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Rainfall infiltration and stability analysis of an
unsaturated slope in residual soil from flysch rock mass

Infiltration pluviale etanalysade la stabilitéd'unepentenonsaturée
dansle sol résiduel de la massecheusealu flysch

JPer awmi iJagodni k, G. Arbanas
Universityof Rijeka Faculty of Civil Engineering, Rijek&roatia

ABSTRACT: Weathering process in the flysch rock mass results avigeotechnicaprofile consisting of
residual soil, weathered flysch rock mass and fresh flysch bedrockaBabfsis of landslides occurred in flysch
slopes often indicated high values of pore water pressures that should exist on the sliding surface decreasing tt
soil strength and causing a slide. Associated high groundwater levels (often close to the terrainhawuéace)
important role in landslide occurrence but the upper unsaturated ptr¢ géotechnicakrosssection and
developed negative pore pressurassed by suction may hawecritical contribution in keeping a slope stable.

Due to the veryow hydraulic conductivity of residual soils from flysch rock mass, rainfall infiltration is very
slow and necessary conditions faturation othe unsaturated zte are long er m r ai nf al | eve
Landslide, Croatia, occurred on flysch slope in February 2014 after few nafrtibavy, mostly uninterrupted
rainfall. To identifytheimpact of negative pore pressures in unsaturated zone on slope stabliligndslide
activation, comprehensive soil labomgtdesting and numerical analgsivere conducted. Undisturbed samples

of residual soil were collected from the superficial part of the landslide body and advanced laboratory
measurements were performedtiain hydremechanical properties of soil in unsaturated conditions. Obtained
soil parameters were used to assess the influence of negative pore water pressures existing in the unsaturat
zone of residual soil on rainfall infiltration process and skgkility in time. In thispaper the results of carried

out laboratory tests and numerical analysis bélpresentedBased on these results thehaviorand landslide
activation in slopes built in residual soil from flysch rock mass will be explained

RESUME: Le processus doéalt®ration dans | a masse de r¢
de sol résiduel, de masse rocheuse de flysch altérée et de substrat rocheux de flysch frais. Une analyse en ret
des glissements de terrain surue sur les pentes du flysch a souvent indiqué des valeurs élevées de pressions
interstitielles qui devraient exister sur la surface de glissement, diminuant la résistance du sol et provoquant ut
gl i ssement . Les haut s ni viessouventdrésepmaehes desla sutfaeerdu terraim)e s
jouent un rt'le important dans | éoccurrence des gl i
section transversale géotechnique et les pressions interstitielles développées calssesqian peuvent avoir

une contribution essentielle a la stabilité de la pente. En raison de la trés faible conductivité hydraulique des sol
résiduels de la masse de flysch, l'infiltration des précipitations est trés lente et les conditions reééelssaire
saturation de la zone non saturée sont des événements pluviométriques a long terme. Le glissement de terrain
Valili, en Croatie, s'est produit sur la piste de
la plupart du tems sans interruption; événement pluvieux. Pour identifier I'impact des pressions interstitielles
négatives dans la zone non saturée sur la stabilité des pentes et l'activation des glissements de terrain, des te
complets en laboratoire et une analyse @égue des sols ont été réalisés. Des échantillons non perturbés de sol
résiduel ont été recueillis dans la partie superficielle du corps du glissement de terrain et des mesures d
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A.1. Investigation by laboratory tests

laboratoire avancées ont été effectuées pour obtenir les propriétés hyain@més du sol dans des conditions

non saturées. Les parametres de sol obtenus ont été utilisés pour évaluer l'influence des pressions interstitiell
négatives existant dans la zone non saturée de sol résiduel sur le processus d'infiltration detadtaddias

de la pente dans le temps. Cet article présente les résultats des tests de laboratoire et des analyses numériq
effectués. Sur la base de ces résultats, le comportement et I'activation des glissements de terrain dans les pen
construiteglans le sol résiduel a partir de la masse rocheuse du flysch seront expliqués.

Keywords: Unsaturated residual soflysch;rainfal-inducedlandslidesinfiltration; stability analysis

1 INTRODUCTION phenomena of shallow slides with ®lg surface
developed in partialkgaturatedorditions Good
praxis is presented forshallow landslides
landslides occur in various geologic, climate, an(ﬁrelggecr:zds:glriael?fslll g‘ogégglgi?gt Z?Ilzcl)rllmltsrly
topogra_lphlc _conqmons. Factors p_rlmanly in steep slopeism residual soils irsingapore€.g.,
controling rainfall-induced slope failures are Rahardjo et al2005: Rahimi et al. 201} Korea
both the rainfall characteristics and soil (e.g.Kim et al 201é)and Hong kong(e g, Ng
properties€.g, Rahardjo et al. 2007; 201@3ain and Pang 20Q0Li et al. 2005) Another’one

fall!:ng_on the slo_pr?geﬂeratesa trarzj&ent conceptual model ofainfall-induced shallow
g]x:st[;téoge?v:/(;(;et;rsr/gitnslﬂr;aieu;rfo?gjr:?;;iczlale Ia_ndslides pe_rtains on conditions whtreentire
increagng thesoil water contenand reducinghe ' Slip surface is deve_lc_)pedunder completely

saturated and positiveporewater pressure

matric suction. Thdater directly affectdydro- ,
: ) conditions €.g.,Santo et al. 2028 Only a few
mechanical features of tiseil. A decrease of the studies quantitatively analyze theeffect of

rr:atrlc suglorﬁaglseshaeducttlon ?&?etzheﬁectlve transient rainfall infilrationon the slope stability
Stess an@varableshear streng € same deepseated landslides built of lohwdraulic

time, increasedwater cotent increasesthe conductivity materialge.g.,Sunet al. 2009; Zhao

hydLa““C ?\ermeatb"'tythozhe I_SO"- Q“a”:)'?;?t’s et al. 2017). Thiskind of studiesis completely
such as shear strengthydraulic permeabllity  ,c0 ¢ g case d@ifysch material in slopes

and water storage capacity ohsaturatedsoil Prevous studies oflandslide occurencem

d(_apend on the matric suction value, wt udn_le_zs flysch slopes havéeenmainly focused on the
with the Water' contendf soil. Thus, quantltlg increaseof porewater pressureaused by long
gepgrally consideredto be_ .constants forsoll termheavy precipitation as a landslide triggering
existing in saturated conditiogke the form of factor @.g.,Arbanas et al. 2014, 201Berti et al
noninearfunctions incaseof partial saturaion. 2017 ar.1d.’the effects of.the W’e jng proces.s
The unsaturated shear strength, water retentio& flysch rock masses on physical and chemical
and hydraulic conductivity function are the mOStchanges of materiale.g, Vivoda Prodan and

e e e Bt spop Afbanas 2016, Vioda' prodan et o 2017
. i~ Simple conceptual rainfall infiltration model and

analying the S.tab'“.ty Of. gnsa_turated slope field measurements indicated the Slano Blato

exposed taransent rainfall infiltration process. Earthflow in flysch deposits in Slovenia were

Principles of the unsaturated soil meChaniCSreactivated in alwaysaturated conditions
havebeen applie@gxtensivelyfor explaining the (Malek et al 2016)

Precipitation inthe form of rainfall isthe most
common landslide cause RainfalFinduced
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Rainfallinfiltration and stability analysis of an unsaturated slope in residual soil from flysch rock mass

In this paper we present a part of the fieldsimilar USPFs of the residual s@ibvering the
laboratory and numerical activities conducted tasliding mass. Basic soil properties are
investigde the importance of the unsedted summarizedn Table 1.
zone for the rain&ll infiltration process and Natural waer content measurements
landslide activatiomn flysch slopes. perfamed in severalcampaignsfrom October

2017 to June 2018eveal that the absence of
rainfall and excessive evaporation during dry
2 STUDY AREAAND SOIL summermonths causeéesiccation of the soil in
PROPERTIES the first few meterfrom the surfacéTable 2) In
the same time, shetérm rainfals of higher.

Previous studies of Iintaerﬂstg %Idrirﬁg%%p%emb'edhd ctgbgr verel © I

R'f\./lfr t_VaI_Ie¥h Croat;a |rt\déjcatejt :f:ﬁt v;/ater ableto significantlyincreasehe watercontentof
infiltration in the unsaturated part of the slapel soil inonly very first 1 mwhile in deeper layers

groundvater lerel (GWL) rise expand relatively degree of saturatioremained unchanged

slrowly,rvx{lrt]hra consLe(?]uenrtlynlow r?tezf pﬁre According to herainfall data recordedt the
pressureincreag. Long rainy periods have nearestneteorological st@n in theperiod from

shown to be crucial for landslide initiation, and1958 to 2015the average annuahinfall was

all landslide appearances occurred after Iong 567 mm with amaximumof 2.339 mm and the
periods of heavyainfall (Benac et al. 2011). minimum amount of 832 mm recorded 1860

Examples of recent landslides flysch slopes and2011respectively

:ngggecri] afteL;%WI_?c;nthst_ofer;giv% rmmrr?brer Precipitation measurements obtained in the
€ Lrohovo sligereactivaedin Decembe period from September 2013 unti#t February

|1:9?)6’ anc;tmhg \L?ritljs;ggga;)ctlvatecthnl 2014 were used to define the flux boundary
ebruary 4Benac et al. aroanas et al. - o,ngition in numerical analysis. Hourly rainfall

2014, 2017.)W_ith the residual soil present at themeasurements were collected with the tipping
slope surfacd]irectly exposed to the atmospherebucket rain gauge installed at the neathg

conditionstheVa | i 1 i waschodens thed Brohovo Landslide (Arbanas et al. 2014)
investigation site for a comprehensive study o

ra_lnfall-lnc_juced_ landslides i fIysch dep(sssn- Tablel. Mean values of the basic properties of the re-

with consideration of unsaturated soil mechanicgjga| soil samples usedihi s st udy (Per

principles. A novelty of this study consists in2p18)

consideration of hydrmechanical properties c;M;S;G (%) LL/PL/PI Gs USCS

governing the transient process of rainfall (%) 0)

infiltration into the slope and affecting the slope 30.3;53; 10.4; 6.2 44/24/20 2.7 CL

stability statehrough time.
According to the test results obtained forr,peo Natural water contentwy) , dry Jdensi

samplescollected ata superficial part of the gegreenf saturation (S), and volumetric water content
landslide body investigated materiatould be (d) of-suficesoihear

classifiedaslean clay (CL) with prevailing sit July 2017
size particle§ Per ani | .ldentificaton Depth 8)  wn Jd S d
tests suggest very similar granulometric (m) (%) (glem®) (%) (cmileny)
composition and consistency limitef the  surface 165 / / /
material covering the slope surfaceSince the 0.120.17 153 154 544 0.23
later have shown to reflect water retention and0.320.37 163 153 576 0.25
hydraulic conductivity features of the soil, the 0.5-0.62 131 165 56.1 0.22
identification test results dicate presumably 0.870.92 113 160 44.1 0.18
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A.1. Investigation by laboratory tests

Figure 1 reveals that the cumulative rainfall 100 1200
amount of 1.164 mm was recorded for the
considered period. 75 900

600

3 SOIL-WATER RETENTION CURVE

AND HYDRAULIC CONDUCTIVITY o5 | 300
The soitwater retention characteristics of the soil
wer e investigated by o 0 18)

1.9.2013 1.11.2013 1.1.2014

Measurements performed by using differen

devices and measurement techniquesini-
tensiometers, axiganslation techniquanddew
point potentiometenyvere combined to determine

thecompleteSWRC, both for the desorption and

adsaption process, and under different net
vertical stress values.

A nonlinear regression analysis was
performed on the obtained results to define
bestfit parametersf the van Genuchtén&l980)

(1) and Fredlund and
equationsummarized in Table:3
- —— (1)
— 07 2

wherea, U, n, andm are constants, ar@d ( ys)a
correction function defined as

Or

P ©)

andr
residual water content;.

Table 3. Best fit parameters ansumof the squared

residuals(® (Peranil et al .
VG SSR(») P, ) . |
drying 0.00049 0.028 0.004 1.186 0.323
wetting 0.00021 0.011 0.005 0.973 0.348
F&X SSR(») F, ) . |
drying 0.00039 178 300 1.073 0.907
wetting  0.00022 254 284 0.859 1.053
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(MPa)a constant related to the suction a

I Daily precip. (mm/24hy=—— Cumulative precip. (mr
Figure 1 Daily rainfall measured from 1 September to
14 February 2014.

Thesaturated coefficient of permeabilif =
4.60E08 m/9 measured with the constant head
method on undisturbed samples in the
conventional triaxial apparatu28-WF4050
(Controls S.p.A.) and the van Genuchten (1980)

RC equation, parameters obtained f Vw]%
wtir{b %r cess (Nefe&é%r%b}ned?tgiegtimge
unsaturatéd hydraulic conductivity function

(UHCF) of the soil used in numerical
simulations.

4 NUMERICAL ANALYSIS

The GeoStudio (GEGLOPE International,
Ltd.) software suite wasmployedto perform
numerical analysis of rainfall infiltration and
slope stability. Two modules of the noted
software were combined to determine the
influence of the rainfall infiltration andhe
Unsaturated zone on thatate ofslope stability
through time.

Holq Milt_ration analysis

The 2D finite element softwaremodulus
SEEP/W was used tdtain porewater pressure
distributions in geotechnical crgssection for
defined material properties, initigllCs) and
boundary conditionéBCs).

Porewater pressure distribution carbe
obtainedfrom defined SWRC and UHCF, by
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Rainfallinfiltration and stability analysis of an unsaturated slope in residual soil from flysch rock mass

solving the 2D transient seepage equation based Discretization of the domaiwas performed
on continuity consi de witht aubomaically nggnefatad aiystiusturédda w :
pattern of quadrilateral and triangular elements,
—Q— —T— & ” o (3 With an approxnate global element size of 1m.
Additionalfour regions0.5 m hgh, parlel to the
. - - terrain surfacenvere ceatedin the neaisurface
where Qis the total head Q) and Q are the  ;one of the numerical model tobtain finer
coefficients of permeability respective the gjscretization inthe part of the domain where
water phase, andt  represents the water storagejmposed BCs cause changes to occur more
modulus obtained by differentiation of the rapjdly.
SWRC-d (Fredlund et al. 2012). Figure4 presents thehangs in thedegreeof
Collected hourly rainfall data were used tOsaturation and poreater pressure in theross
define the fluxBC along theslope surfaceq  section at sampling pit location (indicateith a
(m¥s/n¥) vs. time (days) showmn Figue 2 plack line in Figure 3) during 167 days of
Generation of the positive pore water pressure ogimulation. 0 sec refers to the starting conditions
the slope surface due to @xcessive rainfall jn sjmulation obtained by defined ICs which
intensity relative to the infiltration capacityas could have existed on 1 September 2013
disabledby usi ng the fpo taecBréirigad the Si@deobser¥aions! labertory
r e vi e woThesapetageavorking level of the measuremats, and previous slope stability
V al istbrage was considered by applying analysis. Obtained results indicate slow
constant water total head equal to 228 m asl oglissipation of the matric suction during the first
the right side of the modet the toe of the slope 130 days of simulation, following by the rapid
According to thebackanaysis resultsshown in  jncreaseof pore water gessure from the 15@iay
Figure 3 the slope becomes unstable when thef analysis. From the start of tenulationup to
sliding mass becomes fully saturated, with tthe 110 day, the GWL increases for only about
GWL reaching the slope surface almost at tham_ Rainfall infiltration causes further rise of
entire sliding mass.Arbanas et al. (2017) the GWL for 1m inthe following 20 daygeriod
obtained similar results by using the sheagnd 2 meters from the 1%8@o the 150" day of
strengthreduction methadThe ®@rresponding simulation. During the last 17 days of analysis,
value of 301.8 naslwas used as a constant watekhe GWL increases for around 5 m, reaching

total head as the BC for the left side of the modegimost the ground surface in the selected profile.

6,E-06

L5 4.2 stability analysis
The SLOPE/W modulus with implementing
1,0 limit equilibrium method (LEM) was usketo
perform slope stability analysis. The SEEP/W
transient infiltration analysis results saved after

4,E-06 |

2,E-06 [-§g

05 every 24h of simulation were used to define pore
water pressure distribution in slope stability
0.E+00 & 3 0.0 analysis.

0 30 60 90 120 150 180 Total of 167 porevater pressure distributions
Elapsed time [d] was introduced into the SLOPE/W modulus to
—e—Rain flux, a Im"3/s/m"2] Cum. RainIm~3  calculate the factor of safety (FoS) values using

Figure 2 Flux boundary condition derived from the the Morgenstern and Price (1965) method (Figure
hourly rainfall measurements collectedsitu. 5). Obtainedresults provide information about
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A.1. Investigation by laboratory tests

Figure 3 Critical slip surface and groundwateonditions according to the slope stability beakalysis.

10 R T the temporalchange of theslope stability state
g R e }}f pi caused by rainfall infiltratiorStarting S value
£ 1 T = S /.7 n of 1.6 cqrrespond to the appl_ledICs and BCs
8 = 10 days \’\\\\\* / Pe defined inthe SEEP/W analysifReduction of the
£ 6T+ 3Mdays N1 I FoSvalueis resulted by thénfiltration process
D " 50 days \\ *ﬁ\ “\ and its effects inside thensaturated zon& was
al ;gjﬁ - expected that the shear strength component
+ 110 days LN asseiated with the matric suctionomld affect
2L+ 130 days b only thestartingabsdute FoS value whilein the
‘ 1:2 333"3 W following stages of the rainfall simulation should
0 i § have decreasingffects on the slope stabilitgue
0.7 08 0. 1 to the disgbation of the matric suctioin the
0 Degree ofﬂSa_tur_aﬂon ;mﬁT SlOpe crossection
I N 5 eV T T T T
E | om Sof (A g ~ i
§ ol oo e L 2 LB TN
e s 50 dai L\*,‘L\ L § : : ; . :
B o -l S B S B
10 day L IS R
e el I S e A
" 150 days B i i i i : :
o | 167 days Ly oo L 1 00
300 200 100 0 100 0O 30 60 90 120 150 180
Water Pressure (HPa) Elapsed time [d]

Figure 4 Degree of saturation and powater Figyre 5 Change of slope stability state through 167
pressurechange obtained from the numerical model. gays of simulation.
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