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Abstract. Landslides triggered by rainfall are very common phenomena in complex tropical environments such as
the ColombianAndes, one of theegionsof South Americamost affected by landslides every ye@urrentlyin
Colombia, physicallybased methods for landslide hazard mapping are mandatory for land use planning in urban
areas. In this work, we perform probabilistic analyses with r.slope.stability, a spatially distributed, phlgagady

model for landslide susceptibility analysisadable as an opesource tool coupletb GRASS GIS. This model
considers alternatively the infinite slope stability model or the 2.5D geometry of shallow planar arseateep
landslides with ellipsoidal or truncated failure surfaces. We test the motied iLa Arenosa catchment, northern
Colombian Andes. The results are compared to those yielded with the corresponding deterministic analyses and with
other physicallypased models applied in the same catchment. Finally, the model results are evaluastchaga
landslide inventory using a confusion matrix and Receiver Operating Characteristic (ROC) analysis. The model
performs reasonably well, the infinite slope stability model showing a better performance. The outcomes are,
however, rather conservativegipting to possible challenges with regard to the geotechnical antlygeaulic
parameterization. The results also highlight the importance to perform probabilistic insteadinfaddition toi

deterministic slope stability analyses.
1. Introduction

Landslides caussubstantiahuman and economic lossegery year(Kjekstadand Highland, 2009; Petley, 2012;
SchusterandHighland, 2001)According toDilley et al. 005) the worldwide area exposedlamdslides is around
3.7 million kn?, where 66 million people live ithe 820,000 km identified as the highisk zone.Petley (2008)
mentioned that in 2007, 89.6% of the fatalities due to landslides worldwide were related to-traggieded
landslides Although economic losses tenddoncentratén industialized and developed countrigse numbers of
human fatalities and affected persons highestin densely populated, less developed countfietley, 2012;
SepullvedandPetley, 2015)
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Landslides triggered by rainfall are a frequent phenomenon in mountainous (i€éeedier et al., 1987; Van Westen

et al., 2008; Varnes, 1978n tropical environments and complex terranch as the Colombian Andeshigh
percentage of landslides are triggered by heavy or prolonged réirdalMWesten and Terlien, 1996; Terlien, 1998)
Specially theshallow landslides triggered by rainfall are very common phenomena in Colombia, where hillslopes are
characterized by deep weathering profiles and are subjectedddspef intense tropical rainfglAristizabal, 2013)
Colombig due to its locatiorin the northwesern corner of South America, exhibjtsomplex geographical and
hydro-climatological features arising from its tectonic setting and equatorial location. The mountainous configuration
is the result of the Caribbean Plate movsogithwestward relative to the South American Plate and the eastward
subduction of the Nazca Plate beneath the northern Andes along the western margin of Gileliobi etal.,

1995; Taboada et al., 2000; Trenkamp et al., 20R&@nfall in Colombia is highly intermittent in space and time,

due to link between the hydimatological conditions and equatorial location, rainfalliifluenced by the
atmospheric circulatio patterns over theeighboringropical Pacific Ocean artieCaribbean Sea and the combined
hydro-climatic and ecological dynamics of the Amazon and Orinoco béRBmsedeet al.,2007)

In Colombia, landslidgrone regions are densely populated. As a consequence, hundreds of fatalities are associated
with landslidegriggered by rainfalevery yeanSancheznd Aristizabal, 2018) Being one of the countries most
affected by landslides in South Americheteforethere isa strongsocialand economimeedto include landslide
susceptibility andhazard zoning in landseplanning to reduce landslide fatalities and economic losses.

According to theEmergencyEvents Databas®(11) Colombia is one of the &th American countries witmost
landslides. In the period between 1901 and 2017, 45 landkidstersvere registered with 3,619 fatalities, 78,395
people affected, and economic losses of 2.4 milli@DUIn the Global Landslid€atalog Colombia has 87 entries

with a total of 464 death&irschbaumet al, 2015)from 2007 to 2013The Latin America and Caribbean landslide
database has compiled a record of 110 fatal landslides in Colombia between the years 2004 and 2013 with a total of
880 deathswhereColombia is the country with treecondhighest number of fatal landslides in Latin America and
Caribbean, only Brazil shows a slightly higher nunmifdéatal landslides(19) (SepulvedandPetley, 2015)Mergili

et al. (2015) expose that Colombpécording to EMDAT, presents victim/event ratio of 784 (3171/41) and is

only exceeded by Peru and Ecuaitiathis respect. Howevehé EMDAT databasenly consides events withhigh
numbersof fatalities actually, the real number d¢atal landslides is much highel(Aristizabal and Gomez, 2007;

Mergili et al, 2015)

Landslide susceptibility assessment can be determinegdidditativeor by quantitativemethodgCorominas et al.,

2014. Qualitativemethodscorrespond to owledgedriven approachedasedentirely on the judgment afxpers

using geomorphological criteria in the figddan Westeret al, 2000) Quantitative approacheseasubdivided into
datadriven methodsand physicallypased models. Statisticak datadriven methodsevaluatethe relationship

between landslides and causative factors to predict the landslide spatial prot@ailira, 183; Gorsevski et al.

2000; Lee, 2005; Leand Pradhan, 2007; Suzesnd Doyuran, 2004) Physically based models folandslide
susceptibility and hazard assessment of detailed areas include the interaction between hydrology, topography, soil
properties, and in some cases, vegetation in order to understand and predict the location and timing of landslide

occurrence. Suchodelsgenerally compute slope stabilitysing the Factor of Safetf¥¢S. FoSis given by the
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dimensionless ratio between the resisting forces and the driving fiir@esand Fredlund, 1993)Most of the

75 physically based models available in the literature d¢hoih the limit equilibrium concept and the assumption of a
planar slope of infinite length with a potential failure surface parallel to the topographic $@fi@oandChameau,
1983; LamandFredlund, 93). However, the infinite slope stability appadais proposed only for shalloywlanar
sliding surfaces in frictioidominatedsoilsand fails to capture the complexity of desgated landslide phenomena
(Bishop, 1954; Carson & Kkby, 1972; Crozier, 1986; Duncan & Wright, 2005)

80 Limit equilibrium models have been extended to thdmeensional (3D) failure surfacegeometric shapes such as
spheres or ellipsoids represent fanar slip surfaces in a much betteay andare important to consider in areas
of complex lithological conditions dior soils with high cohesion value¥he first 3Dslopestability model wa
presentedby Baligh and Azzouz1975) Later, ChenandChameau (1993Jeveloped a method smalysecohesive
and frictional slopes with different pore water conditidbennhardt and Forst€t985)proposed a method using an

85 ellipsoidal slip surfaceKalatehjari and Al{2013)carried out a review of different 3D analysis models in which they
exposed the fact that many of the methods considered the slope and slip surface as symmetrical shapes in order to
determinate the static condition of equilibriudovland (1997)presented a method for cohesive and frictional soils
based on the Fellenius meth@ellenius, 1927)In this approactthe forces that act between columns are disregarded
andFoSis determined by normal and shear forces thaatabe bases of the columflsam andFredlund, 1993)

90 AlthoughFoSrepresents a quantitativeand seemingly objectivieapproach to evaluate slope stability, it has to be
used carefully. Authors such a Kirsten (1983) mentiat different values dfoScould be obtained from slopes
with equal probability of failureSeveral software packagasse this concegor 3D slope stabilityanalysis, e.g.
STAB3D (Baligh and Azzouz, 1975) 3D-PCSTABL (Thomaz, 1986)CLARA (O Hungr, 1988)and TSLOPE3
(Pyke, 1991)Most of these models inclug®me limitations reducing the accuracyralS obtained(Stark, 2003)

95  One of the most important limitatiofsthat they were designedaaalysesndividual landslides or slopes; thesea
not appropriate foregionalor catchmentcaleslope stability analysgMergili et al., 2014). A few 3D (or, strictly
speaking, 2.5D) slopstability models in Geographic Information Systems (GIS) have been used for landslide
susceptibilitymapping(Carraraand Pike, 2008; Qiuet al.,2007; Xieet al.,2003) In terms of scale or spatial
resolution, physicalhbased models are suggested to be applied tedoae study areand their results are strongly

100 influenced by the level of detail in the input dgfézioli et al., 2013) whereas datdriven approaches are
recommended for broadecale landslide susceptibility analyggan Westeret al., 2006; Corominas et al., 2014)
In fact, the implementation of dathiven methods or physicallyased models for the incorporation of landslide
hazard mapping into land use planning has been regulated in several coRetély, the.slope.stability model,
a G and Pythorbased raster module in the opsurce software GRASS GI&RASS Team, 201%as been
105  proposed. The Hspestability model considers the D5geometry of the sliding surface fanalyzinga number of
randomly selected potential slidisgrfaces that are ellipsoidal or truncated in siidergili et al., 2014, b, and
also offers an implementation of the infinite slope stability model.
In Colombia, according to ¢hDecree 1807/2014he implementation of deterministic or probabilistic physically
based methodareobligatoryin urban and urban expansion areas, whestadistical andknowledgedriven models

110  areonly permitted for rural areas.
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In order to meethis requirement, we have to obtain a more detailed knowledge on the suitability of the available
physicallybased landslide susceptibility models, with the final goal to use model ensémbleler to obtain a
broader, more robust picture of the landskaisceptibility conditionsVe think that.slope.stabilitys a suitable tool
for calculation of unstable areas in tropical environmecossidering shallow planar and desgated ellipsoidal
failure surfaces. Consequently, the scientific aims of tlesgmt study are (i) to evaluate the suitability of
r.slope.stability for physicalipased landslide susceptibilitpapping in tropical mountainous terrain, and (ii) to
identify itsfit with other potentially suitable modelselping to learn about strengtHimitations, and uncertainties
Following these aimswe present gorobabilistic analysis of slope stability in GIS famodéling landslide
susceptibility in a tropical and mountainous environment using thee.skability model. Thisnodel & evaluated
using alandslide inventory prepared after a major and destructive rainfgered multlandslide evenin the La
Arenosa cathment or21l Septembet990. A quantitative performance evaluatafrthe model by ROC analysis i
carriedout. The resultsra compared witlthose obtained througthe corresponding detainistic analyses with
r.slopestability, with  SHALSTAB (Dietrich andMontgomery, 1998andwith SHIA_Landslide(Aristizabal et al.,

2016) which representa new model developed ftnopicalmountainous terrain.
2. Study area

ThelLa Arenosa catchment, with an area of 9.F kimlocated on the nortivestern side of the Colombian Angas
1000 1900 m above sea lev@felasquezand Mejia, 1991 Aristizabaletal., 2016§. The climateis tropical humid
with a mean annual temperature of 23@ a mean annual precipitation of 4,300 .rktowever, precipitation is
highly variable between the different seasa@ma]between different year§he annual cycle of precipitation shows

a bimodal period of rainfall (intesnnual scale) with rainfall peaks in the months of April (450 mm) and October
(600 mm)(IDEAM, 2010). Rainfall often occurs in the afternapand at night in the form dfeavy rainstormor
cloudburss of short duration(Aristizabal et al., 2015; Garcia, 199%)ost of the landslidesin the catchmenare
triggered bysuch eventsind by the variation ajroundwater level due to antecedent rainfall conditiomdich is
decisive for the occuence of landslide (Fressard et al., 2016)

Although tenaturalvegetatiorof the La Arenosaatchmentvould correspondo very humidpremontane forest, all
the primary forest has beeemoved and thelandsareexclusively dedicated to agricultunase In the highest and
steepest parts of the basin, the predominance of coffee sug@scane pastures andery small areas of secondary
forest is maintainedhis situationis considered dactor that influences the stability of the slopes in the catchment
(Aristizabal, 2013)

Residual soilsvhich have evolvedrom grarodiorite rocks covered by slopgke p o s i t s-toreentidl dgpasitsi o
are characteristic for the arezlope deposits cover apprad% of thecatchment. Strong isitu weathering occurs
due to chemical decomposition in the humid tropical clinfafelasquezand Mejia, 1991) Indicators of rapid,
extensiveandprogressive spheroidal decomposition of the graamé®bserved down to amverage depth of 30 m.
The saprolite is fairly well gradedits textureis described asandy silt or silty sand with some gravel and a small
fraction of clay. Relict joints in the parent rock gpeeserved in the saprolite. They facilitate preferential flow and

therefore strongly influence the observed hydraulic conductfitile surrounding soil matrigNTEGRAL, 19909
4



150

155

160

165

170

Aristizabaletal., 2015. The matrix-supportedslope deposits afermed bybouldersof granite residual soils, and
vegetation debrigAristizabaletal., 2015) Slope deposits generally accumulate at foot slopes or in gullese
usually poorly consolidatedepositsare the consequence of past landslides. Their contenbbies andbouldes is

high, andnatural soil pipesre commorfVelasqueandMejia, 1991)

On 21 September 199the La Arenosa catchent was strongly affected by a rainfall event of high intensity and
short durationin less than 3 hours, 208 mm of precipitation, with a maximum intensity of 9B ywasrecorded
within the study area, triggering approximately 800 landslides. Basetihe intensity-durationfrequency (IDF)
curve, a return period of 200 years was estimated for this veldisquezandMejia, 1991)

The strongainfall in the catchment, imposed upogemeral saturation of the soitsarugged topographyriggered

a series of almosimultaneousotationalandtranslationalandslidesn the catchmernHermelin @ al., 1992 Garcia,

1995) A total of 699 landslides were identified and mapped in the La Arenosa catclioesmtver if the inventory

map is very precise on the locations of events, there is no information availablepehidits the differentiation
between translational and rotational landslidescording toVelasquez and Mejia (1991nost of the landslides
started as shallow translational slides and transformed into debris flows, from very to extremely rapid with high water
content (Fig. 1)The landslide bodies wesenall with respect to the flow length, and the slip surfaces were parallel
to the slope surface. The majority of the landslides initiatéhin residual soils in hollows and open slopes with a
slope steepness ranging from 35° to A28lasquez and Mejia, 199The same authors describidt the depth of
failure surface was less thamBand corresponded to the contact of the residual soil with the saproli

The population was strongly affected:fa@alities were counted ar&b0peoplehad to be evacuated, 27 houses were
destroyed and 30 damagexhd so werseveral bridgegHermelin et al., 1992Aristizabaletal., 201§. Estimates
arrived at nore than 6 milliorlUS$of total loss

INTEGRAL (1990)with Velasquez and Mejia (1994halysed a set of aerial images and conducted a detailed field
survey to produce a detailed landslide inventory for the event. However, itovésasible to generate a complete
inventory of landslides for the entire catchment as aerial photographs and topographic maps were not available for
an area of approx. Rm? Only the area covered by the landslide inventory was considered for this study,

corresponding to an area of 7.6 km2.
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Figure 1. Landslides scars inventory database according to landslide inventory. The area with a red line does not
have landslide inventory. The plot of a nonlinear surface. Source: Adapte@ROEGRAL, 1990; Velasquez
andMejia, 1991)

3. The r.slope.stability model

180 The r.slope.stability model is &lIS-based, free, and opeswource slope stability modielg software
(www.slopestability.orl developed byMergili et al. (2014, b) as a € and Python based rastemodule of the
GRASS GIS software packag@RASS Team, 2019 hetool is able to take into account planar failure with an

infinite slope stability module and a slip surface module
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For shallow and planar landslides, r.slope.stability includes a classic infinite slope stability approach. For the infinite

slope stability angsis, Sacts parallel to the shear plane and seepage is considered parallel to the slope. For ellipsoid

shaped slip surfaces, in contrasis generally not parallel to the shear plane of the columns, even if it is parallel to

the slopgMergili et al., 2014b) The infinite slope stability model is run independently from the ellipsoidal failure
surface analysigzoSns for each raster cell is calculated accordingtp(2).
"O¢ Y © %P : Oweﬁ:b e h ¢
Oweén Y
where is the slope angle of the slip surface (corresponding to the inclination of the terrain).

The slip surfacemodel considers the 25geometry of the &ling surface and evaluat€é®Sor the probability of
slope failure Ps) for many randomly selected potential ellipsoidal or truncated slip suiflaice®). Each raster cell
can be affected by various slip surfaces and is characterized by a unique VaSeoP; for each raster cetif the
study area. Therebyhe lowest value dfFoSor the highest value &% out of the values for all the sliding surfaces
touching the celis considered relevarithe model permits the users to impose restrictions with respine width,
length, and depth of the ellipsoifderqili et al., 2014a, b)

Theslip surfacamodelused in r.slope.stabilitgepresents a revision and extensibthe 2.D sliding surface model
of Hovland (1997)Xie et al., 2008 The calculation oFoSis based on the basic principle of equilibrifiag. 1).
B od "Onéfli 0 0d:wéi i

B "0Oi Q¢ Y w§i

where® is the effective cohesion (N-fy "@ds the weight of the moist soil (N), is the inclination of the slip

0¢ Y

surfacee is the effective internal friction angle, is the apparent dipf the slding surface indirection ofthe

aspect) ) and"Y(N) are the contributions of the seepage force to the normal force and the shear force, respectively,

andA (m?) is the slip surfacarea assigned to each column. kelumn forces an@xternal forcege.g seismic
loading)areneglectedMergili et al., 2014, B. Theslip surface modes furtherbased orthe model oKing (1989)
in which thedirection of theseepage force[ corresponds witthe direction of the hydraulic gradient, approximated

by slopeand aspeadf the groundwater table.

Both the infinite slope stability model and the slip surface model can be used for a probabilistic analysis, applying a

range of geotechrét parameterscl, (i6 ) and t he dept h Wihfrslopehstbilify aain beuusesl
rectangular, normal, legormal, or exponential probability density functiofitie result is a probability of failure
(Py), representing the fraction tdsted peameter combinations yieldirfgoS<1 (Mergili et al., 2014).

Note that, in the present work, wiginobabilisticmode| we always refer to the random variation of the geotechnical
parametersThe slip surface model includes a probabilistic component where the dimensionetiptuoeds are

randomly varied fothe computation ofoS

sur
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Figure 2. The typical ellipsoid used, slip surface with a mlocblumn in r.slopstability, typical weathering profile

of tropical environments and complex terrains. Source: AdaptedArtizabal et al(2016 and Qiu et al.(2007)
4. Data and procedure

The input of the r.slope.stability model consists of a Digitatain Model (DM), spatial datasetsf the mechanic
andhydrauliccharacteristics of the study areend finally the restraintsnposedto themodelby the userbased on
the knowledge of the study area. A BTwith a spatial resolution of 10 x 10 m was provided by the Instituto
Geografico Agustin CodazzA soil thickness m@awas built using interpolation, employing an empirieddtionship
between soil thickness and slope angléhe studyarea(Aristizabal, 2013; Catani et al., 2010; Thiertyal.,2019)
Thecomputedesidual soil depth rangéd®m 1 mto 2.8 m.

The La Arenosa catchment is basically composed of dwibtypes alluvial and residual, with properties strongly
related to the parental materid@GAC, 2007) Alluvial soils cover 6/% of the total area; they correspond to
quaternary deposits composed of alluvial sedimeihisoderate deptHimited by the presence of fragments of rock
and gravel. Residual soils cover 93.3% of the total area;ateyerivedrom igneous rocks such as granites and
guatz-diorites. The residual soils are medium to fine textured,-graihed, in some casebaracterizedy gravel

or stones in the profileThese soilhave deep weathering profildepending on parent rock lithology and local
conditions,partly reaching dowro a depth ofl00 m (Aristizabal et al., 2005; Suarez, 1998he geotechnical
parameters were obtained based on studies and laboratory tests carried out in La Arsetésghgzand Mejia
(1991) For the residualdails, cohesion values range between 5 &R@l2.5 kPa, whereabeinternalfriction angle

of the soilranges from 16° to 24°. The dry unit weight ranges from 14.3 to 14r8kNNo geotechnical laboratory
tests are available for the alluvial deposits; however, they show very gentlegdopeally not prone tiandsliding

the cohesion and friction angle values witrereforeassumedased oniteraturevalues(Ameratungeet al.,2016;
Aristizabal, 2013; Aristizabadt al.,2015; Geotechdata, 2013)
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Table 1 Geotechnicaparameter®sf La Arenosa catchment from laboratory tesiss s peci yc wei ght
c'=effective cohesiorlj'= effective angle ohternalfriction andds =saturated water content minimum and maximum

values forc' and{' presented

Alluvial soil Residual soil
ds (%) 25 40
2 (KN/m?) 17 14.9
' (KN/m?) 1(0.61.4) 5(37)
G () 34 (3038) 24 (2127)
Depth (m) 2528 1.2-2.8

Adapted from(Aristizabal, 2013; Aristizabal et al., 2016)

The r.slope.stabilitynodelis appliedwith theprobabilistic approachnd deterministic approaébr comparison \th
othermodels tested in the catchmdatbth aeused in combination witthe infinite slope stability model and the slip
surface model, resulting in a total of four model riRectangular probability density functions fr(', andthe soil
depthd (m) ae casidered for the probabilistic analysis. The rectangular distribution is suitable for representing
random variables which have known upper and lower bounds and an equal likelihood of occurring anywhere between
these bound&-entonandGriffiths, 2008) For each parameter ((i', andd) we usea sanple size of ten values, which

are randomly selected from the rangeJ @ble 1

With the infinite slope stability modekoSfor each raster ceib calculated with respect to the bottontlud soil.

The analysis withruncatedellipsoidal failure surfaces iperformed in gprocedurewith 1000 simulated surfaces
touching each cell. Preliminary tests have indicated that this value represents a good compromise between
computational efficiency and accuracy of the results. Each ellipsoidal slip surface is defined by the esmfiihat
centre and the variable lengths of the three-dvadfs, the aspect, the inclination and the offset centre above the terrain
the failure surfacedcludewidths between 10 and 100 m and lengths between 10 anth2@th a maximum
truncated depth of 2.8 m.

Quantitativeevaluationof the empirical adequacy of theslope.stability modelesultsareaccomplished through
confusion matrix andn ROCanalysidor the continuous outpLEach raster cell ofdihthe observed data (inventory)

and the predicted data (model resigtiassigned to one of two classes: stable (no landslide mappgeaSa1,
respectively) or unstde (landslide mapped é10S< 1, respectivelyFawcett, 2005)The overlay of theclasses is
known as confusion matriwhereeachrastercell isassigned to one dbur classestrue positive §bservedinstable

cell ispredictedas unstable), true negativabservedstable cell ipredictedas stable), false positiyebservedtable

cell ispredictedasunstable) and false negativebservedunstable cell ipredictedas stable)

The gatistical indexesneasuringhe performance (Table 4) attee true positive rater hit rate(TPr) is defined as

the ratio between the true positives and the observed positivesughegative rate @pecificity (TNr) is the ratio
between the true negatives and the observed negafivesalse positive rater false alarm raté~Pr) is defined as

the ratio between the false positives and the observed negatives, and the positive pvadligfiatéso called the

9
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precision, is the ratio between the true positives and the total predicted pd#itigtizabaletal., 2015 20186.
Evaluation only considers the area covered by the landel@atory. The ROC analysis plofBPr against=Pr for
various threshold levelof P;.

r.slopestability is compared with the SHALSTAB and SHIRandslidemodelsto evaluate theonsistency of the
results The SHALSTAB model, developed tontgomeryand Dietrich (1994) applies a topographic index to
estimate the saturation of themil as a function of rainfall infiltratiarThis procedure builds on the assumption that
surface topographgan be useds amainindicator oflandslide susceptibilityAristizdbaletal., 2015) The model
employs the hydrological model TOPOG which uses statatg rainfall and an infinite slope @mpach for the
geotechnical componert O6 L o u g h |. SHIA Larddide 6 a physicalljpasedand conceptual model,
developed byAristizabal et al(2016) for computing positive pore pressure changes as well as the resultingschange
in FoSdue to rainfall infiltration, coupling a stiributed hydrological modetith a classical infinite slopstability

model.

5. Results

The results using the deterministic analygith the infinite slope stability modéh r.slope.stability are shown in
Figure3A, whereas the results obtaingith the slip surfacenodelare shownn Figure 3B, both of thenin terms of

FoS Table 2shows the confusion matrix calculated by comparing the deterministic analysis results with the scars
the landslide inventory mapor the infinite slope stability modelnstable conditions witkRoS< 1 are shown for
79.2% of the catchment area, whesemly 10.5% show acceptablgtable conditions witlroSvalues> 1.5; these
areas correspond to the lower parts of the catchment formed by alluvial sediments with very gentlgVglopes.
regard tahe slip surface modeB4% of the @atchment area shokoS< 1, and only5.8% showacceptable stability

conditions withFoS> 1.5.

10
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Figure 3. Landslide susceptibilitynap computed with r.slope.stabilit. Infinite slope stability modeB.
Ellipsoid-based model

295 Figure 4 illustratesthe results of the probabilistic compant of r.slope.stability used with thefinite slope stability
model Fig. 4A) and with theslip surface mode(Fig. 4B) in terms ofP:. This probability is computedas the
proportion ofparametercombinationspredictingFoS< 1.0 at a specific raster celllable 3shows the confusion
matrix calculated by comparing the probabilistic analysis results with theisddes landslide inventory mapo
define the criticaPs thresholdsthe distance to perfect classificatiparameterr) proposed byMedinacetinaand

300 Cepedq2010)is used:

i o001 p YOI o
The threshold values yielding the lowest value,dhdicating the best model performance, are used to discriminate
between predicted positive and predicted negative cells. We are fully aware that this is a purely statistical optimization
approach, not reessarily meaningful from a geotechnical point of viean issue that will be further elaborated in
305 the Discussion.

11
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Figure 4. Probability of failuremap computed with.slope.stability A. Infinite slope stability modeB. ellipsoid-
based model.

310  For the infinite slope stabilitynodela minimum value ofi = 0.31is obtained foiPs = 0.96, whereas for the slip
surface model a minimum value of= 0.46 isobtained foP;= 0.99. For the infinite slope stability model, unstable
conditions withP: > 0.96 are shown just for 30.5% of the catchment area, whereas 69.5% show stable conditions
(FoSO 1 3601%00f the catchmerdlisplayvalues ofPs > 0.99 according to the slip surface modeherea$3.6%
displaystable conditionsUnstable hillslopesaccording to this criteriorare located mostly in the southern portion

315  of the catchment, where no landslide inventory is available.

Table 2 The confusion matrix for the deterministic analysis

N r.slope.stability (ellipsoicbased model)
Classifier

Pixel Area (nf) Total percentage Partial percentage

Observed landslide areas

TP 2089 208900 2.7% 95%
FN 100 10000 0.1% 5%
Observedhonlandslide areas

TN 17314 1731400 22.7% 23%
FP 56838 5683800 74.5% 7%
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320

325

330

N r.slope.stability (Infinite slope stability model)
Classifier

Pixel Area (nf) Total percentage Partial percentage

Observed landslide areas

TP 2154 215400 2.8% 98%
FN 35 3500 0.05% 2%
Observed nottandslide areas

TN 17326 1732600 22.7% 23%
FP 56826 5682600 74.4% 77%

According to theconfusion matrixthe deterministic analysis ofslope.stabilitycorrectly predict®8% and95% of

the observetandslideareaswith theinfinite slope stability modedndthe slip surface modelespectivelyThe other

2% and5% ae predicted as stable but did experience landsdidesrding to the inventoridowever, br the dserved
nonlandslideareasonly 23% arecorrectly predicted as stable likie infinite slope modednd slip surface model
whereaghe other77%, which ae predicted as unstable, did not faiicording to the inventoryl he deterministic
model is more efficient irtorrectly classifying slopes whe landslide occurred and less efficient at classifying
slopes on which landslides didt occur.With the thresholds af applied in this studyhe confusion matrix for the
probabilistic analysis showsaarrectprediction of 83% and 65% of the observed landslide areas with the infinite
slope stability model and the slip surface model, respectively. The other 17% and 35% are erroneously predicted as
stableaccordingo the inventory. For the observed nlamdslice areas 74% and 70% a@rectlypredicted as stable

by the infinite slope model and slip surface moddpectively, whereas on®6% and 30% are predicted as unstable,
but did noffail.

Table 3. The confusion matrix for the probabilistic analysis

_ r.slope.stability (ellipsoidbased model)
Classifier

Pixel Area (nf) Total percentage Partial percentage

Observed landslide areas
TP 1416 141600 1.9% 65%
FN 773 77300 1.0% 35%

Observed notandslide areas
TN 51623 5162300 67.6% 70%
FP 22529 2252900 29.5% 30%

-~ r.slope.stability (Infinite slope stability model)
Classifier

Pixel Area (nf) Total percentage Partial percentage

Observed landslide areas
TP 1812 181200 2.4% 83%

13



FN 377 37700 0.5% 17%

Observed notandslide areas

TN 54890 5489000 71.9% 74%
FP 19262 1926200 25.2% 26%
335
The area under the ROC curve (AUC) values indicate a good albithg probabilistic result® distinguish between
susceptiblendless susceptiblareasFig. 5). Theinfinite slope stability modelields area under the ROC curve of
0.8 and 0.8 for the determiistic and probabilistic analysegespectively whereas the slip surface mogekforns
worse, but still fai0.73 and 071).
340
Table 4. Statistical indexemeasuringhe performance of r.slope.stability and the other models
Hit rate Falsealarm rate  Specificity o
Precision
(0-100) (0-100) (0-100)
r.slope.stability s ellipsoidal
P & elip 65 30 70 0.06
based model)
r.slope.stability ;s infinite slope
P Al P g3 26 74 0.08
stability model)
r.slope.stability FoSinfinite
- 98 77 23 0.04
slope stability model)
r.slope.stability Fosellipsoid
P vk P 95 77 23 0.04
based model)
SHIA_Landslide 77 24 76 0.07
SHALSTAB 91 42 58 0.05

Adapted from(Aristizabal et al., 2015; Aristizabal et al., 2017)

Table4 summarizes thetatistical indies measuring the performance and prediction of the r.slope.stability model
345  compared to SHALSTARINd SHIA Landslide for the La Arenosa catent.Figure 5 focuses orthe performance
of the area under curve ROC fthe r.slope.stability model compared to SHIA_Lsligk in the La Arenosa

catchmentthe better yielatorresponds to the infinite slogtability model.
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Figure 5. ROC curve models, r.slope.stability (infinite slope stability model) deterministic (8@ andP; (0.82
for r.slope.stability (ellipsoitbased model) deterministic cur¢@73 andPs (0.71), SHIA_Landslide 0.77).

Figure6 compares the results of r.slope.stability with SHALSTAB and SHIA_Landslide for a specific area of the
catchment. SHALSTAB showsore areas classified as unconditionally unstable and umsliablaying similarities

to the deterministic analysis ofr.slope.stability, whereas SHIA Landslidend the probabilistic analysis of
r.slope.stabilitytendto show fewer areas withoS< 1 or with high values ofP:. In summary, tte deterministic
analysis of the.slope.stability modethows considerably higher hit ratesmpared tdhe probabilistic analysis of
r.slope.stability SHALSTAB and SHIA _Landslide However,both deterministic analyses of r.slope.stability show
the highestfalse alarm rates. The major reasanfor this resulti and for the similar patterns yielded with
SHIA Landslidei aremost likely an underestimate of the geotechnical stability of the raktdre neglect of the
effects of vegetation, and/or the overestimate of water satur&@mtechnical testing often performed on material

which is disturbed in the one or the other way, so that the resulting parameters do not necessarily represent the natural
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conditions over larger areas. Roots could lead to some degree of stabilization, and it could aseebet#tion

retaining sufficient water to avoid full saturation of the soil throughout the catchment.

6. Discussion

In this work,ther.slope.stabilitytool was appliedo the La Arenosa catchment, where the models SHALSTAB and
SHIA Landslidehadbeen testetefore(Aristizabal et al., 2015, 2016An ideal model performae simultaneously
maximizesTPr andminimizesFPr. In theLa Arenosa catchment, the failure aessociated wittthe rainfall event
under investigatiorcorresponds just to 2.2% of the whole catchment. Considering this situ&ittdéh STAB tends

to predict more unstable areas fois specific rainstorm, increasing the prediction capacity of the model but at the
same time increasing the false positive erRelated to this aspedfervi et al., (2010gxposethe limitations of
SHALTAB due to the hydrological assumptiaffi®w in steadystate conditions)By contrast, the SHIA Landslide
modelshowsa strong capacity for prediction and a very IBRr. In the case of r.slope.stability, tipeobabilistic
analysis with thenfinite slope stability model replicates the September 21, 1990 event with a very good reliability,
in a much more successful wagmpared to SHALSTAB, and the deterministic r.slope.stabiligpproachand a
similar peformance of SHIA_Landslide with a higher hit rate and a slightly higher valBemof

An important advantage of r.slope.stability compared to SHALSTAB and SHIA_Landslide is the possibility of
carrying out a probabilistic analysis terms of considering rges of the key model parameteBesides
r.slope.stability there are several physibabased models which provide a probabilistic module, such as TRIGRS
(Baumetal., 2008) and ALICE(Thiery et al., 2017)Much more work has to b#evelopmenin thedirectionof to
include the probabilistic analysis and improve the predictive capacity of mdde&sung geotechnical and
hydraulicparameters for large areas is difficult, the@nsuming, and expensivand there is an inherent variability

in parameters associated with lithologgd soil formation processé8anli et al.,2017) Similarly, soil thickness
shows a very high variability and uncertainty. This means there is a lot of uncertainty relatedaczthrgaland
vertical natural variations of soil hyallic and geotechnical parametéhristianandBaecher, 2001)in general,

soil properties show pseuderandompatternratherthan a constant value. Additionally, landslides are more complex
than their representation in the physicdigsed models adopted, and the geometrical and meahparameters that
controlslope stability are not known with sufficient accur@yiffiths et al.,2012; Guzzetti, 2016)

The convational deterministic approach negleaiscertainties in the slopgtability analysis Although theFoS
computation is more likely to identify areas prone to slope failure during a kjxdrno-meteorological eventather
thanto predict the exact locations of specific landsliaumet al.,2010) FoSis often not a reliable indicataf

the slope stability conditiort®ecause it i$ in terms of interpretation abinary valuederived from several uncertain
parameter¢Chowdhury, 200). Thus, considering that physicalhased models are very sensitive to soil properties
and soil depth, the probability distribution of failure is a much better indicatbeesfopestability conditions.
Probabilistic analyses permit the inclusion of natural soil variations in the anblytsidso the mechanism of failure

is fundamental for obtaining adequate resufisthe case of the Septembet, 2990 rainstorm, the infinite slope

stability analysis of the r.slope.stability model using planar shallow failure surfacesastmomis betteperformance.
16
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The results obtained show that the failggametryis most appropriate approximatedy shallow planar surfase
which is confirmed by the reference informati@ven though Hermelin et al. (1992) and Garcia (1995) mentioned
that both shallow and deaegated landslides were observed after the studied rainfall &etasquez and Mejia
(1991)underlined the dominance of shallow landslidHsis alsoagrees with the typef landslidesoften triggered

by short, heavyrainfall events causing a rapid increase in pore pres&rasta, 1998)Such landslides are
characterized by small and shallow, slqgaeallel failure planes (deptdf 0.3 2 m) (AndersorandSitar, 1995)The
displaced material, by means of processes of digtiefaction and rapid reduction of shear strerigtindrained
conditions,develogs into flows that spread downwaféndersonandSitar, 1995; Wan@ndSassa, 2003 histype

of landslide is described Byungret al.(2014)as debris avalanche. In cases where failures occur on slip surfaces
with curved shapes, tlessumption oéllipsoid-shaped slip surfacesould be expected forovide better results. This
indicates the necessity of evaluating a priori the mechanism wfgaihd theemployingthe most appropriateode|

ori if both mechanismarerelevanti evaluate the model results with different sldiasets of the inventarin the
present study, due to the lacking distinction of landslide mechanisms in the inventory at the level of individual
landslides, we applied both the infinite slope stability model and the slip surface model in arolerta broad
range of mechanissn The result of the evaluation against the entire landslide invemésrin line withthegenerally
reporteddominance of shallow translational landslides.

The current version of r.slope.stability does not permit variation of the saturatiomeeaglg thatthe analysihas

to be carried out in either dry or saturated conditionthé.slope.stability model, including the role of the infiltration
process under satted conditions in particularpald strongly improve the model performance in terms of being
more effective in considering local hydrological conditions which govern slope instability profdesgsi et al.,
2014, b, given thathe required data are available.
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7. Conclusions

In this work, wehavepresentdthe results of r.slopstabilityfor the La Arenosa catchment in the Colombian Andes.

r.slope.stabilityis a2.5D slope stability model capable of dealing with shallow and degped landslides triggered

by rainfall. The model wasvaluated witla set obbservedandslides tiggered bythe21 Septembet990 rainstorm,

for which differentslope stabilitymodels hadbeen previouslyapplied Considering theprobabilistic analyses

performed, r.slope.stability shows a high hit rate, suggesting an acceptable prediction cagatitityefareasg3%i

65%) for the infinite slope stability model and the slip surface model, respectiMaiifalse alarm rate iselatively

low for the infinite slope stability modé€26%) andor the slip surface mod€B0%). The areas under the R@Grve

yielded by the probabilistic approach are3d@ the infinite slope stability model and Q.for the slip surface model.

These results clearly suggest a higher performance fasthenption of shallow, planfailure surface (infinite slope

stabiity) model than for the deegeated slip surface model, a finding which is in line with the physical characteristics

of the observed landslides. Despite the generally good model performance, the results were far too conservative,

compared to the observati® meaning that either (1) the assumption of the saturation patterns was inappropriate; or

(2) the geotechnical parameters fed into the model are not representative for the stutiyeasamechallenges

wereidentified for theSHALSTAB model Future stdies shall further elaborate on this issue.

Compared to many other modetsslope.stabilityhas theadvantage that isupportsthe derivation of a failure

probabilityin terms of considering ranges of the key model parameters, instead of fixed 8aleesn any landslide

susceptibilityanalysisgt is necessary to consider tisatil parameterand their spatial variability are highly uncertain

the computation of failure probabilitiés addition toFoSis highly recommendedn Colombia, hazard mapping is

mandatory for use land planning in urban areas. Results like the slope failure probability (Fig. 6F and Fig. 6G) are

considered suitabir this purposeHowever they only represent one step on a long way:

() Much of the landg&e risk in the Arenosa catchment is not so much related to the failure of unstable slopes, but
ratherto the downslope propagation of the mobilized material as debris {Mdelasquez & Mejia, 1991)
Therefore, coupling of the slope stability model results with mass flow simutattsis absolutely necessary
( Mergili et al., 2017; Bout et al., 2018)

(i) Slope failure probabilitie$ or impact indicator indice@Mergili et al., 2017)i neither take into account the
dimension of time nor the firgcale patterns of the geotechnical characteristics of the catchment. Consequently,
thoseresultshave to be interpreted in a relative, qualitative rather than an absolute, quantitative sense. The
combination of these maps with expert judgement is therefore essential to define suitable thresholds separating

the study area into different zones with their individual hazard levels and recommendations for action.

Code availability. The r.slope.stabity code and a detailed manualis available for download at the
https://www.slopestability.orgMergili, 2017)

Data availability. The datarequiredfor thisresearctaredescribed in Sectl. And are not enabled to the public.
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