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ABSTRACT

On November 17" 2015, a My, 6.5 earthquake struck the island of Lefkada in Greece. The shaking caused landslides and
rockfalls particularly in the western part of the island. The stability of a major landslide that occurred in Egremnoi beach,
was investigated with the objective to back-calculate the shear strength of the failed ground, which is geologically
characterized as a disintegrated and highly tectonized limestone. The geometry of the landslide was determined by
comparing the surface of the ground before and after the earthquake. Pre-and post-earthquake surfaces were derived using
the National cadastre surface model and imagery collected from an Unmanned Aerial Vehicle (UAV), respectively.
Pseudo-static two-dimensional and three-dimensional slope stability analyses were performed. The seismic coefficient
kne was determined using strong motion data recorded at Vasiliki and Chortata station located in the vicinity (<10 km)
of the landslide. The back-calculated shear strength of the tectonized limestone is found to be similar to that of a hard soil
— weak rock. The analysis provides a reliable estimate of rockmass shear strength since sampling and laboratory testing
of the material is difficult.
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INTRODUCTION

On November 17 2015 at 07:10:07 UTC a strong, shallow My, 6.5 earthquake occurred on the island of Lefkada
along a NNE-SSW striking dextral strike-slip seismic fault with a reverse component that dips east at a high
angle of about 70 + 5° (Lekkas et al., 2018). The seismotectonic setting is characterized primarily by the
Hellenic subduction in the South that is connected to the Adriatic collision in the North through the right-
lateral Cephalonia fault also called Cephalonia-Lefkada Transform fault — KLTF. KLTF consists of at least
two segments: the northern (Lefkada segment), striking NNE-SSW, which is approximately 40 km long, and
the southern (Cephalonia segment), striking NE-SW, and is 60 km long (Rondoyanni et al., 2012). The 2015
earthquake ruptured a coastal fault that remained unruptured by the two large sub-events of the My, 6.2 Lefkada
double in 2003 (Sokos et al., 2016). The epicenter is located on Lefkada island, according to the National
Observatory of Athens, Institute of Geodynamics of Greece (www.gein.noa.gr).
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The event caused structural damage and triggered rock falls, rock slides, landslides, road fill failures and small-
size liquefaction features (Papathanasiou et al., 2017, Saroglou et al. 2018) especially in the western part of
Lefkada. In the area of Egremnoi, the shaking caused landslides due to the relatively low strength of the
tectonized limestone, and the steep and high slopes along the western coastline. In the present study, a major
landslide is back-analyzed to derive the mechanical properties of the limestone rockmass. The landslide is
shown in Fig. 1, shortly after the earthquake and the debris is observed to cover part of the failure surface. The
height of the entire slope is 195 meters and its average inclination is 47°.
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Figure 1. The major landslide triggered by the My 6.5 earthquake at the site of Egremnoi (Photo
by news.in.gr )

GEOLOGICAL FEATURES
Geotectonics of Lefkada island

The island of Lefkada consists of a carbonate sequence of the lonian zone, limestones of Paxos (Apulia) zone
restricted in the SW peninsula of the island and few outcrops of lonian flysch (turbidites) and Miocene marls—
sandstones mainly in the northern part of the island (Rondoyanni-Tsiambaou, 1997). The lonian zone is
separated from the Paxos zone by a thrust fault striking in NW-SE direction (Karababa & Pomoris, 2011).

The lonian islands, which include Lefkada island, are located in the central part of the lonian Sea which is one
of the most seismically active regions in the Mediterranean and experience frequent My 5-6.5 earthquakes, as
well as less frequent larger (up to 7.5) earthquakes. On average, Lefkada experiences at least one damaging
earthquake every 18 years (Papathanassiou et al., 2005). Seismicity is primarily associated with dextral strike-
slip faulting along the Cephalonia Transform Fault comprising the distinctive Cephalonia and Lefkada faults
(Papazachos et al., 2001, Louvari et al., 1999; Karakostas et al., 2004). The NE-SW to NNE-SSW trending
neotectonic main faults are normal structures with a significant right-lateral component, while some minor
faults trending NW-SE exhibit left-lateral character (Papathanasiou, 2013).


http://news.in.gr/greece/article/?aid=1500040437

Geology of the study area

The ground conditions in the area of Egremnoi were evaluated during a field reconnaissance expedition. The
formations characterizing the Egremnoi area are; a) Limestone breccia and tectonized limestone breccias; b)
Marly limestone with fossils; and ¢) Mylonite. The upper-cretaceous bedrock limestone is evident sporadically
in the surface of the ground. The limestones in the study area belong to the Paxos zone. Tectonic stresses, due
to the presence of major faults striking parallel to the slopes in the western part of the island, have resulted in
the formation of tectonic breccia and mylonite with poor mechanical properties.

Testing on limestone breccias from five different areas in Greece (Koukis et al., 2001) indicates that the
uniaxial compressive strength ranges between 16 and 51 MPa with an average value of 32.2 MPa. Kahraman
et al. (2015) investigated the strength properties of Misis fault breccias in Turkey and the correlation of primary
wave velocity Ve, shear wave velocity Vs and density with Volumetric block proportion (VBP). The average
strength of limestone breccias in that study was equal to 40.3 MPa. The strength of the limestone breccias in
Egremnoi site is expected to be lower than the strength of breccias at these sites. Furthermore, the rockmass
strength of the materials in which the landslides occurred, is significantly lower.

Rockmass characterization of the landslide area

The landslide consists of tectonized limestone breccias and mylonite. Distinguishing between them is difficult
as the area is remote and steep and field investigation on the landslide backscarp could not be conducted.
Quantifying the mechanical properties of these ground materials is challenging. Sampling is practically
impossible since even triple-tube diamond coring extensively disturbs the tectonized rock-mass whereas
available rockmass classification systems do not apply on such materials. Therefore, back-analysis is the only
direct method to determine their mechanical properties. Although we recognize that mylonite is a weaker
tectonized breccia without distinct structure, in the conducted back-analysis one uniform material was assumed
to estimate the average shear strength of the ground.

METHODOLOGY

Introduction

Although many more landslides occurred during the My, 6.5 earthquake (Zekkos et al. 2017), in this paper, one
main landslide is presented. To derive the landslide’s geometry, field mapping with Unmanned Aerial Vehicles
(UAVs) and data from the National Cadastre were utilized. The Digital Elevation Models (DEMs) showed that
the rupture surface is near-circular indicating that the main failure mechanism was shear failure. The landslide
was back-analyzed using 2D and 3D limit equilibrium analyses and the software TSLOPE (TAGA Engineering
Software Ltd, 2019).

Pre-earthquake geometry and field mapping of post-earthquake slopes

The Phantom 3 Pro UAV that is equipped with a 12 MP camera was used to collect overlapping imagery of
the Egremnoi slopes. The region was mapped just two days after the earthquake and in April 2016. UAVs are
nowadays valuable data acquisition platforms for inspection, surveillance and mapping purposes (Greenwood
et al. 2019, Nex & Remondino, 2014). UAVs are valuable to derive topography for natural slopes that may be
prone to geological hazards, such as landslides or rockfalls. In this study, the images were collected using 80%
vertical and 60% lateral overlapping in order to produce a 3D Point Cloud model using the Structure-From-
Motion (SfM) technique (Zekkos et al. 2018, Fonstad et al. 2013; Micheletti et al., 2015). The density of the
3D Point Clouds was 140 points per m?. These data provided the surface of the ground after the earthquake. It
is pointed out that, in April 2016, the debris shown in Figure 1 was eroded by wave action and the failure
surface was exposed.

The pre-earthquake geometry was determined via photogrammetric data from the Hellenic Cadastre spatial
database. The digital elevation model (DEM) implemented, was created for the production of orthophotos
from aerial photo strips captured between 2007 and 2009 and has a 5 m pixel size on the ground. The geometric
accuracy of the product is RMSEz < 2.00 m and absolute accuracy < 3.92 m with a confidence level of 95%.



Evaluation of the seismic load that triggered the landslides

The seismic load that triggered the landslides was considered using the pseudo-static method (Terzaghi, 1950).
The pseudo-static method simplistically uses a constant horizontal and vertical force on the slope by
considering seismic coefficients kne and kyg, respectively. Usually, the instabilities are caused by the
horizontal load and therefore, the vertical load can be neglected. The selection of kne is critical to evaluate the
seismic stability of the slope. Two methodologies, the Eurocode 8 standard and the U.S. NCHRP 12-70 /
FHWA (2011) guideline, were selected to derive kne.

Eurocode EC-8 standard

The seismic coefficient kne acting on the ground mass according to Eurocode EC-8 standard is calculated as:
kpg = 0.5 %S * Sp * PGAgrouna [1]
where S: Soil parameter, St: coefficient of topographic amplification, PGA: Peak ground acceleration.

Since, based on field observations, the ground can be characterized as type B and the slopes are higher than
30 meters with an inclination of more than 15°, the S coefficient was set to 1.20 and St coefficient must be
greater than 1.40. Considering a numerical evaluation of topography amplification for similar type of slopes
(Pagliaroli et al., 2007), a value of 1.50 is selected. PGA was determined by using data from two acceleration
station that were both located at similar distance from the epicenter of the earthquake as the landslide being
investigated (Vasiliki and Chortata). The PGA values in Vasiliki and Chortata stations were equal to 0.36g
and 0.42g, respectively. Therefore, an average PGA equal to 0.39g was used. Chortata and Vasiliki stations
are located about 10 km and 4.5 km from the Egremnoi site, respectively. Therefore, kne coefficient was
calculated equal to 0.35g.

NCHRP 12-70/FWHA (2011)

The NCHRP 12-70/ FHWA (2011) recommendation determines the horizontal seismic acceleration coefficient
as:
kng = a* Fpga * PGAgrouna [2]

where a is a slope height factor, Feea is the AASHTO peak ground acceleration site factor, and PGA is the
average peak ground acceleration set equal to 0.39g.

a=12x*[1+ 0.01*H=* (0.5« —1)] [3]
_ Fy*Sy
B - Fpga*PGA [4]

where H is the height of the slope, F, is the AASHTO site factor for the spectral acceleration at 1 second and
S is the spectral acceleration at 1 second for Site Class B.

According to the NCHRP recommendations, slope heights greater than 30 m do not further amplify the motion.
Thus, a maximum height of 30 m is used. Coefficient S; was calculated using the accelerograph of Vasiliki
station, the one closest to the site of interest. F, and Feca Were determined for soil type B, considering the S:
and PGA, respectively. Based on these considerations, the values of the parameters are: S:=0.53g; F.,=1.00;
Frea=1.00; p=1.36; 0=0.82.

Thus, the kne coefficient using the NCHRP 12-70 / FHWA procedure is equal to 0.32g, which is similar to the
0.35g value from EC-8. A value of 0.35g was used in the stability analyses.



Back-analysis

2D and 3D limit equilibrium analyses were conducted using Spencer’s limit equilibrium method (Spencer,
1967). The 3D method of columns, which is the equivalent of the method of slices in 3 dimensions, was utilized
to back-analyze the landslide. The ground mass is divided into a number of vertical columns, each with an
approximately square cross-section. TSLOPE (Tagasoft, 2019) was utilized for the analyses. The unit weight
of the ground was assumed equal to 22 kN/m?, a typical value for a disintegrated limestone. The Mohr-
Coulomb failure criterion was used to model the shear strength of the tectonized limestone.

RESULTS & DISCUSSION

Landslide characteristics

The geometric characteristics of the landslide were evaluated using the pre- and post- earthquake geometries.
Volume calculation between pre-earthquake and post-earthquake models was accomplished using
CloudCompare software with a procedure that relies on a rasterization process of each point cloud (2.5D grid
surface). In this process, the 2.5D grid is computed, and the clouds are projected to deduce the volume as well
as other statistics (surface area, matching cells, relative coverage of both clouds, etc.). Volume is computed by
multiplying the elementary parallelepiped corresponding to the cell footprint by the difference in heights
between the two 2.5D raster grids.
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Figure 2. (a) Pre-earthquake (2009) 3D Point Cloud interpolated from 5 m Hellenic Cadastre DEM, (b) Post-
earthquake (April 2017) 3D Point Cloud generated by SfM processing based on UAV survey, (c) Pre-post
volume calculations presented as relative heights from reference surface (pre-quake DEM) with a 145-m
section (BB’”) shown for scale; (d) Longitudinal cross-section (AA”) through landslide showing pre-

earthquake and post-earthquake geometry (in m).

Fig. 2 illustrates the before and after the earthquake surfaces as well as the volume loss and gain using a scale
colored to illustrate height differences between the two 2.5D surfaces. A 2D longitudinal cross-section through
the landslide is also shown in Fig. 2d. A height loss of up to 18.5 m is observed near the landslide crest and a
gain in height of 22.9 m due to deposition of the debris at the toe of the landslide is also measured. The volume
loss due to landsliding is calculated equal to 61,299 m? while the debris volume at the toe of the slope was



calculated at about 113,323 m®. The average depth of the slope is 5.8 m, indicating relatively shallow sliding
given the slope’s height, which exceeds 200 m.

The failure surface is illustrated in TSLOPE and compared with the real geometry in Figure 3. During the
UAYV survey in April 2016, debris had been removed and the slip surface was revealed. The geometry of the
landslide is complex. Its width remains relatively constant while its length (top-bottom distance) varies
significantly. The modeled surface is practically identical to the actual one. The calculated volume of the
modeled landslide using the 3D method of columns was 65,000 m?, which is similar and slightly greater (~6%)
than the volume measured in CloudCompare (61,299 m?). This is due to discretization differences caused by
the column number limitation (maximum 200 columns) and is not considered significant. Analyses were
conducted for a number of 2D cross-sections in an effort to identify the most critical ones for the complex
geometry of the landslide. Fig. 3(b,c) shows the location of three selected one, that had among the lowest
factors of safety. The 2D surfaces of failure for all the cross-sections (AA’, CC’ and DD”) are shown in Fig.
4,

Figure 3. Comparison of failure geometry from (a) photographic data after the earthquake; (b) 3D method of
columns illustration in TSLOPE measured both in TSLOPE; and (c) The failure surface projected in
TSLOPE. A 145-m. BB’ length measured both in TSLOPE and CloudCompare along with the two cross-
sections (AA’, CC’ and DD”) used for the 2D analyses are also shown.
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Figure 4. 2-D stability analyses along AA’, CC” and DD’ cross-sections.



Back analysis results

In back-calculating the shear strength of the material using the Mohr-Coulomb envelope, pairs of the two
parameters, cohesion and friction angle, were derived since none of the two are known. Thus, the results are
presented in terms of c-¢ envelopes, and are shown in Fig. 5.
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Figure 5. C-¢ envelopes of 2D and 3D analyses for the landslide in Egremnoi site.

First, the strength parameters derived from the 2D analyses are higher than the strength parameters from 3D
analysis, which is consistent with previous studies (Hovland, 1977; Duncan et al., 2014; Fomenko & Zerkal,
2011; Reyes & Parra, 2014; Corié et al., 2015) assuming that a critical cross-section is examined. However,
Bromhead (2004) states that 3D analyses can sometimes produce lower safety factors compared to 2D
analyses. Moreover, 2D analysis of cross section CC’ is more conservative than 2D analysis of cross-section
AA’ and DD’ showing that it is the most critical among all the cross-section examined.

2D stability analyses are plane strain, i.e., assume that the slope is infinitely long in the direction perpendicular
to the plane of analysis while the failure is assumed to occur simultaneously along the entire length of the
slope. A two-dimensional (plane strain) cross section is examined, and equilibrium is considered in just two
directions. On the other hand, most slope failures are finite, and most failure surfaces are three dimensional,
and often bowl-shaped (Duncan et al., 2014). Leshchinsky & Huang (1992) suggest that shear strength should
not be back-calculated using 2D analyses for landslides with major 3D effects as this will result in
overestimation of strength. 2D and 3D limit equilibrium safety factors usually differ up to 10% (Cori¢ et al.,
2012) but in some cases this difference may range from 15%-50% (Hadzi-Nikovic et al, 2013). In the present
study, for cross-sections AA’, CC’ and DD’ the 2D shear strength was found to be 15.4%, 6.8% and 9.5%,
respectively, higher compared to that calculated in 3D.

Note that a factor of safety (FS) equal to 1 was assumed in the back-analysis. However, the actual value of the
FS during the earthquake-induced failure may have been less than 1. Therefore, it is pointed out that the results
derived from the back-analysis represent an upper limit of the material’s shear strength.

Based on these results, the mechanical properties of the tectonized material are poor, as anticipated.
Disintegration due to tectonic stresses reduced the material’s strength to that of a hard soil/weak rock.
According to geologic investigation conducted on the site by the authors, the friction angle of the tectonized
limestone may range from 35° to 45°, limiting the possible cohesion-friction angle combinations. On average,
a uniaxial compressive strength of 0.27 MPa was calculated.

The estimated strength is that of the material engaged in the landslide, which is near the surface of the ground.
We hypothesized that at greater depths, the limestone will exhibit greater mechanical characteristics, limiting
the landslide to shallower depths. To investigate this hypothesis, stability analyses using the derived strengths



were conducted to investigate deeper failure surfaces. Deeper landslides were also found to be unstable for the
same assumed strength, but given the absence of such deeper landslides, higher strength parameters are
expected at depth.

Impact of seismic coefficient kne

Despite the existence of strong motion recordings in the vicinity of the site, there is still some uncertainty
associated with deriving an equivalent seismic coefficient. To investigate the sensitivity of the results to such
a variation of seismic coefficient, additional analyses were conducted for a range of ki e values. The results of
back-analysis for four different seismic coefficient values are presented in Fig. 6. Small changes from the
assumed value of 0.35g would affect the results, but not drastically. Therefore, the utilization of the
aforementioned methodologies for calculation of the kne value is adequate.
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Figure 6. C-¢ envelopes for 4 different seismic coefficient Kpe.

CONCLUSIONS

The mechanical properties of a tectonized limestone that was engaged in a major (>60,000 m®) landslide in
Egremnoi beach that failed during the 2015 Lefkada earthquake was investigated. The limestone is highly
disintegrated due to intense tectonic activity forming either a tectonic limestone breccia that consists of
irregular rock fragments or a mylonite. The landslide was back-analyzed using before and after 3D geometries.
The back-calculated strengths, which represent upper limit estimates of the material’s shear strength are low
and resemble those of a weak rock / hard soil. Field observations indicate a range of friction angle from 35° to
45° with cohesions of 50-75 kPa. Combining the possible c-¢ pairs, the average uniaxial compressive strength
of the material is 0.27 MPa. Sensitivity analyses that were conducted to investigate the impact of ke showed
that a minor variation of the seismic coefficient from the assumed value will not result in a significant change
in strength parameters. Back-analysis, such as the one conducted in this study, is considered the most reliable
method to derive mechanical properties of such geomaterials, as sampling and laboratory testing are extremely
difficult while the application of common rock mass classification systems for strength characterization is not
reliable.
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