Slope stability charts lay Janbu .
(1968) kaz Ducan et al. (1987), Force equilibrium methods et Lowe way Karafiath
(1955) waz Corps of Engineers (1982), Ordinary method of slices lag Fellenius (1527),
Janbu’s generalized procedure of slices lag/ Janbu {1968), Bishop’s Modified Method
Ine Bishop (1955) war Morgenstern and price’s method lag Morgenstern and Price

(1965) Jusu TBhemgninanmididumsiemeiiaiosamessasfuiiFonit Limit

o
=

equilibrium method ATiATIERRRIR sl s wuasEUIUIUR (Failure plane) auuf
‘uadmmﬁumm‘mﬁuaaﬂwLLaxmﬁmeﬁnﬂﬁ‘ﬁ’wﬁm%tl‘mﬁmﬁﬁasmmaqm@ﬁmﬂu

AdRsIdAUUanaNE (Factor of safety, FS) famaluil
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F§ = =& S (212)

Mo 7, Aig MATULILABUBIY (Shear strength of the soil)

z,, Ao wleusudauiiinnasnszuiunsidiauyd (Mobilized shear force)

Waswnsidluaulaansedmdinin 1 (FS < 1.0) sziAansidauasainduiszuivadud

L4 1
o we s o =

Tuwuefidnsrdiuanulasadomandt 1 (FS > 1.0) sxliifan 930ATufssurvanud
dmsumsiieswiativinmussaeduiiaenadasfumgnisailuandy aunsouszandldss
Limit equiliorium  Tuntsiasesdldidufendu uwredelsiamuazdadinnuasnnaniiu
gﬂgwumﬁﬂ’aﬁﬁmﬁuﬁq o

Sorbino and Nicotera (2012) l§vnsideuas@nwinalnvesdulidudded
Tuwgmsaiduleaunduiinsidiuuunisive udefiZendt dulva (Flow landslides)
Tnevimsanufuatsduiiiududaveny (Coarse grained soil) ilasniniinsmavauss
thruatunadunsglifusdavisseniadieiu uardauguusdunsif@iunad
amduiluAudnaziden (Fine erained soil) iseilldFlddfiudn mafefulaaunduaz
Usenaudng 2 danuz Ae annugdUd (Failure stage) LAZANTLENAINNTIUA (Post-fallure)
dwiuanuritianiansldnsmevauasiauiinasueataneiu vildAenafisdura
w3auth (Pore pressure) Tumaiu dawaliiansanassiniigusalssdninaluuiadiu
ﬁmmxﬁ"aamumawmaLL‘NL%’]gjamuﬁﬁﬁLLazmwé’aamuziﬁa winihldanunsaszune
2ONIINAINAU w?aag’luaﬂnmwhji:ﬂma‘fﬂ (Undrained conditions) 9#iin13Wmu1aIn
anugdiRiugmaiAamAtiuuulvavdedulva feddevasnuidnuifeafunisios
wuulvavesaniu felusuusiaeamaniantu (Physical model) wazuuusraanduinias
(Numerical model) ismfudgauymsivaniasuiumsvannuasniely Wy eudderes
Cascini et al,, {2008) Wag Huang et al,, {2008) Vs

2 -

A5aulnaaIu A IuIEUIUNISAAaUN (Translational  slides) Wunisauloa

= !

awmInIusruIUnInedauniidnwusAsudsaswazvuuAvatnvesiiniu druluaiy

2
a

AMSARDUT ANUTEUNURAATIATININSIaRNeT MsITRTAs TRl ssuRLd T TuRua

& Y
S saa 2

P 2 LY a o o, c‘;
faumunnuiedesinia lesunfudiasiialuluiuiiiieuaindugs (Steep slope)
waziivadusanisivafausuaey dmiunisiwmasihadesainuasaiefiueisds Limit

Equilibrium  7aeandesfuniTitisiuvuiinstauldizaindivedus (nfinite  slope)
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~

19y Skempton and DelLory (1957) #4@198199147348 10 Xie et al. (2004), Lu and Godt
(2008), Cho (2009}, Ma et al. (2011), Santoso et al. (2011), Eichenberger et al. (2013)

i aalio

Wudy 3557 'vmfu Wunsuszliuadesnwasaiafuaiuauns (2.13) mu :

T ¢ +o' tan g
Fg = fro_ 10,00 213)
Ty Ty :

f

We o fp MuleuIsReannysedvsua (Effective normal stress)

"
!

¢' Ao wisussbainzUsyavsnarasfiy (Effective cohesion intercept)

@ fia uudvavunielulssBvinavasdu (Friction angle)

aunis (2.13) szt seduaidesidarunnudaandaarsisatsfiuatiug lasRansaiuuszuiu

nyitaveses-aasut (Mohr-Coulemb  Failure  Plane) Fawmungandmsunsiasizi
a Ha w wv H . & 2 a A ¥ ar =

luaaduidudifmedy uwimndnisussgndldiuaefunnauauassdounely fguf 2.5

I
1 a

midsuwdanatissnmessmefuasasaadasiun sduvesdiduasgruiunlidusdimn

o

Aty MArsunsadeuvasdu (7, ) Jwesfinsandumassussdauluaniglsddudfe
WagENIONRNIUA Bishop  (1959) eiaualiiinsldmitauseslsz@vdua (Bishop’s

Effective Stress, o' ) @ wSuaullausnle sail

'

o' = {o—u )+ xlu, —u,)  (219)

Wle o @0 miwussaw (Total stress)
u, Fa wssduamelugorhadadiu (Air pressure)
=5 s ‘u} 1 ] a2 =
u, Ao wswiudiludesinudesu (Water pressure)
v A8 APIRIUDY BIShOp mauwuanUi”mummammmam (Degree of saturatlon)

‘Vr‘iamm‘*lfu {(Moisture content) Tuuaamu
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Failure plane

One slice /—J
LT

Tmpervious layer

- ’__j

Rainfall

o = s i
JUN 2.5 Aslasisikuuannatiug (nfinite slope)

[
s At @t s

Fatil dnsrdluanulasndsluatafuilududasadn ssdudeil

rs - Ctlo,mn)ano's s, —uJang -

Ty

ATmTsRadesnmessaaiuliBumssthuuuainetudauanns (2.15)
wonvnmsidnniee fiReadastuiSmeiuud wnduliluduiuillidesfnh
wrfimnududaulunisiinseiuniniy esnnssusansenuiiludiadonsedy
wegnninen Ussnaudie  pudutukazdasinsssiadniindienande  Tunanans
2lu, —u)  BaduweniiseandestunisuBouudausiiniuazautuluainiuas
WauuUasmunssuumMmsenaiven ﬁﬂﬁy’qé’aﬁuaaﬂiﬁ’uamauﬁ’ﬁmaaﬁmwiamﬂﬂL.Lamm

v L e w - £ a oy e o w P
NABUAUBINTE L°UUL@El']ﬂ‘uﬂUﬂ']i')'aﬂ‘ﬁ'l‘&i‘lﬁl,aﬂﬁliﬂWW‘Uaﬂaqﬂﬂu‘VIlﬂJauﬂﬂﬂ?&luqﬁﬁau‘]

b

Y]
W o ot

dadu Fedndusdrdefidednuninsyuiunismegunive ineuaussseaiaiu (el
anudaiaulunsiugingnisafulasueauldadiusiudruavinldssuunisideudy

fulaaunduiidizannsgadetiauasvind fuldunnddu



2.2.2 NTADUAUDIYDIAINAUFADNTEUIUNNTNINAINGT

nIgUIUNIININEUNIVeliauddgdeatosnweatainiu laund n1siia

wAns0llunn N13TReaHuaIdaInfY LA sTEmMereNIRAAL Wanumanuuasdy

Q0 a '

asgdududaidunssuiumsiiiinududounasdrdgagisdanaiefuleauaas ewin

Urluiiguasgtuauazsitlianuuluiuiiiigiu wafinuande  wsfuianisgyde

u

mioussiiends usailad (Suction) Faudumizeussiiinandsrngnisalnifiaas
(Capillary) uagyhlAsussBamileasewiadafunnuseifvenh

Fredlund (1996) Iuansnsidaeuudasussiainuaudnuesduiuiiduniug
fumadeuntassnsmivin-sen (Water flux) U‘%L'gmﬂﬁuﬁlﬁmmﬂmiLUﬁauLLUaaamw

n1agnningt deguil 2.6 Wledudugnuiseaniluasdlaufe Tudiuilidudadlsdn
a o a i g

(Unsaturated zone) zagwidaainssaudilifunaztuaundusaien (Saturated zone)

] 2/
=F 1 at @

feganiisedudnladu Wisegluantzauna Equilibrium) wagliiinsidsuulasdasnin

o

Wn-sanuinaiifiu wisduiinaseadudiuszidulseduiiatng (Hydrostatic  pressure)

o w

o . .y as g ] = & 3 a  w w H
Faluan1zLsusau (Initial condition) Yol sanulutuAY ﬂ?ﬂlﬂﬂﬂ??ﬁﬁiﬁi‘ﬁﬂ@ﬂﬁ’lﬂ?&lﬂ?

= = 1

wsafudasiianduuan Tueasilsulidudmenotiasiianduay udwintdudlednisluasin

W s o 2 '
a3 o = ar ] Il

Unuduasgruiu lulsuinlidudaihaiezifnnsiislivesassiud Weandinmafviy

v
s ar o

09 Fulutudy Tumandufumndasundi-a0nudaiIAUWINAUSATINTTLE Y
ylrruaululauliduaadletilusdadnfindu sl dsussesuiitaingin azdiulain
Wadmswdsuwlasdmsundi-eanfiamu nelutuiuaziansildsurlawsiduiingin
a ¥ o4 4 o [y, = = a 27

anvsusudaduanneauna Mliianinldsunlasadesanessanduaiuluda
TaganwrzludrafdaduwsizvinliusadudnAndululaulududidredinazidu

= o o & w & = Y - v 3 Y]
nnasuslasnelisyasinatawdu sty sasenlaindunisfsundausesudiniele
anniznstnuuuliadidudung (Transient  seepage) donrdeiiuimgnisaifulaaunas

ar

fasiAntuludsewihowgey vieudmnmgruling myiemeinsdusudlineiivuiu
nat vlinsuianisdsunlasdimaenutuluiy wasussduihiiguiudfuste
mMsdsuudasnaiazaramnduiiugie s lunsiunmsiessiaiesnmees
a10AUTeq uazaziliviumsiBounlas sidumulasedeiunauasduiugie
wWuderdu fegranisitaeiiaiosniwtssaniufiaanadosfunisinawuulaineg

gnAneIlag Ma et at, (2011), Santoso et al,, (2011) uag Xie et al,, (2004)
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Evaporaticn ~  Evapoiranspiration . Preciplsticn
BEREE: T
I ] ) ]
! ; AN
| e N

o ——
-

]
1 1
| t

t
i
'
1
b

————"
————

o ]

UNSATURATED
SOIL

SATURATED
SClL

Positvs ——}
FPapa - YWaier -
]

d J as g L ﬂ’j = 5 d' ) sl lﬂ‘ ¥
gﬂm 2.6 msEsundatusisutidutuiuniglanisidsullasdnsuntin-aen

UihiEaAu 1oy Fredlund (1996)

2.2.3 ﬂaﬁ'ﬂﬁdmanizwﬁiawqanssumﬁuﬁﬂmﬂlummau

unsheseinssunut et utunatasyilivsuinsasuulas
dosawrnsduduiiatuasaudavesduld wililasninnszuaunisniseannansi
anudugeudshiannsainnzildagisde enn1sAnyaudde Gieen and Ampt (1911),
Horton (1933), Ng and Shi (1998b), Ng et al. (2001), Kim (2004}, Zhan and Ng (2004),
Che (2009}, Shama and Nakaraki (2010), Rahardjo et al. (2001), Ma et al. (2011),
Rahardjo et al. (2010), Kassim et al., (2012) waz Kim et at, (2012) Fudumsiaest
MsBuheediiy  MalEAaddns (Analytical method) waz3FAusauTA LAY
(Numerical method) VilWannsaasudlafeitinansevusenisfuveniinielusafuldded

‘Uﬂ%’aﬁdwamzm@iawqammm‘a%ﬁ&ﬁﬂummﬁummmLLtJalﬁtff’Ju 4 Jadundn
#o 1) Jadenefiugusnveiainiu (Geometry), 2) daduiifnanauaudAvssdiuusiay
ginngluatnfu (ntemal  factors), 3) Jadunsusunteuan (External factors), uag
8) YadeiifsadestuaniziSudulazannizrauan (nitial and boundary conditions)
Mnmsfinei 4 ad wuirtladeiifinruddnuniigede dadunsedumeusniifaitos
AunssvrunImsgvningie arudivesUiinashduiuil Rainfall intensity) dasaalu
QUFEVREREN (Rainfall duration) $aTIMT38IY (Evaporation rate) WWudu d1mn
Usranntademani dgmitiaiuguusseddulaaunduuazdmainadaifimainduld

fnraeidanauntdnlavinnisAnwanduddliasswuauidelaiidnwniardudadamani
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[} [ = o @ v = i Ay w ‘ o
DYUTILULUYA LﬂULWHQﬂ’l'ﬁ‘lﬂLE]TU"\H]EJN']LLﬁ@NI“V’TLﬁUﬂQNﬁﬂ?%%U NWUNﬁVl‘L@QWﬂLL‘UUQWﬁQQ

Baiatuasiiiunadiessivibdu
2.2.4 Tadenszdunsusniidinadentsitaluaedusssned |
edunsvdunisusniidsmadensivRvesaindusTaud Wi arunduvasiy
Tuuiiifiansan Prema1lunisiiedy (Rainfall  duration) jUkuuru (Rainfall  pattern)
dms1n338ime (Evaporation  rate) 1Uudu ’Lumaqwnﬁ‘wmms}mifﬁﬁLﬁﬂNumnmdﬁuau
annsausndatlivansnszumumsnuudnmaaunal Water runoff) metuuiainmsaiuey
(Control - volume) 1dud n1sluasandifiafiu (Suface  runoff n15lwasanldfiifu
(Subsurface runoff) kasmsszistedsnszINAsasmartdedunseuumsitiinasdudeu
Huadreann msiefneniladanssfuneuenismasdiliieiadodomadmeuiu
Horton  (1933) ¥nisdnuideuasidiauanuudiastegraireluniseduny
arwannsalumsduivesiuiuig é‘fagﬂﬁ 2.7 lngaruannsalunisdy (/) vaediuy
rarasNTzaslIaAndy  anAuanIelunsTuuiu (f,) qunseilAnaed
dlamuannsolunsdidalndiFeaiuanuannsolun@ugaiievesdu (£,) a1unsa
Uszanallsiawiudmmnimstasaniluaninedudadnetn (Hydraulic Conductivity,
K,) law Green and Ampt (1911) ua Philip (1957) 2 nuuudnaesnsgudiedu aunsald
L;aﬂwuﬁmﬂaaajﬁuﬁuaanL‘TJumﬁmLaxm{Lmawﬁﬁu Fagui 2.8 augAlimaudsi (1)
fifnasdl Weduanfinadiindt ¢, anwanunsalunisduvesiuasdaniifuasiududy
Turazdidonailumsanvasiuiidznnniy ¢ aududuavgeaniiauansalunsdy
woshiu SilmAansinavufinAudy dagafuamuaniawiiy ¢, azFundnaniiie
s (Ponding time) Iu'ﬂmxLﬁmﬁ'umnmmL?’J’mNuﬁﬁhﬁm'jﬂmmmmmhnﬁ?ﬁmqmﬁw

P99 azlifinisivavuifuindu
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Infiltration rate

fii
I 3
o o -
‘@
A
= - Potential Infiltration
:g -
g Actual Infiltration Runoff
u
=
=
8
£ K
g T
£

o a  w f i =% o &
E‘U‘Vl 2.8 mmamwuﬁixmwmwmazm'ﬂwamm

PNNENATHENANNAILITO UM STULAE NS IaUUEIAY TunisAnwINanTEny

- 1 = ,l; a“ Q = = c‘ r
S INNSADVANDIVDIANAALFAUTU AN HUAIELUUTIESINTITY 28UNTTLURYUAIULINHU

1
o

g ALl IANUTEEVS nsBueulauesiiu (i <k,) anudududszanavindunie

o= at L= Ar =t ' ot = - £ i at = n‘ - 4 1 5
TndAssduysednsnisduiuldvasdu (i=£,) wazanuduganindudseaninisdueulé
aufu (i >k,) Teaziibivsvdviwavasaruuduludiainisfeduiinasdunay

Time
P~ ' o = "
3un 2.7 wuuananiswu (Philip, 1957)
o X v 5 8wva
MIRLTUYRIsEA U LAY
|
\
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2.2.5 WUUIIEDINBATNUBIAINAU
Huang et al, (2008, 2009, and 2010) lavinnnsdAnwiwas3idunisitnves
a & o al 2 a VoW a o °
aredufunuuidoulua lasiinsdiassamfivsuwinlvg dnvasuanidsgin 2.9 vins
nagauaInfuluan 1T uUcuLarin 1T UAsURUAIAIANLTNE  HaNITNARBUWYIY
miivRusamAwAatuluanstiife ieduludisdarsvesarndu wasiiadufinaunalsvas
o | [ o a2 o Wy e v W
araduluiatnow daaadlugun 2.10 uax 2.11 dnmddlddnwinarasnmuiduduiuna
‘d - o Wt £ 1} > 1} o= = Qi - L F
MAan1sivRveta1ady TagArarududuasssdanaliiiansidfessaraduiiinine

s 3 as o
ATUYUEUAN F9gUN 2.12

e
# o
v

KA
’ ol

7

Sc085m
; =17

o
= ]

Plazometers-
1,34

d ° - L g
JUN 2.9 wuuRARIRNRULATIUULIBRIUEY (Huang et al., 2009)

Original slop toe (S =0 my  Firstirench (s
T R i

C‘ o R B 1 = Cl!’ a: =
sU# 2.10 uaminitavasamdusznauluvse  (a) lutiusnifeduivaivaadu

(0) Tutefiasafinfuiinaunarsvasatadiu (Huang et at., 2009)
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l:‘ e ] - 1] bl H}‘ d -
JUi 2.11 wanamsidfivasaiadiuvsie () ludiwsniinduiivareaindu

1 A = C‘f} d =
(b) TutrnasuinTunmnounalsrosatndu (Huang et al,, 2010)

———p—— .Tosi No, 2:,1 = 35 e
—B— TestNo. 4.1 270

‘E —@— ToesiNo.B, Y3 10! +E. 7
o : 3
g g 124
£ £
£ £
£ £
= =
e . -
- g 0.4
_‘5 2. i A—ttr— [ = 23 men hr*
3 A& G—E—6) 1 = 47 mri b
. 2 B—6—0 1= 63.mm br*
0 ——en T T - T 1 T )
200 400. 0 100 ‘ 200 300 400
Time {min} Elapsed time (min)
(a) (b)

d L} ) =) =
JUN 2.12 wasanamiuatasaanu (a) anaunsnauduving (Huang et al,, 2009)

(b) aw@Aunsy (Huang et al,, 2010)

Lee (2011) v‘hmsﬁnwwq&‘msmn1'imauauawiaﬁ'wlwuaaa'|ﬂﬁu Tnamsdnass
awAuuuy 1 56 uas 2 57 wandlugy 2.13 Wedunamsainsfuvenhiuasdaraduudaio
AR (Suction) Witudlsufusswinuuuiassiaaesuuy Samudh nanisvaaeuves
Wiasawvulinanimageuiinfiouiu dwansdlusuit 2.14 waglddnwinavasdiaaariu

H Vo YR a o v v vea o | a2
Wrelusaarusuinluaiafiuiinviat 1 900 waz 24 lus Tegldauniiauuannieiulu



25

< I a l o 3w v o o ar =
mMsvaaeu waitldde wuindl 1 alus fldwssdiuirdesning 26 $alus dwansdusud 2.15

Y W o ] ot H a A8 a wa 1 ) o a
uaﬂ’\']']ﬂﬁ UQﬁQLﬂWLLﬁﬁWU'}Wﬂ"li‘lﬁl“{lEN‘U'IDJU'lua'lﬂﬂum?ju@uuﬂmauumtkﬂﬂ@]'Nﬂu Laau

v
at " =l

' £ I ) d a PR o v Y da | a
FUANUATNITIUAIUUIENTITUUY  LUBLNANT TYUIY LIS TURUILE D u’l'ﬂ%uﬂ\j%aqﬂﬂu

b
&t 1

FUANUNEILILAANT A UL STUIUYDISDYTEN I TUAY

(b)

U 2.13 wuudaeaaiadu (a) uuu 1 R waz (b) wuu 2 13 (Lee, 2011)

(@ so. J ] (b)-:g.i - V
0.3 - 0.3 |
E -8 4 % =4 Jrm— E 05 ‘-\ -
= [
2 o7 L1 2 -or AN
~m m
& \ fr \
u 09 =] I W .09
-1.1 1.1 /\
SRR = 13 - \
.12 -10 8 -5 -4 2 0 30 +25 -20 -15 -10 -5 -]
Pore-water pressure (kPa) Pore-water pressure {kPa)
(C) '0;1 R | /’/y— (d)"u‘l
- \ | /7
-0.3 ;('/ ] 0.3 Y f
E. -0.,5 or———ag— E 0.5
5 5 |
2 07 2 o7
g = \
ar a
W 0.9 = o= 09 : \
.l.l-—Q\ 1 ._-(
1.3 e, - - 1.3 . R
35 <30 .23 .30 a3 10 -3 2] -53 -390 -45 -20 =35 -30 -35 -30 -15-10 3 O
Pore-water pressure (KPa) Pare-waterpressure (kPa)

—= |nitial condition (1-0 s0il column}
— Initial condition (2-0 slope mocdel)
—o— 24-houvr ralnfatl (1D soil column}
& 24-hourralniall (2.0 slope model)

:I U Qt '0’ =P - -3 X )
Juin 214 nsMuanAsLaNATNanvesdulunuudiass 1 Hdkas 2 OA
(Lee, 2011)



26

(@ . . o ()

0.1 0.1
0.3 0.3 1-{-
= 0 = 05
E E
2 oz 2 .07
[ o
W 0.0 W 09
A 11
1.8 e - 1.3 4 - - - >
iz 10 B 6 4 2 D T8 o200 15 10 3 @
Poré-water pressure (kPa) - _Pora-water pressure {kPa)
€ - (d)
9.1 — o1
03 0.3
.—.‘_ 3 .—.'_. .
E 2.5 £ 0.5
= . =
=]
SR B 2 07
m "
& Fr
W pg{e o .po 5
Bt & B \ : IS WA S '.Z" —
-13 - %f e 12 S e g e
35 . 130, *25 20 .-15 0 a0 50 0. . .+55 -50 -45 40 -35 .30 -25 +20 15 -10 S0
-Pora-watar presiure (kPa} .Poré-water pressure (kPa)

e {ptitial Corudition

e LRyt rainfath

—3me 24-hour rainfall

o L . 1 ' s g a f=d = Iol
gU‘VI 2.15 NIWLASNANNANNUS TN T HAMIHLUINUAUANY B UTZESIAYD UL

#i 1 4hluway 24 Sluwasananu (Lee, 2011)

Chinkutkijniwat et al., (2016) ¥1A1TI98UaEANYINITADUAUBINNEA WAL
qmm%mawaaamﬁuﬁuﬁmquaiﬂaaamaﬂw'mwmﬁﬂuaaaﬁﬁ meldanisuiny
Tugtuvusing Geduadauss@vinmeesszuuidouds lusmAdeldliiunmelunimaasy
PNNFANINUIT  ANSPavaUsasatnauLleanilugsuna Aa wan13%u wasina
nafinduresssiuth iy Tusemindiarenisfudimaivifu i aeutuiiiuiy
%s%uagui Turuinssdudy daudadunmit 2.16 udaylifufudiauduresanaiu
LazUiuienuiuiudy Srswazesrduduinaneuiinamduias ana F9an930E
gosamhuRuasauleanliiiu 3 Ussamdodu de 1) SURmuwuduiiuih 2) 308
1ndq fharedu uay 3) Wanmudnles sewiduiiviheudiianedy  msivues

amfuaunfianuduaseraifiatuludiananisdy vueiiatnfuiiaiuduiiaisazia

'
o s o s [

nsIdRan ainiuvasssiuhlitu mefuiiauduguiumieszuuitiiansa



27

4

PR Y e Yaa o & (W = e .

Antudiawdnlag  nduiivindiiaeiuszdueddualiosnnuazdaiin sy (i/k,)
Faansznureinududuuuadadiuanulasasulag  waaslalumanrassrinisgy
Faaaddugui 2.17 Tasalosniwrsiaiafiudzanaimunisiiufiuresnnudnves sz

AN RDURadluAY dwiudtiinistundedesnii 1.0

600 '
Vi:k:""”"_r._---"r.----‘ ______________________ it |
) Tesrser‘!esl serles I sérfes IIT '
00 e SEEGTBT O BT BY "
;" *SénsorB2 G R2 B2 Permeability functior § 3

. i : T [}
2 400 {-wSeusprBs—C1BI—C-B3 Lrrduen 1238) [/«
= : o . ’ . rl i
= XSciisdr B4 .2 B4 TB:} \,1 E
g 300 f‘;‘:fn:'wﬂﬁ BS. s Bs : - . Lt :
b 1600 ~ . ,’ i
3 = ‘ = : '
= - 100 kiGp51=3 7 A !
3 2009 0s0 == o Py H
b 001 -1?5’(9‘,‘, Brs ) P = :
“0.00 + it - ] i
100 + 6. 4 B 1&2‘ s paiiey T
P E 3
IR Lt :
R e st —
0 5 10 15. 20 25 30 35 P 40

Volutnetric water content (-) .

JUN 2.16 nTILEAIANNENRUT TR UAUUTINMA A

{Chinkulkijniwat et al., 20186)

Safety factor (-)
0.25 0.50 0.75 1.00 1.25 1:50 1.75 2.00 2.25
0.0 - ' - : ; :

. R Py AT
0.5 ; A ,i, R
N dE N :
: :'a{ et by .
: A’J / i /

ey v ewnt b RO |18

—
E

‘_:ﬂ 1.0 ::s‘é / . : j'/ )
£ s HEEH R ER R AL
o i iy N IR

= 1y . ‘ i = (L]

w 2.0 tH " :. ’{!‘s Q.19
-5 2.5 g N : ' -e—-r'if?'c:”—*c.*ﬁ'}'
g - A POAY | ik, = 1.00
a . \‘_,_1:: ik N[ s .
<30 e

Imprevious|layer f= g <+ 40° £ =30°

JU# 2.17 nsvuanseaduiusenindnadueulasndafiuaimdn
(Chinkulkijniwat et al., 2016)



28

of 44 ik, (-}

Critical depth natio (=)

Ul 2.18 nswluanseuduiudseuinsanudningidudadinngdu (i/k,)
(Chinkulkijniwat et at., 2016)
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1) dwwsniduniivegauluiesUfinsswiumsimsziaiosnmuundnng
Aeduatiud dunsiadaeieleTafaauninudsunaseuidluaadudedivanisel
Auansesnsn TnoiwundauusAiAsduy (Rainfall intensity, 1) Lage wuAPTLTES
a1afu (Slope angle, A ) Auansnaiy iefinwiviwaresruduny uwazanuduainiuse
nmauauesdsgnmingtlumaduiuiidswanoniadsunlanadssnwrasmiafuauns
Wasuuwasenuduiiieduluatedu dwmfuysanmserudlafiuguiasuiulaauody
wuufiukasimsvuudaududowusiely
2) dwitaswssnuidsfumsinssideinsuiefnmniladeiidmansznudefu
Tnaunausyiudu Tneldnsinduingd wisamaduiudsewinemudulunazseoznarii
MARUEUANNITI0R (Threshold) Sududafiosninaindugesaniasiiamsidsunlas
witsnmaaRuagrssameum Seleldedlunsuduiousvarmtfusgunsrane
wavaruseduwunuiuuNTIvAvesaInfY uaziauasusdwnislumsiasiadaadiouas
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g‘l.hﬂ 3.1 YUADUNTIALULITUINE

3.2 MIATILETESNINAIAAL
nuideliazviinisiesieiialiesaiwainfusieiaunadnda (Limit-equilibrium
method: LEM) laglduuuiiaaaluludddmud (Finite element method, FEM) #ansaun

$21AUNTARAIYRINUIOLT LAY (Stress based method, SBM) Ndinanasidnsidiy

=

AuUaandy (Factor of safety, FS) Uil 3.1 wamsiidavasaiasuaiudluaniizeusn

4

IngssuniATR (Failure plane) vaaaaAussdumuArTuluwsuduiwivesaniy
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Wmsieszvimeensidaulassiy (FS) leainmdnsdiussninaimadiumiu

w34.d0u (Shear strength resistance, 7,) slaANMNANA0LITEIIINNTATBUAIVEIIARY

(Mobilized shear strength, 7,,) Tunulrszunufisniu Tasiluudranmwarndulusssugis

[ 2
Qs

avlslagluannzduiafed fuhy Tumsideadaiifeansnsednammdsnussadaunes
anduldmumnuiadldtevlumsitRvewes-gasu (Mohr-Coutomb failure criteria) Tu
anzduliiBudadimit (Fredlund and Morgenstern 1976; Fredlund et :al. 1978;
Fredlund and Rahardjo 1993; Vanapalli et al. 1996) wazdeulamsidhivesatnduniy
WIN4984 Lu and Griffiths (2004) and Lu and Likos (2006) fusiglail |

| Tg =c'+l(cr—ua)—a“Jtan @' (3.1)

df ' = 1 df ] 1 @ a a o - . t -l ] - -

e ¢ Fa Ateuuluseniudedulseavsug (Effective cohesion), @' fin Auidsaniu
nelulszandna (Effective frictional angle), ¢ A AIAIIUAUNIBATVUIBLIIRIRINTIH
(Total normat stress) u, Aa ALssRueINIALLdRRU (Pore-air pressure) waz o 7

AMUIBUTIFIRA (Suction stress) FaanursatagluUaunisi 3.2 il

Wa 4, Aa Araruduludiu (Volumetric water content) , 4. fig AANBUALVED LAY

(Residual volumetric water content), 8, fo A1prwduluduianzAuiufIfe

£ a1

(Saturated volumetric water content) ﬁ?ﬂLﬁ@ﬁﬁﬂLLidﬁﬁﬂﬂlmiﬂau (Soil suction) 393iA1
whifumansswinaussiuanmaludeduivaussdudiludediu (u, —u,) uwas S, Ao
ARnITeIAuaNdInIsUUIzaVENa (Effective degree of saturation) Aelu ANORIIEIU

as =, as L al = d' '
Anutaande (FS) vamnduatudnugud 3.1 awnsalisusglugdaunisi 3.3

T _ c‘+l(0'-uﬂ)—o”Jtan o'
Ty - Wsin ficosff

FS=
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d; = 1 = = L= 1 g at & ay 1 v o &
We F Ao euataeegsusdaanu (Slope angl) oy W Ao A mtinAulutuduniaan
W3 (Weight of the soit slice) Wi nin W=3Z,,, oc=yZ, cos" B uaz u, =0
- TuaniganusuuIseng (Atmospheric  pressure) ﬁ’qﬁ’u%"qammLLUa&gUaumiﬁ 33

Tudeulwiduaunisi 3.4 dail

B c'+[wa cos’ ﬁ—cr“"Jtan ¢  c-o’tang' N tan ¢'

FS
¥Z sin fcosf yZ, sinfcosff  tan f

1
°

Wio y fin Ahwdindusayiuas (Unit weight of soil) , Z, @8 Arszduanmuaaniuwuiig
29452 UNVIUA (Vertical depth at failure plane)
Q o 1 o A -:' s A g | . .
AUTUNITUIAIANIYaIANUDNIRIsUNUSEAviaNa  (Effective  degree  of

. o o | = o . ) Iy =
saturation, S,) Wiethaunuatluaunsf 3.2 dugzannsamar S, Teanaunisi 3.5

7 1-I/n
I
S, =_t"L= (3.5)
‘ 9.9(4! - gr {1 + [a(ua ——uw)]n }

) P ' <f o o e e ar & _a .
e a A Aussisgeuviniiiudgeeimadiululusadedu (Air entry value) waz n

Ao darunluaseniinlwsudinduiiedussiagauviniiundial Air entry value

‘; Rainfall

‘;._, \% “1 . ‘:::3'62\;‘;“@’/;

E = = a Y]
JUN 3.2 MmylieTsiatissnmvaseeduatiudluanizsuen
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Tunsideasell azldaunsi 3.4 Tunrsdwiuniaissniwvesaiadiu Welin1y91ae4

& < A‘-?ll = = a wa =
wignsaleumn leenalnmadeuudasrmuduluaiaiu waseudnvesssuuidiadune
Timm Ui 3.1 dedy weldhedensdnyideddeaiisvudasminigniwesiandu

wazdaasugNsHuanlureIlUans Tsasesurgluidedall

3.3 N1SHTUURIDE1IRUY

fuitldlunsvagoudufune (Sand) Wuiudedrsiifivunainvefudeddusua

s ] =

A47U13 sLnauiauasIranT fvdauasedinn Ieevianisiiufeg1sfunuuiinissuniu

q

Qs 1 o ar ] <}

oty (Disturbed) inudnd19R7auds 1 was Lﬂuﬂumamwiﬂuﬁﬁwhaau
nsdyluaesdid Guiidinuaiady) s fiessimenaudiiugurefusiotis Tasm
- MInTEANEURsayMA (Particle size distribution) fENNTMAABUIBUEILREUATY (Sieve
analysis) uaznisuaaatlalnsiiviad (Hydrometer) muanassu ASTM D422-63 wardwun
AI83EUU Unified Soil Classification 917311105574 ASTM D2487-69 laanasfuiuasas
apspyaafuidunguaiag s nae (Sand) nssuds (Sitt) waziuwiles (Clay) wien
AsEsnwzvadlinfiu (Specific eravity of soil) auumsgIu ASTM  D854-14 e
&szAndnisturuldvesiu (Permeability) A1uunsg L ASTM  D2434-68 AR
VULUULIES (Dry  density) RNH193g I ASTM D698 witdsfussadouvashudiens
VAAOULTIADUATY (Direct Shear Test) WUUIRAULIAY g ﬁuﬁ’(ﬁmﬂauﬁmmmﬁmﬂuqué
AHUINTFIU ASTM D 3080-04 LLaSWﬂaaU‘lﬁﬂﬂ‘J’lﬁJﬁﬂJﬁuéixﬂ'jNLLidﬁﬂQﬂLuM%ﬂﬁUﬂ’ﬂﬂJ‘ﬁ’u
(SWCO) TaeFiuloussdu nagoumsnnsgiu ASTM D6836-02 tnguansanauifivauus
wosRuF It as e uaiafiy MmN 3.1 wagn1siuunTLe miﬁizmwaa

\indu LLazﬂawuﬁmﬁuéiamiﬂqLLiqﬁq@mLuﬁﬂﬁm'zmﬁuﬁu LLamﬂugﬂﬁ 31
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a1919% 3.1 Auauifvesduildlummeasunisduluanefu

Soil properties Value Unit
Soil type(USCS Classification) SP -
Dry unit weight, v, - 169 kN, m’

Specific gravity, G,
Soil hydrologic parameters

2.69 -

Saturated permeability, #, 1.54x10™ m/sec
Saturated volumetric water content, €, 0.371 -
Residual volumetric water content, &, 0.021 -
Fitting parameter, & 0.662 chfz']
Fitting parameter, » 1.605 - :
Soil strength parameters
Internal friction angle, ¢’ 38 deg -
Cohesion, ¢’ 0 kPa
160 5
?
80 { -
60 |

i Y : ;b
0.01 0. 1 10 ;

Diameter of soil particle (mm)

&

“Volumetric water content {-)

0.0 : T T
0.0 0.1 1.0 10.0 100.0 1000.0

Matric suetion (kPu)

(b ‘
JU¥ 3.3 asdsznovvaadiaduluainfiudians a) auielaznisnizanevauliafune (SP)

waz by mmdiudseninusdmaunintummsruiu (SWCC) sasiiunae (SP)

i
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3.3 MSEdIsUUUSIABMNIANENTHANSTLLATUUUS1aBenEY t
JaziduavaLuUINasInIsen 1w TR luaadiu Use ﬂaulﬂmﬂmumﬂunaaa
wmaa‘uamaamumm@’[ﬂmSifmumaamem%’ﬂumwmaau mmmaavmaﬂiaummwm
15 fiafung LwEﬂmwmamiuaamuuaxaamqumnﬁumwmaamﬂuamwml,!au e
119 200 fadwng 817 1500 HafwnTuasad 1,000 adiuns mwawamaawmaaum 3
W 9 uaaLum‘S 'iu'iuam’m'mwunaaa 100, 200, 300, 400 uaz 500i Taduny
auddy iodndeirinanuiy (senson mumumwmauﬂmmaaawauﬁt,l,aiiumauﬂ’%'m
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210 fadwmstuliieliiluandivanunsaluadusentd T,ﬂaﬁﬂﬁlmaﬁuaaﬂmiaﬂwamﬁ
nepsfuthegaouaevosainduiiauianiie 200 fiadiuas 812 300 Dadwnsuazgs 200

: ' |
fafwns WeteuSinasuifuasgarafiuyng 5 uiil daonszusnaisvg 2,000 Haddns

o as

AADASLELLIA1ATVAFEU neillaTananiafinaseyasaniiatiasfunisuduimsanis

wheuvotezaTamiialiliiAnnsfureni1 ndamedeuandeureiugufiowandeldly
nMsUulBsuaamanuatndunesaiadu |

| deflazameaeumaisuulawessesuihldsu ﬁumam&iaamaaung’um@
10 fladies 3 § dszuzvainUanavasanadiu 350, 750 uay 1125 fafwnsawdidiu
Tnendasasaseiuildau (Pizometer) shaviewarafnlavinadusiuaudnais 8 fadiuns
51’&Ln@m’mﬂﬁauLLUaﬂLLazﬁuﬁﬂﬁh‘uaaizﬁuﬁﬂﬁﬁuﬁqﬂ6] 5 wifinasAnIMAaay UBNAINGEs

@ - . 1

- 5 = ar -:-1'21 1 1 v a Qoo = i, 4
Farendadn 3 @1 Aienuarswaandasadsulnd dudirieseavinldfuduiulaainiedey

k1)

b

Tuaaduraeinmd@uasgainiu fervibiianisdnduvesarmmduaingle

Aentiunsnedeuld Flduanisandenvaindameaaavazaidaliluguil 3.8 uas 3.9
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Chain pulley system
Rainfall simulator :|_£
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R

Experiment box

Steel frome
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Surface nmoff \

Subsurface flow

Data logger
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4
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o & Y & =
3.4 n5inngUnIalnsa9InALYY (Sensor) uaznsasuiisy

. &
3.4.1 gUnsalaTi9inA1u% (Sensor)

aunIningIaiAAI1ud (Sensor) Usvnaudte  iaiani1udu (Probe) Ju EC-5

wanIfegun 3.100) \ugunsaifiamisaiadinimdiu - §1838 Frequency . Domain

ar 1 d e »
Reflectrometry (FDR) lagadaudnnisaiuensdndlniy uazinisadudindaya (Data

A as

1 ) = i o w4 I ' o
logger) 5u Em 50 uandnagun 3.10(b) NUYBIUIUNDIINAUIIIG 5 989 @w1Tnn1vue

t
1 [

[ ] | 4 n‘:' ’ ol 3 =t o ) ] o
swoznalumiianila daud 1 uniisianss aufe 24 Halusdenss Inedlusunsudusazud

u

Meuluguuuuyiinisuu Windows asuumeuiumes deyanldanaiestuiindoyasy

KARIAANNTWT TS o (96)

(b)
sUt 3.7 gunsalmsanTaaaiuluiu (Sensor)
(@) ¥r¥m (Probe) §u EC-5

(b) m‘%aaﬁ’uﬁn%’aaga (Data logger) U Em 50
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3.4.2 N1SEAUMEUAIINAITNTUY

ArlSunaanuduilaanndaTanutuvagaaslasunisasuiisuiuiuilalunis

[
ar =l

NAFDUNSY FINTUADUAIT

e ] at 1

1) yadafusiegaslukuuvsinseuanvuIaduruAudnats 150 Jadwns

Wldrrunuduwinddesms .

2) HigSaaduaslUlufuiiuadadausonnds :
3) Saewiudethin wastuiindianududisala (o)
8) \fiushograuiiivaudiomenutiuleetuin (w) ,
5) ﬁwuammm%m%qﬂ%mmﬁgﬂs’fm (8) naunsdi 3.1 |
6) Frinded 1 89 5 Tnafinsiiuthaduduiaudsiuady

UIAFINATINIMIAIANUTURILAUANTN 6

8= w& | (3.1)
Y. ' .

e w fg Usinaemstiueenilusnadiu (%)
¥, Fo mbgdnwninvesiiuuia (aglurie 1.60 - 1.70 niudegnuiadiaufiums)

7, fia vilzsdmilnuesn (Wi 1 nfusegnuianieudiuins)

densaauifiguiaiauds ﬂﬁ‘ﬁ'azgaﬁlé’ﬂﬂa"s’wﬂamé’uﬁ’uﬁ‘iwﬁﬁqmm«ﬁu
Fluesildaniiieainudy (¢) anutulasdiwinluniady (w) Li,a:Sﬂ’J’]lJ“f‘l/U
L%aﬂ?mmﬁgnﬁm (8) WousuuiFanuiy Tnewanudurusssninsmanuiuiidan
miﬁmmﬁ’ummmﬁuﬁdm‘lﬁmﬂﬁﬁﬂmm%u WU Fhm'wﬁyuﬁlﬁmﬂaumiﬁ’umﬁém
Trndfamuduiidwansietuy dadu ﬁaﬁaﬂﬁmiﬂ%’uLLﬁ’ﬂ'wmmﬁumﬁmaﬁa%ﬂmm%

wielildeilndldssfuAildanaunts miuiuvsie (SP) Uiuufinaumsi 3.2

g = 111606 - 0.0160 (3.2

da e Ap AnAnutudelsuesilaaindriarnuiu
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4.1 Ui

4
as as ]

Tumsfinwinginssunisinadueeaiinisluaniurauidoiseguuiugiues
Green- Ampt model Fufiuunfniiianuiunainngueindl Darcy’s law) Tnanninaaey
smeldauydguduanidalifini deifafy (i <1) msedouiivasssuiuarudy
(wetting  front) avdasasinave Weauwdomhudiaeluleuresfiudenvzdeodiaiing

Wasuwasavesauduluiy wasiuedulanezfaedl negative pressure IRl wanis

neaaumalikeulrrasnududufuansiuLasluanf188n 1897 waglainisseuieun

Todu Tuanizll AntswRsuudasiatinisds (nfiltration index, i/k,) w3odnsidrussuing
AL UsaA AN s aFNE UlAY IR URaN 1 LD uR 181 AzdenalaansananisAe
FEUIUNISIURVDIATINAY ﬂ“ﬁqmiLﬁﬁauuﬂawmﬂ%mmmm%u’in%’uﬁuﬁaﬂénaxgnmaﬁﬂ

TaaniauaInITuiRsluaeRuNTEAUAILENETY

4.2 wan1madaunisauluaiafiu

ar 1 = dy = b A
wanisvagaulagn1snsniadUiuesanusuluaedulauanslilusud 4.1 wag 4.2

=

A1RIINTUINATHARDUNMUALAT NG TR NTUAIgnRra LITd WU sna1Ie s
LUUE1809a10 AU %'dag”luixﬁummﬁﬂﬁmnm’wﬁumr\ﬁaﬁa B1, B2, B3, B4 uaz B5 agdnaq
Tanhwihawiu 100, 200, 300, 400 waz 500 fadluns AU
4.2.1 WanIIVAHAUYAN 1

JUR 4.1 (aHe) uanansudeuilainasauduniuniiudnvaaiesuluge
vagoud 1 laefiawedune 5 nisvegeulugamsveaauifanuainfonrindui 20 e
(5 =20) 5U7 4.1 (2) wanenslFeuutasdnmsanuiununnuinvasaiadu lugisa
= o -4 = [ voas 2 oA @ Yoam A '
18 WuNAA IR 45 Hadunseadalus (;/ 4 =0.081) waadliiiiudaiaudn
= = = & o oo I3 @ @ o
finsidsuudasasliuinsanuduluandudiuunesniliuasitunau (phase) dalaufs
1) nsunsnduresihEuannimtiveaniu uas 2) nsRuduvesssaunlafu lagay
annsadunenisiudauiasiissnldanmuiinaseadivduiuifuiugin 0.045 il
iaauuvdessuiuanndu (4,,) IAUIinasanuduiinduic 0.225  1adaufla1n

=

Hthainau asluaussauaiudndslutussuiifudregluaousilidud luvnsfigad
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Ao AnvdIaInnsAdaufirassEuIuAILS LN siua1we sanady am‘%mﬁ@iﬂmﬁu%u
vosreduldfuilFusmsmntuiniussisaiietauia 0.36 (4, = 0.36) Filndifns
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U

4.1(0) dwmduarududy 130 fadwnsdetalug (i/k, =0234) gﬂw 4.1 {(d) 3LLaxmmU
v a_a " o v e o |\
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& o i - & d_ e "
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o - Y
M nfuaiuiu
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4.2.2 HANSNAHBUYAT 2
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o . P A oA 1 1 . . o oo oa ' =
Widuludiu weiiFendy awgarufiuluauny (field capacity, 8,,) #idldviwasontsdu
awenuasgandiy lagAauganuuluawiy awnsamlaananatuaavgelufiy
wdandnissruisiiesnainfusd1edassuag 2-3 Ju (Soil Science Glossary Terms

g & . TR PO
Committee, 2008) ¥4l Meyer and Gee (1999) iauglviarsananyadudssdninisdu
1 !.‘ a, 1 -9 =% -11 [ o ar 5 [=) ¢ % (=3 9 s o
ruroniiludiu (4 ) sewine 107 89 107 wassadunil datly wan1snsizatafudildvin

4
= | =4
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Tumsarginyaadanduniulasadesmaavionuanisuivingfiaefiansan
INEUNITNTTURUDY Gardner (1958) WuflaidunisFuiuraniaduduiilibusidie

3 gt
k(6)= k, exp[—o(u, —u.,)] . 1a)

dlo k, e erduseivdnsBushulsveniluanisiudusde
k o prdulssavimatuiuldraahluanmeiuliduiadeh
9 fo AUSIRTAILTL :
(u, —u,,) fig ussfagamin viie wnn1iiaTs Wuaruuenssssvitussduaindly
darhadafusuuseduhludesihadadiu

- ' P A Ao e W = A
o fo Ausdeeaminiiaufsgaeinmduiulnsadadiu (Air entry value)

[

Tngasuguaunstuguan Air entry fadl

olu, —u,)= —m{ffk@J (d.1b)

&

aun1sh 4.1b Twnuetluaunis 2.5 agléin

— 9w — gr — | l o (q_ 2)
© 0,0, [1+[-m@)/k,)] ‘
o 6. =0, k6,)=i fi auns 2.2) Sadoulvidu
HWb _Qr 1 I-I/n 1 1-1/n
Sev = = - " = : —¢  (4.3a)
O =6, |1+[-In(k(6,,)/k,)] L+ [~n(i/k,)f" |

i =2 = [ ‘ @
LAz SIamaLInsnaIgaan & :va UUAD
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(u, —u,),=——Mh L (4.3b)

dlo S, way (u, —u, ), fio Aewdudusedniug uasusifgamuninudsssuunimiy
auddiu aun1afl (4.3a) uay (4.3b) denndesiud Lu wag Griffiths (2004) Lu? uae Godt
(2008) Ihaualilunisosunenginsunisevaussawiuluganizilueduasainiuluy
Sesesianinanonaslifimsazauivosseiudildiu nnaiieseinrmaaeutieaand
daanmzmuieuledinavuiiaruiundissuuanudy ., frefiuluamduty
lulmmuaaﬂuuummaawaqmmmu (8) uanfumuadwmwmmmaummamﬂi andna
(S, )LLawmﬂimmmwmu(u ) wlstumaAa ity (1) Ty
wuaAniuntsiessdeduanulanady (FS) L*T;Jum'immmﬁ'uﬁ’uéﬂ;qm%umﬁ
mdnfunaiiutisnsunsndurenidunniviesaniuauiuduidaetn amudly
amauﬁmﬁmﬂﬂgauwmLﬁmﬁun’jwmmﬁmmmfgﬂuauw (8, ) quLARAILEUNAT
SR (8.,) Tnadnsauanulasnisazulsiasuatss mmauﬂ'ﬁmmmwmu
Fudhy (8, Uimmsmwmwaﬁumumqmu (6,) Waufinsadnluaniosiy

aummam (8,,,) meﬂaiﬂm 4.4

Depth o ] Depth o
ainf; i Ainf: Rainfall
Soil surfaccx Ruinfal ainfall A infa

Bedrock

FS 1.0

{a) volumetric water content, ¢, (b) pore-water pressure, w, {c} safety tactor, F§ (d} determination of critical depth

1.| 4.4 miaﬂaaﬁuaqmamwmummﬂaamnawaqmﬂﬂ‘lﬂuamaudumﬂ
a) US1nesAui (e,
b) wauiulnsaddadu (u,)
o) dadanuUaendy (FS)

d) Msmarauaning é
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< & o oa o wa . = ' = = =
sUT 4.8(d) wamansmienaniinssuvita (failure plane) Mi3ena1 Anudningd
(critical  depth)  adusziuaudnvesareduiidethduduadlundvildd 1 Snsdiu

anulaandy (FS) fdawiidu 1 wed aziiuldiidl FS asnad musudniidndules

Y
=2 [

A1FS engaiTegroseninstuiunsedutuiiuil (Impervious layer ia Bedrock) Hanas

imnstasansaiuinddevaies inunouniind (Santoso et al. 2011; Ali et al. 2014a; Al
et al. 2014b) | '

4.4 msusafiuadesnmaraduauluanazfutey

andudaeseiuTianadRounised 3.1 Wiseduaudn 3 wes ﬁﬂﬁ&imﬂmﬂu
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svsturhldiu Ium‘immmanaimwmmmu fiandudumaussd

1) Auumdimhassdaaasvin (o' =S, (, —uw))ﬁwr%’umﬂfmwﬁ’wﬁ"wﬂu (i)
Taq Tugaensduiidalifnsarauaeduawininleny fadussannsameanainududs
Ussdviwa (S,) uazusadegavin (u, —u,,) Wonaunis 4.3a uaz 4.3b
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Ay JU7 4.5b uansdnsduaulasafuniuainudnvainisiadeud
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Abstract: Rainfall-induced shallow landslides are
known to be extremely dangerous since the sliding
mass can propagate quickly and travel far from the
source. Although the sliding mechanism in sloping
ground is simple to understand, the problem may be
complicated by unsaturated transient water flow, The
flow behavior of rainwater in unsaturated sloping
ground and the consequent factor of safety must be
clearly understood to assess slope stability under
rainfall conditions. A series of laboratory experiments
was conducted to examine the critical hydrological
states so that assessment of slope stability under
rainfall condition can be performed. Based on the test
results, a unique relationship between critical
hydrological states, rainfall intensity, and soil
properties was formulated. Sequential stability
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analysis provided insights into the stability of slopes
subjected to variations in soil properties, slope angles
and rainfall intensities, and the consequent variation
in the depth of the failure plane, vital in landslide risk
assessment, was determined through this analysis.
The variation of rainfall intensity was found to
strongly affect the depth of the failure plane in
cohesionless sloping ground. Furthermore, the
influence of rainfall intensity on the depth of the
failure plane may be alleviated by a small magnitude
of cohesive strength. The results of this study will
reinforce knowledge of landslide behavior and help to
improve mitigation measures in susceptible areas.
Keywords: Shallow landslides; Rainfall; Faiiure
depth
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Introduction

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

The ability to predict the depth of the failure
plane is vital when assessing slope stability during
a rainfall event. A number of reports (Shimoma et
al. 2002; Chaminda 2006; Tohari et al. 2007)
found that slope failure is initiated at the slope toe
since the fully saturated condition of soil at this
position results in the development of excessive

_positive pore water pressure. However, their
findings were based on homogenecus soil slopes,
where the dominant failure mode will be a circular
or noncireular sliding failure. Although the danger
of shallow landslides has been recognized, reports
that focused on the depth of the failure plane in
shallow landslides have been limited in number
(Tsai et al. 2008; Li et al. 2013; Ali et al. 2014;
Chinkulkijniwat et al. 2016) and few attempted a
rigorous  understanding of the stability
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characteristics of shallow landslides.

Chinkulkijniwat et al. (2016) were among the
few to attempt a characterization of the stability of
shallow landslides that took multiple factors into
account. They conducted a series of artificial
rainwater infiltration tests and introduced a
mathematical model to approximate the magnitude
of water content in sloping ground subjected to a
certain magnitude of rainfall intensity. This
approximated water content was used to create a
profile of the factor of safety of a sloping terrain
subjected to wvarious magnitudes of rainfall
intensity. Subsequently, they developed a critical
depth chart based on relationships between the
depth of the failure plane, the rainfall intensity and
the steepness of various slopes. The stability of
shallow slopes was then characterized via the
critical depth chart and, using this chart, the
possible depth of the failure plane was
comprehensively defined. They reported that the
depth of the failure plane can be determined from
the soil frictional angle (@' ), the soil saturated
permeability (ks ), the steepness of the slope ( 7),
and the rainfall intensity (/). However, the
conclusions of Chinkulkijniwat et al. (2016) were
limited to cohesionless sandy soil possessing no
fine fraction. Seoils in mountainous terrain typically
possess both a certain amount of fine fraction and
either intrinsic cohesive strength or apparent
cohesive strength, especially due to plant roots,
which reinforce soil by their tensile strength and
adhesion properties to form enclosed root matrix
systems that give soil additional apparent cohesion
(Tosi 2007; Burylo et al. 2o011). Failure
characteristics of these soils might well differ from
those of cohesionless sandy soil

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



rainfall intensities. Results from this study will
reinforce related research that seeks to design
landslide mitigation measures,

1 Hydrological State at the Wetting Front

For a ponded surface, the maximum water
content during the infiltration phase is equal to the
saturated water content, Green and 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
magnitude of water content during the infiltration
process, which in the present work is termed water
content behind the wetting front, &,, . Mostly, the
saturated water content was assumed without
consideration of rainfall intensity and soil
hydrological properties. Chinkulkijniwat et al.
(2016) reported a unique relationship between 8,
and the infiltration index (i/ K, ), defined as the
rainfall intensity (7 ) over the saturated soil
permeability (ky), regardless of the slope gradient
and initial water content. However, their report was
based only on test results from a cohesionless sand,
which were considered to have distinct (or sharp)
wetting front characteristics. In this work, the
relationship between 6,, and i/k, found in
Chinkulkijniwat et al.{2016) 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
validity of the proposed sharp wetting front
boundary during various rainfall intensities.

1.1 Laboratory tests and experimental setup

The two soils used in this study contained a
certain amount of fine fraction. The soil water
characteristic (SWC) curve of the studied soils was
determined in accordance with the ASTM D6836-
02. The air-dried soils were compacted to the
retainer rings placed on a saturated ceramic plate
in the pressure chamber. Saturation state was
acquired by spraying water from above the soil
specimens. After being encapsulated, the airtight
pressure chamber was subjected to a specific air
pressure in order to push the water out of the
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specimens. The air pressure was kept constant
until no more water was released from the chamber.
The specimens were then placed into the oven to
determine their water content, The above
procedures were repeated for various magnitudes
of air pressure. The dataset between air pressure
and soil water content was used to plot the SWC
curve of the studied soils. Shear strength
parameters were determined from the direct shear
test (ASTM D3o80). Each studied soil was
compacted to three identical density specimens.
Direct shear testing was conducted under three
normal stress levels of 50,100 and 200 kPa with a 1
mrm/min  displacement rate. The strength
parameters (¢ ,c') were acquired from the peak
shear stress values of shear stress-horizontal
displacement piots.

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 installation of moisture sensor probes. To
ensure homogeneity, 7728 grams of SM soil and
8247 grams of SP-SM soil were dried in air before
being layered into the standing pipe column. Ten
compacted layers 60 mm thick were put in place to
create a column of soil 0.6 m high. The unit weight
of the SM soil and $P-SM soil columns was 16.4
kN/m3 and 17.5 kN/m?, respectively. Five moisture
sensor probes (Decagon 5TE, Decagon Devices Inc.
{2007-2010)) and a piezometer were then installed.
The piezometer was placed in the base of the
column. An open valve was also placed in base of
the column close to the piezometer to prevent the
occurrence of trapped air during the tests
Rainwater infiltration tests were conducted by
assigning the desired intensities of rainfall to the
experiment column. The desired rainfall intensities
were assigned through a well-calibrated rainfall
simulator comprising a water tank, a constant

2173



J. Mt. Sci. (2019) 16(g): 2171-2183

water pressure pump, a pressure gauge, a plastic  Taple 1 Infiltration tests in one-dimensional column
pipe, a control valve, and a fine spray nozzle placed  conducted in this study

in the plastic pi;_)e. ] ] . 'Soil property - . A valie
The experimental program is summarized in  Soil type (USCS classification) ; ‘SM SP-SM-
Table 1. The magnitudes of rainfall intensity usedin =~ % Clay  _ _ 2 ]
. N | o, T ) . - . -

the experiment were determined by the saturated 1% Silt e 361_2 10__.
permeability of the studied soils. Rainfall i?:ti?ggrg'slirﬁits' o2 ,39 ]
intensities of 5, 10, 20, and 45 mmvhr wereassigned i Liquid timit, LL (%) ° - ’119 80 NP !
to the SM column, whose saturated permeability  }Plastic limit, PL (%) 1495 NP '
__ . . | Plasticity index, PF (%) B 4.85 NP |

was 15 mm/hr (K, = 4.167 * 106 m/sec = 15 Specific gravity, Gs ' . ,259 262 5
mm/hr). Rainfall intensities of 10, 20, 45, 70 and Dry unit weight, ys (kN/m3) 16 4 175 ]
Soil hydrologic parameters _ —_—

100 mmvhr were applied to the SP-SM column,

| Saturated penneabl];ty,k,(mm/hr) i 15 65 1
whose saturated permeability was 65 mm/hr(k,,  [Saturated volumetric water content, Gsa; * 10.350 0.323
_ - [ Residual volumetric water content, Br ,0.040 0.025 |
= 1.806 %0 5 m/sec = 65 m/hr). These vanat19ns Fitting parameter, a (kPa) _ ‘oz ‘o, 186 !
were applied to demonstrate the hydrological  |Fitting parameter, n : 1 445 1 798 |
responses under three rainfall conditions: rainfall  Soil strength parameters R |4
intensity lower than the soil saturated permeability ~ |Internal frictionangle, g* (*) 30 36 _
(i<k,), rainfall intensity approaching the soil [Cohesion, ¢’ (kPa) 5. a2

saturated permeability ( =k, ), and rainfall

mten51ty. . gre_ater than the. soil satu%'ated gravity of the soil (G,), strength parameters (¢,
permeability (i > ks ). In each rainfall test, rainfall ¢'), and the saturated permeability (k) are given
was applied until the steady state was reached. The i Table 2. The studied soils were classified,
on]set Off the stteady s‘;tatte was .ind(ijcatEdtth"tt:ﬁ according to Unified Seil Classification (ASTM
values lor waler content remained constant a D2487), as silty sand (SM)and poorly graded sand
MOISHUre Sensors. with silt (SP-SM). The fine fractions were about 40%
for the SM soil and about 10% for the SP-SM soil
The SWC test data were fit using the van

The gl‘aiﬂ-Size distribution and SWC curves of Genuchten (VG) equation (van Genuchten 1980)
the studied soils are respectively presented in written in Eq. (1) as,

Rainfall simulyor
/-\ —
VAN

Surface runoff outlel
@100 mm I

Figures 2(a) and 2(b). Atterberg’s limits, specific

1.2 Test results

i |

Sicel frame suppont

_H_".. 1 !—-J;.— Soil surface
+ 1] —-—-r! Moisture scnsor
1 Pl Acrylic column
+ P2
Witter Lank 100 mm
+ Pl =
+ P4
Pump
+ P3 -~
1 L]

Data logger
Valve .
4 |— Entrapped air valve

Piczometer wube
Acrylic base plate

Compuler

Pressure garge

()
Figure 1 Schematic diagram (a) and photograph (b) of one-dimensional soil column apparatus used in this study.
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where S, is the effective degree of saturation, 8,
is water content, &, is water content at residual
state, &

sat

is water content at saturated state,
u, —u, is matric suction, which is the difference
between pore air pressure (#,) and pore water

pressure (), and & and n 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 2.

Table 2 Summary of properties of soils used in this
study

Experiment |} Soil vd ( i ik
No. used (kN/m3) (ﬂin/hl')
I tSM  q164 5 _  ..0333]
[2 7 "7isM ~ "ie4 " 10— N0.667 )
{3~ .. ISM_"'f164 . ‘20 ~ 11333}
{47 isMT "[364" 145 " [3.000°
l5 . ISP-SM, 175 __ 10 _ _ ;0154 ]
F6 " 'Sp-SM 175 .20 0308
7. WSP-SM 175 _ "45 " {0692
T TsesMTizs 70 T 11077 )
lo___ _ .SPSM_ 175 __ Ti100__ _[1538°

Notes: y4, dry unit weight; i, rainfall intensity; ks,
saturated permeability; i/ks, infiltration index.

Figures 3 and 4 respectively present the time
series plots of &, and the development of the &,

profile in the SM column subjected to various
rainfall intensities. Test results obtained from the

SP-SM column (Figures 5 and 6) were similar to

those from the SM column The &, responses

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

i/ k, ratio. When i/k, <1.0, the response of 8,

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

value (6,;) to the maximum volumetric moisture
content, known as the volumetric water content
behind the wetting front (&4, ).

Figure 6 presents the &, profile in the SM-SP

soil. The value of &, changed from 6, to 8,,
within two consecutive probes, which implied the
presence of a sharp wetting front. The &, profile in

SM soil (Figure 4) showed that the &, increased

immediately from 6,; 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 distinct
as it was in the SM-SP soil, although the various

values of 8, in the wet zone were very close to &, .

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

&, , the volumetric water content, increased from

=0.35).
This increase in water content corresponded to the
rising of the water table. When i/k,21.0, 8,

8., to the saturated water content (8,

W 141

increased from 6,; to 6, =0.35 since water
started infiltrating into the soil column. Once the
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void spaces were fully filled with water, no further
increment of &, was observed

1.3 Water Content behind the Wetting Front

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

water content behind the wetting front (&, ), will
be lower than the saturated water content. The
unique relationship between &,, and i/k, in
sandy soil was reported in Chinkulkijniwat et al
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(2016) and modelled as

e, -0 1
Seb — wh ro_ - - (2)
93’0! - 9}’ 1 + [-—-— In ([/ k.‘i )]

However, Chinkulkijniwat et :al. (2016)
validated this model only for a cohesionless sandy
soil Since previous research works (Lee et al. 2011;
Chinkuikijniwat et al. 2016; Wu et al. 2017)

revealed that the magnitude of &, does not

I-i/n

depend on the slope angle, we validated Eq. (2)
with test data from a one-dimensional infiltration
test. Figure 7 presents the relationship found in this
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respectively. Therefore, Eq. (2) is valid for the soils

study between &,, and / for SM and SP-SM soils. _
studied, which had a certain amount of fine fraction.

There were 10 and 15 measurements taken in SM
and SM-SP soils, respectively. The measured values,
taken from 5 TRD probes at each rainfall intensity,
were close to each other in both soils, which
indicates a unique water content for a particular
soil at a given rainfall intensity. Using the van
Genuchten parameter values reported in Table 1, the
measurements fitted well with Eq. (2), giving an r2 of
0.996 and 0.997 for the SM and SP-SM soils,

2 Analysis of Shallow Landslides

2.1 FS at the depth of wetting front’s advance
In shallow landslides triggered by rainfall

infiltration, the failure has a small depth to length
ratio and forms a failure plane parallel to the slope
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Figure 7 Relationship between volumetric water
content behind wetting front (8,,) and rainfall intensity
(i) for silty sand (SM) and poorly graded sand with silt
(SP-5M) soils. (r2, coefficient of determination)

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

depth of wetting penetration. Although the 8,
profile in SM soil did not exhibit a sharp wetting
front, the value of 0, in the wet zone varied very

close to 8, , . Therefore, for the sake of simplicity,

this study assumes a magnitude of water content in
the wet zone equal to &, , and hence the minimum
FS is at the wetting front.

The FS under vertical
unsaturated conditions is written as (Duncan and
Wright 2005)

seepage and

¢’ +[yZcos” o' Jtang’
¥Zsin fcos
_ -0 tang’  tang’
N JZsin fecos S tan B
where ¥ is the unit weight of soil above the wetting

front, Z is the particular depth where FS is being
caleulated, ¢’ is effective cohesion, ¢' is the

FS =

(3)

effective frictional angle, /3 is the inclined angle of
the slope, and o is suction stress (Lu and
Griffiths 2004; Lu and Likos 2006) defined as
6,-6
o, =———(u, ~u,)=-8(u,—u,) (4)
=g e ) =S )

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

¥
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the wetting front (expressed as (u, —u,,), ) is
|
(u, —u,), = — In(i/k,) (5)

Since 6, can be approximated using Eq. (2),

the suction stress at the wetting front can be
written as

. _i ‘ 1 1-1/#
o, = [ " In(i/ k")}[—l " [“ n(/%, )]n} (6)

and, therefore, the magnitude of FS at the depth

of the wetting front’s advance, Z can be

w2
calculated by substituting Eq. (3) for the expression
of o, in Eq. (6). Figures 8a and 8b respectively
present the change of FS' with the wetting front’s
namely the /5 — Z,, plot, in SM and
SP-SM soils for slopes of various gradients
subjected to various magnitudes of infiltration
index (7/ k). In the SP-SM soil, at every value of

advance Z

w?

i/k_, the magnitude of F'S decreased very rapidly

with Z, ,
asymptotic at the lower limit In the SM soil, the
reduction in S was slower than in the SP-SM
s0il. This result suggests that when a wetting front
advances at shallow depths, the FS value in SM
soil will be higher than the F5 value in SP-SM s0il.

To investigate the influence of soil properties
on the above mentioned characteristics, graphs of
FS against Z, were plotted using varying soil

and then leveled off to become

parameters. Figures ga — 9d present the change of
FS with Z for various values of the parameters

¢', ¢, a,and »n. The variation of the parameters
¢'and ¢’ is presented through lines of different

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

particular depth of the wetting front’s advance, Z

w?

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

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

the lower the cohesive strength, the sharper the
reduction of F§ with increasing depth. Thus, the

FS value reached the asymptote earlier in soil of a
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lower cohesive strength than in soil of a higher
cohesive strength, With regard to the soil frictional
angle, the plots reveal that this factor played no

role in the shape of the /'S — Z,, plot, changes in

the value of the soil frictional angle only resulted in
a sideways shift of the plot.
Figures gc and 9d present the FiS~Z,, plots
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produced by varying the wvan Genuchten
parameters ¢« and #m , respectively. When

i/k, 21.0 (full lines), changes of & and #» did not
affect the F§—Z plot since the magnitude of
a

Wi

» was equal to the saturated water content and,

hence, suction stress, which is a function of the van
Genuchten parameter & , and » was. completely



eliminated. When lines),

ilk <10 (dash
changes in the van Genuchten parameters had less
“effect on the FIS—Z plots than the strength
parameters did. The greater & and » values
yielded FS~Z, plots with smaller curvatures.
Therefore, with identical strength parameters, a
sloping ground possessing greater & and # values
might exhibit a lower F§ at the depth of the

wetting front £, particularly when advancing at
shallow depths.

2.2 Analysis of critical depth

The critical depth is the dépth at which a
failure plane is likely to occur and it can be
approximated by taking FS to equali.o in Eq. (3).
After rearranging the equation, the critical depth
can be expressed as

r

;- c
o yl- Asin feos B (7)
o tan ¢’
" ¥ - A sin fcos B

where 4 is the stability index, expressed as
tang'/tan . and Z,, is the critical depth or the

depth at which FS is equal to 1.0. Understanding

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

(Z,), as expressed in Eq. (8),

Z ¢

o _

7z yZ(1 - A)sin fcos f (8)

'

o' tan ¢’
yZ {1 - A)sin Bcos B

Figure 10 presents the relationships between
the normalized critical depth (Z,,/Z,) and the

infiltration index (i/k,) with various magnitudes
of stability index { 4 ) for different values of
strength parameters ( ¢’ and ¢ ) and van
Genuchten parameters (& and #1). All the plots of

J. Mt. Sci. (2019} 16(9); 2171-2183

Z, ! Z, against i/k, indicate that steep slopes
{low A values) yield critical planes: at shallow
depths (small values of Z_,/Z,). In cohesionless

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

sensitive to the rainfall intensity ( i/k, ). In

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

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

fine grain soil. The plots of Z_,/Z, against i/k,

indicate that, for a given /%, in sloping ground

with larger #» and « values, the failure plane
should occur at a shallower depth. For cohesive
sloping ground, the plot of Z,,/Z, against i/k,
does not change much with -» and «a values,
whereas the same plot for cohesionless sloping
ground does change. For cohesionless sloping
ground, larger values of # and & clearly result in

aflatter plot of Z, / Z, against i/k, .

3 Conclusions

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

e The unique relationship between &, and
i/k, can be formulated either in sandy soil or in
soil with a certain amount of fine fraction.

e Strength parameters play- a more
important role than VG parameters in the variation
of FS with the depth of the wetting front’s
advance. '
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Figure 10 Z_ /Z, vs. i/ k,_ plots with various magnitudes of A4 for different values of strength parameters (¢’,

'

@' ) and van Genuchten parameters (& , ).

e For a given i/k_, lower values of the
strength parameters ¢’ and &' result in failure
planes at shallower depths.

s In cohesionless sloping ground having a
gradient close to the soil frictional angle, when the
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rainfall intensity approaches the value of the soil
saturated permeability, the variation of rainfall
intensity plays the major role in the eventual depth
of the failure plane.



A little cohesive strength in sloping ground
can reduce the influence of rainfall intensity on the
depth of a potential failure plane.

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