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Evaluation of rockfalls at a hstorical settlementarea in the Ihhra \alley
(Cappadocia, Turkeysing different methods

Abstract

Rockfalls are one of the masangerousaturaleventsn hilly terrains.This studypresents
the results of an investigation programanalyzethe possibility ofarockfall from a slope
to nearby residdial buildings in a historical settlement aredarious rockfall analysis
techniques weremplementedin the studyfor this purpose.The knematical analysis
revealedthe potential of different structurally controlled modes of failure in the slope,
especially wedge type and block toppling were the most significant Bmé® element
analysissuggested a&table slope considerindhe sdety factor of 2.19 for the existing
geological and geechnical conditions of the studied slope case A possible rockfall
trajectory was determined and located as an input in the 2D rockfall program habed o
field measurement®ifferent shapsand size of blocks weraisedin therigid body model
for a morerealistic numerical simulation of rockfall eventAccording tothe 2D model
results, there was no danger ofkfall for theinvestigated downslope buildingdowever,

to stay oma safe sidea suitablecontrolmeasurewith a specified dimension was proposed
to manageockfalls in the study area.

1. Introduction

Rockfalls areamongthe mostdangerousaturaleventsin mountainous terrainsoad cuts,
quarry facesand coastal cliff§Spadari et al2012). Rockfall isdefinedas"the freefalling
or precipitous movement of newly detaclsegments of thbedrock of any size from a cliff
or other very steep slop€UN Glossary2020. They occur when eock fragment, isolated
rock, or boulder is detached from a steep rock wall, ,atiff slope and then travels some
distance byreefalling, bouncing, rolling, and slidin@ig. 1-a). Since they occur suddenly,
it is not possible tdorecastrock falls in advance Therefore, they pose avege theatto
humans, buildings, and groundworgsyticularly if they are naccuratelydocumentedor
therisk they source(Fig. 1-b). It is necessary to assess ttangerinduced by rockfalto
secureendangered human lives, residential areasl infrastructure in closevicinity
(Dorren 2003) Favorable geology and climate are the mfaictors controllingrockfall

occurrence. Thewclude intacbehaviorof thebedrockfractures in the rocknassgexposure



to weatheringpresence of water, freezitigawing processes, roatedging, andexterior
forces(Attewell and Farmer 1976; Bozollo and Pamini 1986; Giani 1992; Dorren et al. 2006;
%LQEDO DQG (UFPRseroua@Xal. 2012 Some biological mechanical, and
environmental action@.e., seismic activity groundvibrations, porevaterpressure changes
due toheavyrainfall, erosion of surroundingoil during heavy storms, rogfrowth, or
leverage by roots moving in strong windsn alsdriggerrockfalls(Hoek 2007.

In this study, an investigation program was undertaken to figure out rock falls ts lmase
historical settlement area due to a nearby rock slope (Fig. 2). The saadineludeghe
historical Belisirma villge (GuzelyuHAksaray),which belongs t@ special protection area
coveringl4 km length Ihlara vallegnd itssurroundingsThe site hasonly been studied in
terms of geotechnical and rock mechanics perspeadiive few researcherBinal (19969
investigated the instability mechanisms observed in volsadanentary rocks, especially
in the Kizilkaya ignimbrite in the valley. According tbe kinematic analysis ressltthe
studyfound that the toppling failure was the most probable mechanism in a single kitock w
aneroded base and the system of several blocks in the Kizilkaya ignimbrites. The secondary
toppling occurs whean individualblock's base angkexceeds 8and should exceed 1due

to differential setement in the block groups Dah@Comlekciler (200@haracterizedhe
Kizilkaya ignimbrite using the rock mass rating (RM@@)jeniawski 1989 classification

system. They described the rock mas®asd" with a total score of 62.

Tunusluoglu and Zorlu (2009) investigated the rockfall hazard at one of the natural and
historical monuments in the Cappadocia region. In the fieldwioelydescribedhe location

and dimensiomf the movedn-place blockdaving thepotential to fall After determining

the necessaryinput parametersthey analyzel the treat caused bythese blockausing
rockfall software A potential risk map showing the areas under rockfall danger around the
castle was prepared in the stu@ari (2009)developed a stochastic model to estinthte
Kizilkaya ignimbrite propertiessing the Monte Carlo simulation method. He defined the
bestfitting frequencydistributiors for each input parametef the generalized HoeRrown
criterion duringthe simulation process. He found that the strength and mieduitity
parameters of the Kizilkaya ignimbrite could be approximated by asymptotic distnbuti
skewing to larger values like intact rocrlu et al. (2011) considered the effect of the
landforms on the rockfall hazard assessment inCtepadociaegon. They found that

differences in the durability between the horizontal lapéithe slopenere thesignificant



cause®f severerockfall eventsin the regionthe uppermost levels were composed of well
cemented limestones and welded ignimbrites, whereas the lower parts aesinwsop
composed of soft tuffs and naevelded ignimbrites7 D G S O Qa)déveloped variousvo-
dimensional (BP) computer mdelsto assesrockfall hazards in thalifferent parts of the
Ihlara \alley. She found that it was likely tbservedifferent falling scenarios depending
on the block sizes in the Kizilkaya ignimbrite. Ozturk et al. (2@k®posed a loveost and
useful approach fadeterminingorientation (strike and dip) of fractures in a computerized
environment using mobile phones and photogrammetric methods. They applied the proposed
methalology to a part of the Ihlaraalley wheretherock units' columnar structugid not
allow the discontinuity measurements with a conventional surveying meghodcert
numericalstudy bySari (202) in a different part of the Ihlaraalley hasshownthat the
valley's cliffswerehighly susceptible to secondary toppling failurethis process, the soft
basalrock has beereroded due to water and wind erosmrertime (i.e., undercutting),
while the block falls from abovehe hard ignimbritic rockwere observed as a result of
differential settlement and deformatiahthe baseNearly \ertical orthogonal jointsetsin

the upper blockyock mass have a primary rafepromoting thevalley's rockfall activiy.

Itis possible to observe different failure mechanisms in a rock slope with the sdotgagdo
features depending on th@nts' geometric propertseand the slope fac&o better reflect
actual rockfall behavior, it requires a careful characterizatigpgadmetersn the fieldfor
numericalmodeling.Firstly, discontnuity measurementaere performean the rockmass
sourceleading to rockfall on the northeast of the buildiigsterent structurally controlled
failure modes were investigated for #irematical analysidepending on the orientation of
slope and friction angle of the discomities. Secondly, the minimum safety factor was
searchedunder the geological and geohnical conditionsof the slopeusing thefinite
element methodHEM). Lastly, dfferent shapsand sizes of blocks, possibly fallerfrom the
slope due taveak structural planesiere simulated usingt@o-dimersional (2D) rockfall
analysis progranMaximum runout distances, bounce hejginid total kinetic energy of the
rock bloclks weredetermined alonghe assumedrajectoy. Based orthe rockfall danger
zone defined by the® model, a retention wall witha specified location and sizeas
iImplementedo secure the houses in the study area.



2. Study Area

The hisbrical % HOLVOUPD Y L @@DzéMurfo@Ra@adted35km southeasof
Aksaray city This village ispart ofthetouristic lhlara walley, which is weltknowndue to
its historicaland cultural heritagand natural beauty. BHength of thevalley is 14 kmwith
a52 kntarea (U L P G199¥).HasanMelendizmountain range, whiches along the BV
direction and the highest altitude belongs to H&3d&3257 m) is bordered by flalying
plains with an average altitude of between 1100 and 1400Dhenmostsignificantrelief
structure inthe region ighe draimge system ahe Melendiz river on the north flandf the
+DVDQGE+=DQ HW )DThis system cutshick ignimbriteintercalated fluvie
lacustrine sedimentAs a result, canyolike deep valleysvere generallyformed in the
region.The study area's stratigraphy mainly composed date MioceneQuaternaryage
young Vvolcancsedimentaryunits, includingthe pyroclastic rocks of Hasandagi ashes,
Selime tuff, and Kizilkaya ignimbrite.

+DVDQGD+0O $VKHV 7K

+DGDQGD+0 DVKHYV tlieKdddientiaRdepokit®n BA lacsrine sediments and

volcanic products in the area. Rock types in this formation showed vertical and horizontal
transitions. It has a flat topography with a gentle slope. Since it filled the previdases
topography,+ D V D Q G D effér Highili taNable thicknesses in the region. In general, this
formation consists of grayisivhite ashes and lapilli in which the whieplored vitric ash

matrix includes obsidian, pumicend lava fragments in sizes from coagsained sand to

5- FP LQ GLDPHWHU +DVDQGD=+0 DV ketbW tHeRvEsH lank® KfH . L]L O
the lhlara valley.

2.2. 6 HO L#H 7V

Selime tuff, which covers a considerable part of the study area with its light purple to
yellowish-white color, was first named aft&eekman (196f It lies in a narrower band
along the valley starting from the Ihlara toemd outcrops on a broader domain around the
Selime town.Selime tuff is recognized with Neogeaged fairy chimneysa spectacular
badland landscaper Turkey's Cappadocia regioRairy chimneys arespecificlandforms

that originatedrom differential erodingof pyroclasticlow deposits consisting of a very

poorly sorted mixture of volcanic ash or tuff during pumice lithificatigth rock fragments



in fluvio-lacustrineenvironmerg (Sarikaya et al. 20)5When it was eroded together with
overlying hardKizilkaya ignimbrie, an impressive mesa capping a badland landscape on
the valley's right bankwas observedin the region Selime uff is rich in baslt, spilite,
obsidian, tuffite, pumice and andesite fragments showilegally color change facies ia

light purple to whitishyellow. In these facies, the radius of the pumice fragmaisis

increasedn the tuff.
2.3.Kizilkaya Ignimbrite 7 N

The weldedKizilkaya ignimbrite outcrpping of various sizes in the regibasthe widest

distribution whichis mesahills with abadland landscapd8he most beautifubcationin

which the contact relationship of thieesaunit and the Selime tuff undexath is seen in the
QRUWK RI1 .0]10 Geekman (Y660 QDBHG LJQLPEULWHY DV .0]00!1
aboutthis area. It is generally whitisjray, with slightly weathered surfaces turning a

pinkish color. The ignimbrite, which has a flabking topography, was divided into pieces

by the Melendiziver and its tributaries formingiesahills at various heightdn the Ihlara

valley, which is in the form of deepnarrow canyon, Kizilkaya ignimbrite showsrvasive

columrar jointing due tocracks developed in sukertical directionduringthe cooling The

thickness of ignimbrite reaches approximately 6Qinrthe valley. It contains pumice
fragments with weakly textured at the upper levels, densely textutkd atiddleclasss,

and rough, densely textured at the bottom up to 30 cm inAsicel-colored cooking zone

is noticedbetween Kizilkaya ignimbrite and the underlying Selime tuff. The thicknetb® of

Kizilkaya unit varies between-25 m in the study area. O ]OOND\D LJQLPE®MLWH V C
5.5 million years found bthe K/Ar method in biotitesAyhan and Papak 1988).

3.5RFNIDOO $QDO\VLV 8VLQJ 'LITHUHQW OHWKRGV

3.1. Kinematical analysis

The knematical analysis is a practical preliminary method to investigate thitgtatiock
slopes in which the failure is mostly controlled by the predomid@cbntinuity sets in the
rock mass Kloek and Bray 1991)According to the structural and engineering geology
studiesrelated tothe field, discontinuity systemsan create kinematically different rock
mass instabilities in the studied slope. For initganockfall, a block should be formed by

two intersecting jointsand itis kinematically capable daislodgingfrom the slope facdn



thisprocesskinematical analysis is the first stepdentifying slope conditionfor potential
structurally controlled failures, such as plane, wedgel toppling(Hoek and Bray 1991)
Therefore, before doing any rockfall analysis is crucial to recognize structural
discontinuities wh respect tahe orientation ofthe slope faceFig. 4 shows the typical
failure modes and conditions for the kinematic analydhese may take the form of a plane
failure (Fig.4-a) inwhich rockmasscontainsconinuousjoints dipping out of the slope face,
and they strike parallel to theslope face; a wedge failure (Figd-b) formed by two
intersecting planes of discontinuities; toppling failure (Big) in which rockmass contam
fracturessteeply dipping into the face; aadircular failure (Fig4-d) in therock fill, very
weak/weatheredock or closely jointed rocknasses containingpany randomly oriented
discontinuities (Wllie and Mah 2004

Given that discomuities play a critical role in the kinematical analysis, 53 digoaoity
measurements were performed on the hard ignimhnitic covering the slope (Fig-&.
Two subvertical orthogonal joint sets were deditbed from the rock mass forming the slope
crest. A third joint set lying horizontally is almost perpendicular to these two set$)Fig.
Subvertical joint sets (Set 1 and Set 2) wdexelopedasa result of thermal cracks formed
while the cooling of ignimbrite massifook place Near horizontal joint set (Set 3) was
formed from dfferent outflow faciesduring ignimbritic deposition § D U OC@ne;iler
2007). Table 1 presents some characteristics of the discontinuity sets in the rocknehass
other input parameters necessarytf@kinematic analysisTilting tests were conducted in
thefield to estimatehe friction angle of the discomtuity surfaceqFig. 5a). This test is
based on measuring tfriction angle between two blocks placed on top of each other in the
field directlywhen the upper one starts to slide on the lower oneatiinssitu test forbetter
reflecting theactualconditions in the field andonsideringhe size effectThe arerage of

three tilting tests was calculated kA5

The rock mass lies on the updope of the houses subjected to rockfall (see F&). Zhe
analysis considers th8W face of theslope looking towards the house@ig. 2-b).
Accordingly, theslope's dip/dip directiowasrecordedas 85/20% in the field.Fortherock
mass in theslope three joint sethadbeen identified with a digip direction of joint set 1
(86°/279), joint set 2 (88194), and bedding set 3 {201°). Goodman (1989) and Hoek
and Bray (1991) described the methemiployed in kinematic analysis usitige lower



hemisphere stereet projection The datain Table 1was used inDips v.8.0 software
(Rocsciencénc. 2020a) for analyzing modestbe planar, wedge, and toppling failures.

3.2.1.Planar Failure

Compared to other modes of failuanar failureusually occurseldomin nature In the
kinematic analysis of a planeustability, the critical zone is defined d&®tireaencircledby

the outside of the pole frictiomone andnsidethe daylight envelpe The poles located
within this zoneare likelyto slide.Accordingly, the slip planeanglemust begreater than
the friction angle andmaller than thelope's inclination. Also, the direction of the slip plane
and the slope must be approximately parallel to each other. In other words, trendéfer
betweerthe dipdirection of the slip plane and the slope should be at #&it (Goodman
1989) Fig. 7 presentssuitable coditions for a planar sliding on the stereonet. Each
discontinuity that falls into the reshadedegion has a planar slidiqgptential. Accordingly,
out of 53 discontinuity surfaces measured in the fietdy 3 of themare located in the
critical region and these three discontinuity planes are members of Set 2. As a result, the

potential for planasliding on this slope has been calculated as %66

3.2.2.Wedge Failure

In casetwo intersectingplanesform a rock wedggeand if it slidesalong theintersection
direction it is called awedge failureln the sterepet, he area inside thection cone plae
and outside thslope's plaais thecritical zone Wedgeinstability is characterizethy the
joint planesintersecedin thecritical zone(Wyllie and Mah 2004 Thestereoplot program
calculates the trend and the plunge of all intersecting plaideast two different pole
concentrations must be observed on the sterdonatwedgetype sliding The red shaded
region givenm Fig. 8is considered as the criticabne The intersectiomfalling in this
region have the potential of wedgge failure. Accordinglyput of the 1377 intersectien
formed by the three sets on the slope, only\#@&plottedin the criticalzone As a result,

the potential for wedge-type failure on this slope was found to be 16.63%.

323.7RSSOLQJ )DLOXUH

Toppling is a common failure type itopes with sib-vertical joints In this failure type,@ck

columns or blocks have totake alongafixed base. Topplingnstabilityis classifiedbroadly



asdirect or block toppling and flexural toppling. In block toppling, rock columns are fbrme
by one set gpints steephdipping intotheslope faceandthelengthof broadly spacedross
joints definesthe columrheight However, in flexural topplingtherock columns separated
by the continuougoints canbend forward beforastability (Wyllie and Mah 2004 The
slip limit planein the steorenet plotefines the critical zonén flexural toppling. The
deductionof friction angle from the slope anglgves thedip of the slip limit plangandits

dip direction isthe same as the dip direction tie slope face.The other condition for
toppling is that the difference between the slope's dip direction and the discontinuity sets
needgo be within +30(Goodman 198P The pole plad within the critical zonen Fig. 9
illustratethe block toppling. Accordingly, tHeock failurewasobserved in only 112 of 1377
intersectionglefinedon the sudiedslope. That is, the direct block failure potential on this
slopewasfound to be 8.13%. The potential for oblig{leteral) block failureon this slope
wascalculated as 10.9%. One of thestcritical factorscontrollingblock topplingwasthe
presence of &asal plane on which the blocksould topple. The majority of the
discontinuities (58.82%) in Set 3 form the basal plane where the slip aczidWhen he
flexural type of toppling failurevas considered irFig. 10,only four discontinuity planes
showed a potential forthis type offailure with a percentage of 7.58mong theevaluated

discontinuities.

The kinematicanalysisresultsgiven in Table 2 indicated that wedge and toppling failures
would bethe leadingcauseof blockinstability in the slope.As shown in Fig. 11some of

the wedges observed thedownslopeshow consistenwith thekinematic analysis ressilt

33.6 KHDU 6WUHQJWUKieRl 'LVFRQW

The 1ock mass is a geologic structure dividedvisible defects into intact rock blochksf
various sizes. In engineering excavatoomt in/onrock structures very clode the surface,
where the effective stresses arery low, the failure and deformati@me mainly governed

by the shearingesistancef the discatinuity surfacegBarton and Choubey 197 Th planar
discontinuty surfaces, since there was not enough resisting forcesaglagnshearing, it
could damage the geologic structure with a mmom stress changgilling materials like
clay, silt, calcite can be easily woont, and theliscantinuity surface is now in the state of
residualshearstrength(Bartonet al. 1974. On the other hand, roughness and undulation

have more pronounced effecin theshear strength afatural joint planedn generalthe



shear strength of rock jomincreases athe surface roughnessreasesand it isessential
for the stability of rock excavatioBarton1973).In this studythe nonlinear BartorBandis
(BB) shear failure criterior{Barton et al. 1974; Barton and Choube$977)is used to
determinethe shear strength of rock josrdue toits simplicity and eagess Bartonet al.

(1974) hadstudied the natural joiqtlanesand proposed the following equation:

a 8CS -°
W |4tan<:/b .JRCIoglO-©—%;i; (1)

where 3 and % are the shear and normal stresses, respectively; JRC is thejaihness
coefficient; JCS is th@int wall compressive strength; anélis the basidriction angle of

the unweathered rock surface.

Later, Barton and Choubey (1977) changed this formula by using 130 direct shear box

experimental results of joint surfaces in weathered rocks.

a 8CS -°
lﬁ/ Ktan (Jr JRCloglo © ;)] (2)
= nh 1L

Where £ is the residual friction angldBarton and Choubey (19Ydetermined that the

friction angle can now be estimated as:
& -
L} 20 20@3 . (3)

Here, r is the Schmidt value of the wet and weathered surfacéh®3shmidt value of the
nonweathered fresh surface. It can be seen that the basic friction a)giays acrucial

role in predicting the shear strength of the discontinuities. The basic rfriangle
characterizes fresh surfaces. The basic fricéingle has been investigated by Barton and
Choubey (1977) for different rock typeend they recommended 2380° for sedimentary
rocks, and30°-35 ° for magmatic and metamorphic rocks. The basic friction angle can be
calculated for freshsmooth surfaces using the tilt test or the direct shear box test in the
laboratory Alejano et al. 2012).

The joint roughness coefficient (JRC) wasgtracted fromthe joint surfaces ofhard

ignimbritein the slopecrest. As seen in Fig. & a wooderruler 1 min length was placed
on the joint surface to measure asperity amplitusieg a vernier caliper.The average
asperity amplitude valug=22.2 mnm) measured on the discontinuity surfaeess located



on the graph in Fidl3 tofind aJRCvalue of10.The pintwall compressive strength (JCS)
was obtained from the Schmidt hammer test. This test is a practical indirect method for
predicting the compressive strength of jgafeines in the field. The hammaewvas applied
perpendicular to the discontinuity surfaces during the test. Accordingly, theal@of

joint surfacesn ignimbrite rockwas found using the graph in Fig. 14, which waseloped

by Barton and Choubey (1977) from the equation propos&ebye and Miller (1966 The

JCS value was fowd to55 MPa forthe unit weight 3=21.95 kN/n¥ andSchmidt hardness

value, r=38.2measured on the weathered joint surfandke field

In this study, the basic friction anghasobtainedoy performing a simple tilt testhere a
manuallyoperated wooden tableas utilized in the experimentsThe most widely used
method for this test wasarly proposed by Stimpson (1981), alader thismethodwas
revisedby Alejanoet al. (2012)As shown in Fig. 15, two disshaped specimemsepared
for the Brazilian tensiléestwere usedin the experimentswhich hal more conservative
valuesthan othesample shapekq. (4)wasused for the conveion of Ao the basidriction
angle.

n 182 tan E (4)
1

@3

Here As the slope of the tilt assembly at the stiane of the slide

I, ta

The residual friction angle was calculated according tq®aqising the basic friction angle
obtained from the tilt test. Accordingly, the peak friction angle for discontinuityeplaf
hardignimbrite was determined a$=52.6 degreesThe BB failure envelope of the joints
based on Eq2) is depicted in Fig. 18Jsing theleastsquare regressiaechniquethe non
linear BB failure envelopwas then linearized in the range of normal stresffestivein
the rock mass to implemeltohr-Coulomb'’s linear modébr the numerical analysisa the

next section.

3.2.Finite Element Analysis

The stability of the slopes is one of the most studied and widespread geotechalyssan
in engineering problemst is essential to understand the processes and mechanism driving

the instabilityin an unstable rock sloge evaluate the potential hazaadsociatedvith it



(Eberhardt et al. 2002There are several numerical methods used in sobtnfinstability
problems.The finite dementmethod (FEM) is a numerical method mostly utilized in the
failure behavior of contwmous rock masses undeiffectivein-situ stress conditions. Due to
the ca@bilities of FEM many studies in recent years were conducted using this mathod
the modeling of rock mechanioslatedproblems Hammah et al. 2007; 2008; 2009; Fu and
Liao 2010;Azami et al. 2012; Pain et al. 2014; Alemdag et al. 2019; Sari)2DL@ tothe
simplicity of its coding programsess computation power and time, thmethodwas
employedo performthe numerical analysis in this study. This methodaralyze theock
mass's failure propagatiamthin defined $ructural defects such asints, faults, fissures,
schistogy, foliation, folding, and beddings.

It is a well-known fact that the gability of rock slopesis significantly affectedby
discontinuities in the rock mass since the discontinuities contralottie mass's overall
structure andmechanical propertieHoek et al. 2002) The joint intersectims are the
potential locations of high stresteformation countersheardamage, andhstability (Mas
Ivars, 2010. Besidestheeffect of external forces such as groundwater and earthquake loads
can be easily incorporated irttailt FEM models.It is alsoprobableto define different rock
material and rock mass constitte models fothe materials forming the slope. At the end
of the analysis a uniquesafety factor representing thege's stability conditiorcan be
calculatednumerically using theshearstrength reductiofSSR) method (Sari 2019).A
critical strengthreduction factor $RF can be easily predicted with total displacement and
major shear strain counterstbk failed slope. Using this methothe possibldocation of

the unstable rock bloclksn be defined

A reliable slope stability analysis neetsassumethe right failure criteria withaccurate
input parameterf jointedrock masses (Sari 2019). An experimestatlywasundertaken
to obtainthe unit weight, uniaxial compressive strength (U@s#zilian tensile strength
(BTS), andSchmidthardness valuef rock materials based on ISRM (2000CS and BTS
testswere conducted usingX (diameter 54.00 mm) core s&@-ig. 17). It was unlikely to
have highguality standard core specimens from the cegraged tuff blockssince they
were expased to intense weatheringhe test results were imported into RocData.0

software Rocscience Inc. 2020bThe bestfitting generalized HoeBrown (HB) failure

criterionenvelopesareshown inFig. 18 andrig. 19for the intact rock samplekloek et al.

(2002) developetheHB failure criterion forupscalinghe strengtlenvelope®btained from



the rock material tthefield scale rock mags HB failure criterionprovidesa dimensionless

equation given in Eqg. (5) to connect geological observations with calculations.

0
&= &+ @b+ OA )

Here, Yand Ig are the major and minor principal stresses, respectiVelestimatethe
jointed rock mass's strengtia confined state, four parameters are neettelunconfined
compressive strength of the intact rodk, and HB constantsy, s, anda. The geologial
strength index (GSlI), the disturbance faciyrand the intact rock material constant,can

be employedo obtain the parameteusing the following equations (Hoek et al. 2002):

AlR544
6= | ATBZ2A (6)
o= AT E%4N @)

=?7%

=2+ 2IATEA N FAT B (8)

GSI plays a critical role in the HB failure criterioand a visual chart is provided for a
qualitative description of the rock mass structural elements and discontinuitgesurfa
conditions.The GSI valusof the studied rock massweredirectly determined in the field
following the GSI charprovided byMarinosand Hoek2000),as seen in Fig. 20. According

to the field observations, the slope's rock strechaidbeen segrated into two distinct zones.
The upper welded zone was namedrd ignimbrité while the lower unwelded zone bearing
rock carved structures was namé&bft ignimbrite” The rock formation covering the
downslope surface between the slope and the dwellingscaliesl tuff'. The strength
envelosof three rock masseshowed significant variations as presented in Figbdth

for principal andsheafnormal stress spaces. The resulting rock mass properties in Table 3
were employed in th&D finite element analysis program RS2 v.20Ebgscience Inc.
20209.

The FBM model used in numerical analysssshown in Fig22, with necessargssumptions
appliedduring the model building stage. Vertical and horizontaliin stresseareassumed
to be equalThe bottom left, and righnodes of the modeke fixed, and the top surface of
the model is free in all directionSubvertical and horizontally orientetdiscontinuties are
explicitly definedasinfinite paralleljoint sets (Set 2 and Set ®)thin the hard ignimbrite



mass forming the top of the slop&wo cavesrepresenting the roetarved structures built
for sheltering or worshiping by the ancient pedplig in the regiorere added to the soft
ignimbrite close to theslope's te. The dimensionef the slope andavesare compaable

with theactual values measureadthe field.

The outputs of the maximum shear strain and total displacement counters of the FEM model
are presented in Fig&3 and 24respectivelylf the maximum shear strain®reconsidered
on the slopen Fig. 23, the leading factoior theslope failurewould be due tdhe collapse
of theold dwellings excavatednside the soft ignimbritelhe presence of artificial caves and
dwellings isone of themainfactors promaing instability in the rock masses in thdara
valley (Sari2021). The weight of the above hard ignimbrite woolise comuous damage
on theboundary ofcavesovertime. The FEM analysis resudtagreedvith the actual field
observationsis seen in the exaggerairset picture Furthermorearelatively high value of
SRF= 2.19wasfound by the SSR analysis. Thialueindicates thathe overall slopdailure
would occurin along period For animmediatecollaps, thecalculatedSRF value should
be 1.0or below In thecase ofthe total dsplacement counters on the slope fétat were
consideredn Fig. 24, one @n easilydiscernthatthe major movenents wouldake placeon
the slope crestvherethe hard ignimbritewas sefratedinto manyintersectingblocks by
discontunity planedt clearly shovs unstabldlocks on thestudied slop@s a source area of

potential rockfalls

3.3.Rockfall Analysis

Rockfall analysis is a function of tiseurce area's locatipime geometryand gemechanical
properties of both the block and the slopetheory,if the initial conditions, the slope
geometry, and the energy loss at impact or by roliag bedeterminedinitially, it is
probable taneasurghe position and velocity of a block at atye. In practice however,
it is oftenimpossible to aturatelydeterminethe exact location of source points of thek
blocksand theirsize, shapeand geomechanical properti@esidesthesurface formation's
geometrical and mechanical properties change conderably along a slopeAgliardi and
Crosta 2003) Sope geometry, slope roughness, static and dynamic friction, rolling
resistancethe density of rocksand the restitutioncoefficientsare the most important
parametes defining p@rticular rockfall trajectoriesAmong these physical propertjebe
coefficient of restitution plag a significantrole in locating the exactrockfall trajectoy



(Ansari et al. 2015).1t is alsothe most important input parametgrantifyingthe energy
absorptiorupon an impadfJi et al, 2019).It depends on the rock tygevering the surfage
the vegetation coveithe shape and size of the falling blp@and the slope's physical
properties Dorren et al.2006;Dadashzade et ak014).Therefore, a reliable estimation of
the coefficient of restitution is oprofound importance in rockfall prediction and for
designingcountermeasures against rock{&hau et al. 2002).

In thelumpedmass impact modelthe normal and tangential coefficients of restitutiom (R
and R, respectively) aremployed toreplacethe lack of physicsequiredby the basic
equatios. The normal coefficient of restitutionp,Rs the amounbf energyloss duringa
falling body's impacin theslope's normal direction. The tangential coefficient of restitution,
R, is the amount afesisting forcescausediue tomovingparallel to the slop&ite-specific
restitution coefficients can kestimatedlirectly fromlaboratory offield tests, back analysis
of falling blocks, or using theoretical estimation methods (Bozzolo and Pa!9g;
Kobayashi et al. 1990; Evans and Hungr 1993; Budetta and Santo 1994; Robotham et al.
1995; Chau et al. 2002).he most common method is &stimatethem from the back
analysisof measuredock paths and erldcationsduringthefield testsof rockfall trajectory
(Bar et al. 2016).

In this study, theoefficiens of restitutionweredetermined fronaback analysis in RocFall
v.5.0 software(Rocscience Inc. 2020dFor ths purposethe location and size of thevb
fallen blocksobserved in the study aresere measureduring fieldvisits. As seenn Fig.
25, one of the blocks was hf away from the slope tpand the seconothewas8 m away.
By oconsidering the weights of the blocks and their distances from the slopéhé¢oe,
correspondinghormal (R) and tangent (fR restitution coefficientsof tuff forming the
downslopesurfacewere determine®.=0.25and R= 0.60according tdack analysisesults
givenin Fig. . In this process, the required parameters weteseedl incrementally until

modded runout paths showed a similar spatial distribution to the dultack locatiors.

Forthe houses located at downslope, two dimensional (2D) rockfall analysexe@sed
alongthe AA-section line on the slope using RocFall v.5.0 software (Fig. 27). The program
simulates the rockfall trajectory of the potentially unstable rock blogkslculatingunout
distance, bounceeight, and total kinetic enerdgr thegiven2D profile. RocFall program

additionally allows the user to perform both lumpedssand rigid body rockfall analysi



methodslin the umpedmass mode|sa blockis consideed as atiny particle with a mass.
Fdling rock isdefinedas a point masshe actual size and shape asglectedceven though
theywould otherwise affect its trajectofiRocscience Inc. 2020dh lumpedmass impact
models, he mass of fall rocks only wsed to calculate energjeend itdoes not affect the
overall body trajectory Only the sliding motion is replicated whilethe rotation is
characterizetby a zero friction angle (Basson 2012). On the other hand, inbimg impact
models,the essence of fall rock behaviercaptued by using thdaws of motion and
kinematics It is assumd an instantontactperiod and that the contaateabetween the
impacting objectsis insignificant The fallen rock's shape and sizeth four types of
movement(i.e., fall, slide, bounceand rol) are considered ingid-body impact models
(Basson 2012). Modeling all four mode$ motion is necessaryfor a realistic, more

consistent riskbased rockfall hazamstudy {ick et al, 2019.

In this study, the rigid body impact module is ugedhe rockfall analysis to obtain more
realistic outcome®Piscrete rockfall bouldarare modeled with arbitrary and random shapes
and sizémass Varioussmooth and polygon shapes of sphere, square, triangle, egg, oval,
ellipse, rhombus, rectangle, pentagon, hexagord octagon werespecified for the
potentially unstablélocks.Thesize/mas®f ablock hadbeenselectedased on thearying
in-situblock sizes and the average density of hard ignimbrite. The densities of thbrigmi
blocks were determined on the core samples in the laboraigrdingly, the dry density

of ignimbrites was measured as 2.17 gfjcand the watesaturated density as 2.24
gr/cn®. In rockfall analysis, generally, considering the worst condition, veaterated
density is morepplicablein determining the block weights. Thus, terying blocksizes

of 10 kg, 100 kg, 1,000 kg, 5,000 kg, 10,000 kg, and 20,000 kg exexutedn rockfall
analysisA total of 1,200 simulations were realized usthg blocks indifferent shapg and
sizes to cover possibleockfall trajectory scenario®ue tothe slope geometry and block
orientationrestrictions initial velocities of the block& vertical and horizontal directisn
were taken to be 0.5 m/s the model Otherinput parameters selected the analysis are
given in Table 4With difficulty in data avdahlity, some oftheseinput parameters were

estimatedrom thetypical valuesused inthe RocFall program's case histories

The ockfall analysis result®r the AA-sectionprofile are presented in Fig82and Table 5

According totheresults ofthe 2D analysis, blockfalling from the crest 018 m high rock



slopereached a maximum runout distancbf13 m Most of theblocks were stopped after
bouncing and rolling at a small distance from the slope toe. It appears that nonblotks
modeled by the program can reach hloesedocatedat a distance of approximately 55 m
(see Fig. 8). In terms of movement mechanisen block that can detach from the upper
elevations of the steep slope primaekhibitsafreefall at the begining.Later, the block
hits and bounces othe horizontal surface near the slope toe. After very low bouncing
heights (60-7%m), the block rollslown along the slope surfackses itskinetic energy,

and stops when it reaches the #ata The observations made in tfield alsoconfirmed

the simulategaths Previously fallen roclblocksin various sizes were also very close to

simulatedocations in the model.

The number of blocks and their runout distances, the bouncing heights, and total kinetic
energies on the slope profileasalso determined during the rockfall analy3ie designa
practical mitigation structure, the endangered rockfall zone and the impagy ehé&lling

rocks must be accurately predicté@ et al. 2020)Accordingly, most of the blocks were
rolled not morethan10 m horizontal distancen the slope profile. Oubf 1,200 simulated

rock baulders, only twelve could reach up to 20 m distance @. When the bouncing
heights given in Fig. Bwereevaluated, it was seen that the blocks jumped up to 8 m mean
bounce heighat first impactbut as they move away fratime slope togtheir bounce heights
decreasesuddenly. i was found that the block that could travel the farthest distance would
jump only 1.1 m. When the total kinetic energy distribution given in Figvéd examined,
similarly, the blocks hdmean kinéc energy (244 kJ) with the effect of the free fall at the
begiming, but they loséhis energy as a result of friction during the rolling along the lower

section of the slop&nd this value decreasestopl2 kJ atest

3.4. Mitigation Against Rockfalls

For the planning of rockfall mitigation measuresch as proteacte barriers, it isnecessary

to determine the maumkinetic energies (for thieearingcapacity of the proteacte barrier

to hold the rock block) and the larg@stip heights (for the barrier height) of tpetential

rock blocks.Also, the evaluation of the runout distance for estimating the rockfall hazard
zone is anothernecessity. ie 2D rockfall analysishowed that ignimbrite blocks of
different sizes and shapdstachedrom the steep slope with a height of about 18omla

not reach the dwellings subjectitovestigation However, there is alwaysrak of falling



rocks for dwellings in the study area, and necegs@yautions should be takennhitigate
this danger.

Typically, rockfall events can bmitigatedeither byactiveor passivemeasuresn passive
mitigation, the rockfall can still occurput an effort should bemade toprevent the
consequence. Theegative effects ofockfall evens can bediminishedby employing
rockfall catchment fenceslrape nets, diversion danmreck shedsandforest bels in the
runout or deposition zonedlowever in theactive mitigationrockfall eventoccurrences
preventedrom the sourcezone byrock bolting, slope retention systems, shotcraitering
slope geometry, dewatering the sloped revegetatiorSeveral researcherRifchie 1963
Pierson et al. 199@antelidis 2009 and Bar et al. 201@)ve outlined someuidelines for

designingpassive measures

It is suggested to construct a protection dam on the .slogsebuilt from locally avé able
stones suitable fahe natural texture of the region. FigR Blustrates the optimum location
of thedamwith specificationsof a width of1.5m, a height o m, a length of 15 mand
reslient to a total kinetic energy d00 kJ. Although the jump heights on the slope profile
would not reachsignificant levels (generally50 cm), thesize of in-situ blocks that can
detach from the investigated ignimbriteck is likely to be greater than 2 m when the
discontinuity spacingalues & consideredn Table 1. For this reason, the height of the rock
holding structure should be at ledsh to prevent the block from passing otrex wallalong

the long axis during the rolling (even if it does not bounagkeen in Fig.23
4. Conclusions

This study investigated the possibilityrotk fallsto thebuildings in a historical settlement
areafrom a slope. Accordingo the kinematical, finite element, and rockfall analysks, t

following conclusions were driven from the study.

x As a result of the investigations and measuremamtsluctedn the field, several
discontinuity systemsan create kinematically different rock mass instabilities in the
said slope. Accordingly, there is a potential for wedge and block toppling type
discatinuity-controlled instability in the examined slope.

X Wedge type shear failure shethe highest potentigll6.63%) while blocktoppling
has a possibtly of 8.13%.



x In the FEManalysis theoverall stabilityof the slopewasfound as relatively high
with SRF=2.19 This valueindicates that itwasimpossibleto observea complete
failure of the slope in a shqperiod.

X Formore accurate resutgarious sizes and shapes of bloakeye examinedh the
2D rockfall analysisThe results clearlyshowed that the detached ignimbrite blocks
from the steep slopwould notreachthe housesn the downslopeHowever,
necessarprewentive measures should beplementedo ceaseany negativeffects
in the future.

x Accordingly, it was recommended to build a protectiatam made oflocaly
avdlablestones suitable for natural textuvath specificationan 2 m high, 15 m
wide, 15 m longand resistanio 500kJ total kinetic energy.

X It has been observed that the steel fence/net (rockfall barriers or catch fenads), whi
is widely used in rockfall prevention projects, is not suitable for the studi&thlioc
dangerarea due tthegentleslope and the natural texture.

x The proposedamis only forprotectingthe houses located parcel no 509 from the
danger of rockfall, but not for the other housethe surroundings.
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Fig. 1.a Fourmotion mechanisms of a typicaickfall (Yan et al. 2020} A rockfall incident
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caused property damage atiAada road, Saudi Arabia



Fig. 2.a Theslope and houses under rockfall danbe8W face of the slope,SE face of thalope.



Fig. 3. Geological map of the study argaodified from 7 D G S 80Q5 U



Fig. 4. Possible slop&ilure modes and conditions for the failure on the stergddgliie and Mah

2004), a Planar failurep Wedge failurec Toppling failure, andl Circularfailure

[a] [b]

Fig. 5. a Disconinuity orientation measurements in the field using Brunton compakiting test
on rock blocks



Fig. 6. Distribution of pole vectocountes and definednajorjoint sets in the studied slopget
1:86275, Set 2:88/194, Set 3:02/201

Fig. 7. Kinematical analysis of planar sliding in thieidied slope



Fig. 8. Kinematical analysis of wedge sliding in the studied slope

Fig. 9. Kinematical analysis of block toppling in the studied slope



Fig. 10. Kinematical analysis of flexural toppling in the studied slope
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Fig. 12. a Measuement of asperity amplitudendb Schmidt hardnessalueof rock surfaces in the
field.
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Fig. 13. Estimation of JRC based on the measuremeaspérityamplitudealong the length of a
discontnuity surface profile
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Fig. 14. Determination ofICS from theSchmidtrebound hardness valy®eere andMiller 1966.

Fig. 15. Application of te tilt testto Brazilian disc sampleis thelaboratory.



Fig. 16. Nortlinear BB failure envelope andhatchinglinearMC failure envelope for thpints.
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Fig. 17. a Prepared core samples theUCS andBTS testsb Samples aftefailure.
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Fig. 18 HB failure envelope in normahear stress space for hard ignimbsaenples
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Fig. 19. HB failure envelope in principle stress space for hard ignimbaiteples



Hard ignimbrite
Soft ignimbrite
Tuff

Fig. 20.Geological strength index chamd a&signedGSI <oresfor the studied rock masses.
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Fig. 21. HB strength envelopes for the rock massda principalstresspaceb Shearnormal stress
space.



Fig. 22. The FEM modelwith specifieddimensions othe studied slopease

Fig. 23.Counters of the maximum shear strain on the FEM modet@mgarisorof the exaggerated
slope sectionvith actualfield condition



Fig. 24. Counters of the total displacemeartd potentiatockfall zoneon the FEM model of the
slope

Fig. 25.Previously fallerblocks from the slope



Fig. 26. Determination of normal and tangential region constants for theuff in the study area.

Fig. 27. AA-sectionprofile used in the 2D rockfall program.
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Fig. 28. Simulated ockfall trajectoriesalongwith the slope profildor different block types.
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Fig. 30. Distribution of bounce height of rocks alowith the slope profile.
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Fig. 31. Distribution of total kinetic energy of rocks alongth the slope profile.

Fig. 32. Animation of a block of 20 tonsdislodged from the slopand optimum location otthe
suggestegbrotectiondam



Tables

Table 1. Properties of discountunity sets considered in kinematical analysis

Discontunity Slope

. . : . ) . Discontunit
Discontunity  rientation  orientation Y

Discontunity Discontunity

. - friction : aperture
setro, - (oddp (e ane N9 o
Set 1 86°/273 2.85 11.88
Set 2 88194 85203 45° 2.57 5.50
Set 3 2°/201° 1.44 2.33

Table 2. Kinematical analysis results

Failure type FaiIureT Critical set
potential(%) no.

Planar sliding 5.66 Set 2

Wedge sliding  16.63 Set 1, Set!

Block toppling  8.13 Set 3

Flexural toppling 7.55 Set 2

Table 3. Rock material and rock mass parameters used in the FEM analysis

Input _Hard _ _Sof_t _ Tuff Joint  Joint

parameter ignimbrite ignimbrite set2 set3

J (KN/m3) 21.75 19.75 1752 - -
UCS (MPa) 53.9 23.8 6.25 - -
BTS (MPa) 5.33 2.42 0.58 - -
c (MPa) - - - 025 050
/(9 - - - 42 45
GSl (%) 75 55 38 - -
m 10.0 8.5 7.2 - -
E: (GPa) 12.64 6.25 2.78 - -

4 dry unit weight, UCS uniaxial compressive strength, E
Brazilian tensile strengthc cohesion, / friction angle, GSI
geological strength index, inHB material constant, EYoung’s
elastic modulus.



Table 4. Input parameters used in 2D rockfall program

Input parameter Value
Engine type Rigid body impact model
Number of throws 1,200 (200 per block type)

Block weight (kg)  10; 100; 1,000; 5,000; 10,000; 20,0

Various (sphere, square, triangle, e
Block shapes oval, ellipse, rhombus, rectangle,
pentagon, hexagon and octagon)

Initial velocity (m/s) 0.5
Slope roughness 2
Sampling interval 50
Ignimbrite 0.45
Dyna_m_|c friction Tuff 0.30
coefficient
Stabilized road 0.50
Ignimbrite 0.35
Normalrestutition
coefficient (R) Tuff 0.25
Stabilized road 0.40
Ignimbrite 0.85
Tangent restutition
coefficient (R) Tuff 0.60
Stabilized road 0.90

Table 5. Summary of the model run results

Parameter Max Mean 95%
Run-out Distance(m) 21.13 4.42 8.60
Bounce Height (m) 17.29 8.7 15.95
Total Kinetic Energy (kJ) 2023 430.3 2023

Translational Kinetic Energy (kJ) 2023 427.6 2023
Rotational Kinetic Energy (kJ) 4288 14.71 42.88
Translational Kinetic Velocity (m/s) 16.78  10.53  16.78
Rotational Kinetic Velocity (rad/s)  27.43 6.51 27.43
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