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Abstract. The study area is in the west of Koyulhisar (Sivasjn center and approximately 200x256 This
area is one of the most active locations wherdahdslide displacement amount is the greatest.alineof this
study is to determine the depth of the sliding atefwith geophysical (seismic refraction tomograff®RT),
ground-penetrating radar (GPR)) methods. The esaft TUB TAK-111Y111 project were also used.
According to the geophysical results, within ~2®fhinvestigation depth, three layers with the ageraeismic
P-wave velocities (M of 650, 1200 and 2100 m/sec were identified. disvdetermined that the depth of the
sliding surface which was between ~3-7 m and therse velocities were lower than 650 m/sec fromsthe
depths to the surface. The geophysical results detraied that the landslide type was identifiedpsar
sliding, with the sliding direction in S-SE, ancettilt of the geological layer was in the same dimn with the
topography slope, mostly bigger than 5°. It waseobsd that the deformations in the landslide massew
caused by the geological unit, the layer or topplgyaslope, and precipitation. All of these resutn be
effective in triggering the landslide area in tiufe and the landslide activity may continue ie gtudy area.
Therefore, the study area contains the risk andch#ttaral hazards, and these threaten the settleaneatand
other constructions in Koyulhisar.

1 Introduction
A landslide is a mass movement and can occur fardiiit formsKoyulhisar landslide area is one of the largest

landslide areas, significantly, leading to seridoss of lives and property, in Turkey{hree of the most
destructive of these landslides occurred in Koyahi(Sivas) on 19 August 1998, 20 July 2000 andiarch
2005. The Koyulhisar landslide area is one of tlestimportant large landslide areas in the couainy mass
movements there typically occurs in the form of rielor mudflow (Tatar et al., 2007; Duman et aD03).
Koyulhisar is also an active landslide area andtligr past 17 years, there has been observed asasgcin
landslide activity (Tatar et al., 2007; Over, 2Q1Bhe large and small landslides in Koyulhisar Klia# area
have mostly occurred due to natural causes umdytoArtificial causes mainly constitute the landiss caused
by human interventions (blasting, drilling, improg#anting, loading, loss of vegetation cover, )et€he last
large landslide occurred with the flow of mud i thorth of Koyulhisar landslide area in March 20D&man et
al. (2005) determined that this landslide was meRcessively fast (6 m/sec) class. Demitedl. (2016), for the
landslide in 2000 years revealed an average o7 Z5nm/year slip rate. Researchers have statedttihaé
landslides usually have a mechanism involving autar rotation, this old landslide mass maintatssactivity
and partial landslides occur on the groundmassdiBemd Y Imaz, 2001; Duman et al., 2005). Therefor
Koyulhisar district center is on an old landslitkattoccurred in the form of circular rotation. Thent of this
landslide mass is open, it is always active, dagtiis not massive and usually in the form of lokzidslides

occurring on the groundmass (Sendir and Y Imaz1200



The triggering mechanisms of landslides are oftemmex and further understanding is needed to
facilitate the prediction of mobilizations as wa#l adequate stabilization and remediation measTinesefore, it
is important to investigate the reasons that affeetformation mechanisms and the formation of déidds.
Different engineering (geology, geophysics, geaxetic.) disciplines have great role and importazsmecially
in decreasing the landslide effects. They can kelprevent damage by prediction and early warninghis
context, Koyulhisar landslide area was examined wide area with detaileglobal navigation satellite system
(GNSS)methods and the studies of other disciplines @@Bolgeochemistryseismology, meteorology, remote
sensing) (Sendir and Y Imaz, 2002; Tatar et alQ72Matibo lu, 2009; Hastadu and anl, 2011; Y Imaz,
2009;Hastaolu, 2013; Topal and Hatibdu, 2015; Hastadu, 2016;Hastaolu et al., 2018)The annual sliding
velocity, sliding direction, displacement amountsl anatural disaster risk of the landslide have kdentified
by these studies. It has been determined thatigptadement amounts of the landslide velocity Jatween 1-
8.6 cm/year by topography and geological beddird) that the landslide direction is usually S-SE miée. In
terms of geology, some researchers have carriedyenibgical studies on many issues such as gealpgic
tectonic, geotechnical, geochemical and geomorjgiicdd studies at the local and regional scale inctwhhe
features of the faults, water, hot water, soil evzk on theNorth Anatolian fault zone (NAFZand in the region
were investigated. These studies are in geologionées (Toprak, 1989; Uysal, 1995; Sendir and ¥#m2001;
Sendir and Y Imaz, 2002; Y Imaz et al., 2005; Gdkde et al., 2005b; Demirel et al., 2016; Demir, 2)1shd
geotechnics, geomatics/remote sensing, geochenaisthygeomorphology (Toprak, 1989; Uysal, 1995; Duma
et al., 2005; Ulusay et al., 2007; Hatilhg 2009; Y Imaz, 2009; Demirel et al., 2016; Denf018).At the
interpretation stage, the geophysical findingshtf study are related to the results of all thésdiss mentioned
just above.

The geophysical studies were carried out in a éichiirea where the first geophysical studies toakepl
In particular, seismic tomograplfgeismic refraction tomography (SRT), multi-chanseismic wave analysis
(MASW)) and ground-penetrating radar GRipplications are preferred methods in landslidediss. The
structural geometry of the landslide area was datied based on an interpretation of the collecésplgysical
data. These are the seismig %€locities, thickness, tilt and direction of tlayérs. Thus, other features such as
the sliding surface depth of the landslide, lamtistype, advancement direction, and the risk sdnawere also
revealed, and geophysical and other study reswdt® whown to be compatible with each other. Thdiesu
carried out by McCann and Forster (1990), Dem(991), Hack (2000), Perrone et al. (2004), Gddsiret al.
(2008), Hu and Shan (2016), Su et al. (2016) aopé¢Bcu et al. 2016) are important in this regardddition,
Bichler et al. (2004) carried out multi-methodiggophysical studies containing electrical resistivGPR and
seismic methods in the landslide studies. Otto $ast (2006) and Ristic et al. (2012) also carrigdsomilar
studies on landslide investigation. In these stydilke sliding surface of the landslides and tbev ftlirection
properties of the landslide material were genemddiiermined by 2D (two-dimension) and 3D (threestision)
geophysical sections.

It has been observed that the use of the SRT amlr@hods in landslide studies has increased entec
years(Risti et al., 2012; Timothy et al., 2013; Lissak et 2015; Hu and Shan, 2016; Popescu et al., 2016; Su
et al.,, 2016). The parameters which define the dbahel such as landslide geometries and bedrockhdept
sliding surface depth have been determined in thegbies. Regarding the GPR method, significardistuhave
been carried out by Davis and Annan (1989) on dengéhe soil stratigraphy, by Aldaet al. (2003), Slater and



Niemi (2003) and Green et al. (2003) on the mapmihdaults, fractures and cracks and by Benson %},99
Harari (1996), Bano et al. (2000) and Bubeck ef2i15) on the determination of groundwater levdiswever,
the accurate determination of the landslide tymdse very important as well as landslide elemehist studies
with geophysics and other disciplines are commardyried out in determining the landslide type and f
different contributions. In addition to these, #@smological history, morphological and topographfeatures
and meteorological data of the study area are awalyen into account in the landslide analysisese data are
used to contribute to the interpretations of theselies. Thus, through multi-discipline studies tandslide
type can be determined most accurately by detengidifferent sliding behaviors (such as the velpeind
direction of the landslide, annual amount of displaent) varying from region to regionhe landslides, which
generally occur in the form of sliding, may occuthithe movements of falling, sliding and flowing with the
combination of a few of these. Therefore, accudeatiermination of the landslidgpe and the selection of the
methods used in the study is very important. It l@ypossible to perform an accurate landslide arsabnly if
these requirements are met. In this article, thesees were examined and discussed separatelyogathér
with geophysical and geodetic results.
2 The Status of the Study Area
2.1 Geology and seismology
Koyulhisar is about 180 km away from Sivas city teenThe study area is located in the west of Koigalr
town center and in the north of the NAF&g. 1). The geological investigation of Koyulhisar has bearried
out regionally or locally by various researchersrf@mez and Y Imaz, 1980; Toprak, 1989; Uysal, 1%ndir
and Y Imaz, 2002; Duman et al., 2005; Hatihp 2009). In these studies, the Plio-Quaternagdagoyulhisar
Formation is the youngest unit in the region. Iswgtated that the youngest unit consisted of tlus {@lope or
deposit) and fluvial conglomerates and was seengatbe strike-slip faults (Toprak, 1989)oprak (1989)
divided the NAFZ which is represented by a rigltedal strike-slip fault zone into five fault setxiuding the
North Anatolian Main Fault, Koyulhisar fault sekglkit fault set, hlar fault set and Kurucay fault set. But, the
hlar fault sets affect Koyulhisar district centgrthe nearest (Fig. 1). Toprak (1989) stated iwtulhisar
section of the NAFZ is still active and a rightdet! strike-slip fault zone due to the morphotet@tructures
and seismic activities in the region (Figardd 9. As it is seen in Fig. 1, the faults closely ceméng Koyulhisar
are the NAFZ, which is the main fault extendingthe northwest-southeast direction and approxima2etys
km away, in the south, and the Caml yaka Faultctviis approximately north-south-oriented, in thestw@ his
fault which is the closest one to the study arei@reds perpendicular to the NAFZ in the south. Isvadso
reported by Tatar et al. (2007) that large and lafttislide masses in Koyulhisar landslide area Hawer
Miocene-aged clay and gypsum levels, Eocene-agegkyllevels and Plio-Quaternary aged sedimerits.
rocks in the region usually have fractures andafiouities and are crushed because of the NAFZlwis
tectonically active in the south of the study afEatar et al., 2005). There are also many old @&wl landslides
in the study area depending on the high tilted gogphy. For these reasons, the directions of mowxewnfethe
landslides generally threaten the settlement af®asdir and Y Imaz, 2001However, Hatibolu (2009) and
Hastaolu et al. (2015) generally observed two geologigaits in the drillings in the study area. They abed
that the upper unit was silty sandy clay and samerlbedded silty clay in some places up to aboumnl@&nd
advanced as sand interbedded silty clay and saebédded clay in some places towards deeper tham The

first unit consists of light-dark brown colored, dinem-very stiff, low-high plasticity, silty clay.ffe second unit



consists of light-yellow white colored, low-highagticity, silty sandy clay interbedded with sanagtdolu et

al., 2015). When the drilling logs are examinedgréhis generally the second unit in east of studiaa
(Hastaolu et al., 2015). Furthermore, it was observed thatcontent of the second geological unit did not
change even if the depth of the drilling increas@&tierefore, the second geological unit was takedo in
consideration in the interpretation of geophysszaitions.

As it is seen in Fig. 2, the study area is locatedn active area in terms of seismicity (Fig. 2he
seismological history, the magnitude (M) of whishgreater than 2.5, of the examined area and iitswswding
were investigated for this article. Fig. 2 was e with the seismological data between 1900-ZQ1I5 M,
2016). Particular attention was paid to the earthqualeferb 2005 in the seismological interpretation.sTisi
because the largest and most recent landslide rectur the area in 2005 and it was aimed to ingasi its
relationship with displacements and previous laddsl The type of magnitude which is calculatedmfro
seismological data is usually the local magnitutlee depths (d) of these earthquakes with higher .BI»ary
between approximately 5 and 80 kRid. 2). According to the seismic data of the years erachi Koyulhisar
and its surroundings have always been active seddiyi It was observed that this frequency of egutikes
usually occurred on the NAFZ in the south of thedgtarea. Additionally, it has been analyzed thersie
activity of the region at least for the last 11®2@-2016) years by Demir (2018). In this studyelpress that
the most notable is probably the relationships betwthe magnitude of the earthquake to the number o
landslides and the area affected by the landslkdhes between the magnitude and the maximum distahce
landslide observations from the epicenter in défgrgeological, topographical, and climatic comdis (Demir,
2018).

Large earthquakes affecting Koyulhisar districbadecurred in the region. These largest earthquales
in the south of the NAFZ or Sehri district and a total of three large earthqsakéh M 5.6 occurred there
(Over, 2015). Among thesthe 1992 earthquake is closest to the study area Wwiheast depth but the second
largest earthquaké-ig. 2). This earthquake is an earthquake with 6.1 madsitthat occurred 10 km below the
ground. The large earthquakes in the south okl district which is just 13 km away from the dyuarea
occurred in 1909 and 1939. 1909 earthquake occui®ekin below the ground and is the largest and efsep
earthquake with a magnitude of 6.3. 1939 earthqimkéso deep and the third largest earthquakeoit@atrred
50 km below the ground with a magnitude of 5.6 (Q@915). In addition, whefRig. 2is analyzed, it is seen
that the magnitudes of the other earthquakes imdéinth of the NAFZ and the upper elevations of ldrelslide
generally vary between 2.5-4. Similarly, it is séleat the other earthquakes in the south of theésléde area are
the earthquakes with a magnitude of greater thén Al these earthquakes may have triggered thdslade
mass from time to time in places where sliding ace§, layers, and topography in the landslide areanore
inclined than 5-10 degrees (according to the gesiphlcross-sections in this article, when it iegidered that
there are loose units and deformations on thengjidurfaces). In particular, they further affected landslide
mass along with the rain and caused large amotidisglacement in the landslide area.

2.2 Meteorological and geodetic results

The data regarding the rainfalls with the effedts¢riggering the landslides are presented @ble 1 and
Fig. 3a and Fig. 3MGM, 2016;Hastaolu et al., 201} With these data, the rainfall status of the gtatka
and its surrounding was examined by months as geeaanual rainfalls and the annual areal amourdiofall.

According to the data obtained between 1950-20TFalnie 1, the rainy periods are generally betweetolger-



November-December and January-February-March-Aptile highest total daily amount of rainfall in the
rainiest years was observed as snowfall in 1950 ¢h) and as rain in 1991 (55 kdjmin Fig. 3a,the annual
normal average rainfall value calculated for thargebetween 1981-2010 was calculated as over 4884
(MGM, 2016). However, 1987-1988 and 1997-1998 were the rainjeats. It is seen that the annual areal
amount of rainfall exceeded the normal values aad kigher than 550 mm in these rainy years that pdace

in every 10 years. Similarly, it is also seen ttietre were high rainfalls for 3-4 years after tleang of 1985-
1995-2005 with an interval of 10 years. Therefamnual areal rainfalls were observed to be morerbefome
large landslides like the landslide in 1998. Whewlggical features of the region are taken intoang it is
remarkable that the landslide in 1998 and 2000 wedun the summer months after the winter witheauy fall

of snow. However, the landslide in 2005 occurredrdythe rainy season.

In Fig. 3b, GNSS studies and multi-disciplinary studies of ldadu et al. (2015have carried out for
many years (about 6 years) to determine the dettwmand annual sliding amounts especially after th
landslides in 1998-2000-2005. The seismological meteorological data, which were updated by thedggo
(GNSS (DH), geological (IDH (Inclinometer Drillingloles)) and meteorological data collected in tloisal
study were reorganized and evaluated. 3a-band Table 1 which were reprepared for the studichvts the
subject of this article were associated with theults of GNSS studies={g. 3b). The monthly and annual
meteorological data should certainly be evaluatediqularly within the scope of monitoring actiés, as the
area is a landslide area. Hastaocet al. (2015) followed in DH wells in the arend013-2014 (Fig. 3b). If Fig. 4
is examined, there are seven DH point in the neafete geophysical profiles (DH8, DH12, DH16 isan the
area A and DH4, DH6, DH9, DH10 is near the areal@g graphics iifrig. 3b was prepared from the combined
data (unpublished data in the project) and the ezatpre {C), precipitation () and soil moisture content (cm)
were compared in these graphics. The temperatutgatipitation were observed to be inversely propoal
during the summer months called as a dry periot $een that the soil moisture is changeable dpart the
rainy period and has very high water content duthgrainy periods. The soil moisture is very h{gherage
150 cm) in winter, summer, autumn seasonshinstudy area, the water contents in the drillingadetange
from 24.6 % to 13.3 % at between 0-10 m depth hadé values are also high (from 29.1 % to 17.3fté) &40
m (Hastaolu et al., 2015). Water generated from precipitatod melting snow is blocked by the impermeable
layer when it infiltrates downward, and the localisture content increases (see Hu and Shan (200@)}, the
water infiltrates the interface between the perrfeeabd impermeable layer, can form a slip zone.nJtiese
resultswere compared with geophysical results in intdgtien. The GPR results show that the moistureergnt
of soils at the sliding surface of the landslidesm relatively high. The drilling data and soiisture values
also show very high moisture content of the slidingface of the landslide mass in the study arddchwis
completely consistent with the results obtainednfrthe GPR-SRT profiles, meteorological and geokalgic
results. On the other hand, it was understoodtkigaprecipitation increased by the decrease in ¢eatpres. It is
also seen that the total annual amount of raimfiaieased about 2-fold in 2014 compared to 2048. 3a-b.
According to all results, rainfalls are considetede effective in triggering of the landslide besa the ground
of this landslide area, which is filled with looseits and old cracks, is supersaturated with wdter to the
rainfalls. Besides, Hastalu et al. (2015) determined that the groundwateellgets close to the surface for 4-6
m on average at the end of the rainy period, tonl& the end of the rainy period and decreases @b im in

some wells in the area where geophysical study iaralso located, and the groundwater flow direci® SW.



Consequently, when the displacements and the ldeddirections estimated from the GNSS measurenssts
also considered, it was determined that these teesidre compatible with the geophysical sectiond toe
rainfalls were among the reasons that triggerahdslide.
3 Methods
3.1 Geophysical surveys
The seismic refraction tomography (SRT) and gropedetrating radar (GPR) methods are applied in
tomography format. The SRT method determining #isnsic P-wave velocities @) for seismic applications
and the GPRnethod for electromagnetic (EM) applications wased in the geophysical data collection in the
area (Fig. 4). The high-frequency electromagnetic waves can rededper in the environments with low
conductivity like sand. However, the conductivetsirsuch as clay and shale decrease the penetdsah of
the signal transmitted and lead to absorption (Angtaal., 1988; Davis and Annan, 1989). FirstlyTSRd GPR
data were collected along multiple transects in different areas of the study area named A ance€ ksg.4).
Then, the geophysical profiles were processed dosttiellite map according to the coordinates aloitly the
topographical elevation curves and GNSS measurefoeations for the ease of interpretation (Fig).
Geophysical measurements were taken due to thegieddedding and topographic features (Fig-c). SRT
profiles and on these seismic profiles GPR profitethe area defined by A in Fig. 4b is approxirhaia the
NE-SW (SRT2, SRT4, GPR2, GPR4)) and NW-SE (SRTISKEPR3, GPR5) directions (Fig. 4b). Similarly,
in area C, SRT11-SRT12-GPR11-GPR12 profiles arecagpately in the E-W directions, SRT9-SRT14-
GPR9-GPR14 profiles are approximately in the NE-8Wéction, SRT10-GPR10 profiles are in the NW-SE
directions and SRT13-GPR13 profiles are approximatethe NE-SW directions (Fig. 4cThe profile lengths
usually range from 25 to 60 m according to the wethpplied.

The profile shooting technique in the seismic sti@mmer and iron plate of 8 kg weight as the source
P geophone of 14 Hz (the total number of geophamel?) and Geometrics branded seismic device as the
receiver wasused while collecting the SRT data. In all profildse geophone interval was 5 m, offset distance
was 2.5 m, the sampling interval was 256 ms andrédwerd length was 512 ms. The geophones were
respectively fixed on the ground within the seldctgophone range and their connections with thensei
device were made. Then, seismic measurements weoeded by starting from the offset distance of 12,5
reducing to sledgehammer plate and making at edshes shots between each geophone, respectivetfie
evaluation of the SRT data collected in the fiSejsimager program was used for displaying, pracgsand
evaluation of the seismic refraction waves. Thekingrof the first arrivals of the SRT data was peried using
Pickwin, and the evaluation of the first arrivatalavas performed using Plotrefa modulée GPR data were
collected by Ramac2 device using a shielded antef250 MHz. The GPR data were processed in Reflexw
program. In order to collect the GPR data, otheapeters were selected 512 ns-number of samplesmber
of stacking and 0.1 m-trace interval. 2D GPR dat&@ssing for data analysis of the GPR data, ltdes Static
correction (10 ns in dry or wet clay and sandy)tikly, Bandpass filter (100, 200, 300, 400 Hz), G@rb12
ms) and Migration (0.01 ms) stefche migration was made to show up small vertitraicsures invisible during
data processing. Thus, very large hyperballs withng reflections may limit the display of non-matgd GPR
data. Moreover, the peak points of hyperbolas afesein GPR cross-sections show the reflection sartd the
electromagnetic wave. During data processing, Wglognalysis was performed on the reflection swefac

through the hyperbola superposition method and EEMenpropagation velocity was calculated in all GPéss-



sections.The topographic corrections were made by seledfieg“Correct for two layers” option in Static
Correction/Muting in the Reflex program. The heightues collected in the study area were manuaitgred
and saved in the “Correct for two layers” optiomus, the models were converted from m to ns andsfhR
sections were prepared for interpretatidihus, the collected geophysical data were condart® 2D (two-
dimension) elevation-distance (SRT) and depth-degtgGPR) sections by assessed in the appropatitease.
The geophysical study area is one of the mostadtisations of the landslide area. As it is seeRiin

5, geomorphologically the landslide cracks on thdase, displacement traces, and structural damigtee
study area and its immediate surroundings can hatared clearly in this activity area. Visibly, tlimmaging
effects of still active or old landslides on resides, roads and walls are also observed easilyiddy f
observations. Therefore, none of the damaged cantigtns are used in the Koyulhisar
3.2 Geophysical analysis, results and discussion
Geophysical interpretations were made accordinthése sections and compared with the results obter
studies.

SRT sections:2D seismic cross-sections giving seismigdépth information are presented in Fig. 6 and
7. In the seismic data evaluation, the coincidemae provided with RMS (Root Mean Square) errorgjiram
between 3.4-4.5% in 2D inversion operation. Acaogdio these sections, two or three layers weretifikzh at
about 20 m deptlFig. 6 and 7)1t was understood that the tilts of these layeesensoutheast oriented, and their
tilt was greater thaf’. According to the average seismic velocities)(Walculated, three layers with the layer
velocities of 650, 1200 and 2100 m/sec were defin@ah top to bottomThus, the seismic p/velocities were
observed that they increased towards the deptlastdetermined that the depth of the sliding serfearied
about between 3-7 nfFig. 6 and 7).Therefore, these depths were defined as the layr tve risk of
dislocation. This area was considered to have a risk of diflmecadue to these loose units, rainfall and tilt
conditions.The seismic velocity of the first layer is lowemathVs<650 m/sec, but the seismic velocity of the
third layer may be greater thap#¥2100 m/sec.

GPR sections: The investigation depth was further calculated fribv@ SRT sections compared to the
GPR sections due to the differences of geophysitethods in the application. Because GPR sections we
obtained in high-resolution for about the first @0depth after data processing of the GPR datis. clearly
observed that the strong reflections are withinml@epth in Fig. 8 and 9. These strong reflecti@mensn black
dashed ellipses are interpreted as deformationsaireghe layer. In asimilar manner, these areas being
interpreted as deformations were also observekerstudies of Bubeck et al. (2015), Hu and Shaa@p05u et
al. (2016) and Popescu et al. (2016). The stroriggcted wave signal shows distinctive characterssti
presenting a low-frequency high-amplitude sync-pheds, which can be inferred as the sliding serfad=ig.8
and 9 In other words, two layers were identified in GB#tionsThe first layer is weak, loose, cracked, moved
and also have lost their tightness, and their seiselocity is low.Therefore, in Fig8 and 9,t was thought that
deformations developed on the sliding surfacestduihe geology of the study area in A and C afteaas
identified the deformations, called sliding surfsclandslide furrows, scarps, collapsed zonescaameks. If the
areas of A and C are compared, the deformationsmame in area C than in area A. Therefore, the oisk
landslides may be higher in area C. In Fig. 8, EMewave velocity calculated for the reflection sué in GPR5
cross-sectionrepresenting the GPR profilesvas shown as an example. The picks were exportéu thve

attribute of two-way travel time and the velocitiyppopagation of the wave was calculated aboun@ris (Fig.



8). This value is generally observed in dry or s@t, dry or wet clay and sandy environments (Walch2000;
Cardomina, 2002). Therefore, it was thought tha #elocity value was compatible with the geologigaits
and electromagnetic waves led to rapid absorptigntd the silty sandy clay layeBecause the first geological
unit is medium-very stiff, low-high plasticity, 8/l sandy clay. The deformation structures as giidinrfaces,
landslide furrows, scarps, collapsed zones, antksnaere observed in the GPR cross-sections 8Rigud 9. In
other words, the geological unit, the layer or @aphy slope and precipitation cause deformatiorike loose
upper unit. Therefore, these structures may dewalazcur in the landslide mass, as shown in Fan@9.
Additionally, the geological units were observediH wells in the geophysics study area (Fig. 4)eSeéh
are mostly silty sandy clay and they have diffeidrdracteristics above and below about 10 m in . Whe
topography of the study area decreases from 925 84@ m and the elevation difference is 85 m (B)jgThe
amount of slope in the topography increases fromthst north(>5>-10°) in the geophysical sections (Fig. 6 and
7). It was determined that the landslide type in theaamvas planar sliding and observed that the dinecti
sliding was SE. As this information was associatéti topography and the field observations, it waserved
that the topography was inclined from the nortlthi® south of the study area. The results of thewarstudies
and also the findings of this article have proveal tKoyulhisar landslides are generally causedhieykinown
reasons that trigger the landslide. Therefore,da$ ween that the geological bedding was compatittte the
topographical sloping and the groundwater was cditvipavith the direction of flow.
4 Conclusions
The landslides may develop under various geologioalphological, topographical and physical reasdie
information provided from many studies (geodetigaplogical, morphological, seismological, topodpiapand
meteorological) carried out across the region waspared with the geophysical results (SRT and G&#Ri)
found to be compatibl& he seismic P-wave velocity f)/of the layers, the tilt, tilt direction of theylers, depth
of the sliding surface, sliding direction and thadslide type was determined from the geophysegtians.The
study area was identified by the layers with therage seismic velocities of 650 < 1200 < 2100 <.sewV/
According to the geophysical cross-sections, it idastified that the depth of the sliding surfaceied between
3-7 m due to the topographical differences. Thesgth were the depths with low seismic velocitie850
m/sec)and defined as loose units which were also obseirveological drilling logs. It was determined tha
sliding surfaces, landslide furrows, collapsed zprsearps, cracks were observed in the landslidss imathe
GPR sections. It was observed that the layer s generally more tharf &n all geophysical sections and
compatible with the geology and the flow directmfiithe groundwater. It was determined that the dtidd type
in the area was planar sliding and the directioslioing was SE.

The geophysical and other results were found tedmpatible because it is known that the landslide
direction across Koyulhisar is in S-SW and SE. @gugntly, the fact that the depth of the slidingaxe over
the geologic unit is loose, the seismic velocitytlod upper layer is low and the tilt is an excesstow that
there is a new risk of landslide in the area. Titeiofactors that trigger the landslide were fotmbte associated
especially with the fact that the area is seisicadtive, receive heavy rain and has a poor véigetaover. On
the other hand, it was thought that blasting ancheation performed by human intervention can trigipe
landslides due to the geologically loose unit. Heribe landslide area can be a potential area wiopen to

natural/artificial hazards. The identified risksdamatural hazards also threaten the settlement dreduildings



and other constructions (e.g. roads, walls, patka.pin Koyulhisar. Therefore, there is still &h landslide
hazard in the study area and its surroundingsttaadazard will also occur in the future.
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Figure 2. Seismic activity of the study area and its surrongsl by the data between 1900-2015 years and the
landslide areas (UDIM, 2016; MTA, 2018).



Table

Table 1. The annual average meteorological values of Siyagears between 1950-2015 (MGM, 2016).

SIVAS January February March  April May June July August September October November December
The average 3.2 2.0 2.9 91 135 172 202 20.2 16.2 10.8 46 0.6
tempreture (°C)
The average the
highest 1.0 2.6 8.1 15.3 20.0 24.0 27.9 28.5 24.7 18.4 10.6 3.7
tempreture (°C)
The average the
lowest -7.0 -6.2 -1.7 3.4 7.2 9.9 12.0 11.9 8.3 4.4 -0.2 4.2-
tempreture (°C)
The average
sunshine 2.3 3.3 4.5 6.2 8.1 10.4 12.1 11.4 9.4 6.3 4.1 2.3
duration (hour)
The average
number of 13.0 12.4 13.7 14.0 14.4 8.8 25 2.1 4.3 8.0 9.5 112
rainy days
The average
monthly total 42.0 40.3 46.0 59.1 60.7 34.8 8.5 5.9 16.9 32.9 041. 44.2
rainfall (kg/m?)
The highest and the lowest values occurring over marngears (1950-2015)
The highest
tempreture (°C) 14.6 18.1 25.2 29.0 32.0 355 40.0 394 35.7 30.5 282 19.4
The lowest
tempreture (°C) -34.6 -34.4 -27.6  -10.9 -4.2 -0.3 3.4 3.2 -3.8 -8.1 -24.4 -27.0
Daily total the 55.0 . . 122.8 .
highest rainfall 2 May 1991 kgl? Daily the fastest wind 5 Jan. 1996 km/h The highest snow 2 Feb. 1950 110.0 cm
700 a)
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Figure 3. a) Precipitation distribution in between 1981-201%ngeof Sivas (MGM, 2016)b) Graphics of

monthly average temperature (°G), rainfall (nf) and soil moisture content (cm) of the study aaed its

surroundings in the years of 2013 and 2014. They weepared from the project data (Hasta@t al., 2015).



400100 400200

4462030

4461960

o
3
]
b
g
¥

Geophysical
Eleva

4461750

24y
, A .
.. SRT2,GPR2

sr3.Grry A1l
SRT414GPR11

SRT5,GPR5 : f]’
srri® (C

»

—>~ MEASUREMENT DIRECTION

Figure 4. (a) The study area. (b) and (c) The details of ggsiss profiles for the A and C areas.

C area-west C area-east

Landslides

Landslide cracks

Damages in
constructions
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Figure 8. GPR profiles in A area and the deformations inltlose layers (the seismigMayer).




Figure 9. GPR profiles in the C-west area and the deformatinithe loose layer (the seismigNayer).



Figure 9. (...contiune) C-east area.



