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Abstract

On October 30, 2020 14:51 (UTC), a moment magnitude (M,,) of 7.0 (USGS, EMSC)
earthquake occurred in the Aegean Sea north of the island of Samos, Greece. Turkish and
Hellenic geotechnical reconnaissance teams were deployed immediately after the event and
their findings are documented herein. The predominantly observed failure mechanism was
that of earthquake-induced liquefaction and its associated impacts. Such failures are pre-
sented and discussed together with a preliminary assessment of the performance of build-
ing foundations, slopes and deep excavations, retaining structures and quay walls. On the
Anatolian side (Turkey), and with the exception of the Izmir-Bayrakli region where signifi-
cant site effects were observed, no major geotechnical effects were observed in the form of
foundation failures, surface manifestation of liquefaction and lateral soil spreading, rock
falls/landslides, failures of deep excavations, retaining structures, quay walls, and subway
tunnels. In Samos (Greece), evidence of liquefaction, lateral spreading and damage to quay
walls in ports were observed on the northern side of the island. Despite the proximity to
the fault (about 10 km), the amplitude and the duration of shaking, the associated lique-
faction phenomena were not pervasive. It is further unclear whether the damage to quay
walls was due to liquefaction of the underlying soil, or merely due to the inertia of those
structures, in conjunction with the presence of soft (yet not necessarily liquefied) founda-
tion soil. A number of rockfalls/landslides were observed but the relevant phenomena were
not particularly severe. Similar to the Anatolian side, no failures of engineered retaining
structures and major infrastructure such as dams, bridges, viaducts, tunnels were observed
in the island of Samos which can be mostly attributed to the lack of such infrastructure.

Keywords Reconnaissance - Samos earthquake - Liquefaction - Lateral spreading - Slopes -
Retaining structures - Foundations - Seismic performance
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1 Introduction

On October 30, 2020 14:51 (UTC), a moment magnitude (M,,) of approximately 7.0
(United States Geological Survey, USGS (2020); European-Mediterranean Seismological
Centre EMSC) earthquake occurred in the Aegean Sea north of Samos Island, Greece. The
epicenter of the earthquake (N 37.8881°, E 26.7770°) was approximately 10 km north of
Avlakia in Samos Island, and 23 km south of Doganbey in Izmir, with a focal depth of
17 km (AFAD). This paper aims to present the findings of field and desk studies performed
by both Hellenic and Turkish geotechnical reconnaissance teams after the earthquake, and
to discuss major conclusions drawn based upon these. Investigations of various aspects of
the earthquake are available in literature (e.g. Akinci et al. 2021, Akkar et al. 2021, Askan
et al. 2021, Binici et al. 2022, Cetin et al. 2021; 2022, Demir and Altiok 2021, Evelpidou
et al. 2021, Ganas et al. 2021, Kalligeris et al. 2021, Kiratzi et al. 2021, Lentas et al. 2022,
Makra et al. 2020; 2021, Mavroulis et al. 2022, Nuhoglu et al. 2021, Onat et al. 2022,
Plicka et al. 2021, Toprak et al. 2022, Yakut et al. 2021).

Hellenic and Turkish geotechnical reconnaissance teams were mobilized in the field to
collect and document perishable geotechnical data immediately after the event. In response
to this event, the members of the Middle East Technical University, Earthquake Engineer-
ing Research Center (METU-EERC) along with several other research teams from Ege and
Eylul Universities, as well as the Izmir Institute of Technology visited the region to inves-
tigate the effects of the earthquake. The reconnaissance study covered a large area, starting
from Dilek Peninsula in the southwest, all the way up to Izmir Bornova in the northeast.
Local reconnaissance teams mobilized to the area immediately after the event and METU
team as of 3™ of November to collect and document perishable data in the form of ground
deformations, liquefaction manifestations, possible failure or non-failure performances of
soil, rock slopes and retaining structures. On the island of Samos, geotechnical reconnais-
sance was performed in two phases. Initially and a week after the earthquake, geotechni-
cal engineers from the US and Greece were deployed between the 7th and 9th November
2020 as part of the Hellenic Association’s for Earthquake Engineering (HAEE/ETAM) and
GEER reconnaissance effort, and covered the northern part of the island and part of the
southern part focusing on both structural and geotechnical damage (as discussed in HAEE
- Vadaloukas et al. 2020). At a later phase and two months after the earthquake, a team of
geotechnical engineers and geophysical testing experts from the University of Patras were
deployed between the 19th and 21st December 2020 to obtain site information at selected
locations in Samos that had been identified as key during the reconnaissance efforts in-
between the two trips.

Discussions presented in this paper will focus on the documentation and the prelimi-
nary assessment of (i) performance of building foundations, (ii) seismic soil liquefaction
and induced ground failures, (iii) performance of slopes and deep excavations, and (iv)
performance of retaining structures and quay walls on both Samos and the Anatolian side
for each case. As will be notable throughout the paper, with the exception of the Bayrakli
region where significant and detrimental site effects (as discussed by Cetin et al. 2021)
were observed, no major geotechnical effects were observed on the Anatolian side in the
form of foundation failures, surface manifestation of liquefaction and lateral soil spread-
ing, rock falls/landslides, failures of deep excavations, retaining structures, quay walls and
subway tunnels.

On the island of Samos, evidence of liquefaction, lateral spreading and damage to quay
walls in ports were observed on the northern side. Despite the proximity to the fault (about
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10 km), and the significant amplitude/duration of shaking, the associated liquefaction
phenomena were not pervasive, which suggests marginal liquefaction. It is also unclear
whether the damage to quay walls was due to liquefaction of the underlying soil, or merely
due to the inertia of those structures in conjunction with the presence of soft (yet not nec-
essarily liquefied) foundation soil. A number of rock falls/landslides were observed; yet,
again, the relevant phenomena were not particularly severe. Like in the Anatolian side, no
failures of engineered retaining structures and major infrastructure such as dams, bridges,
viaducts, tunnels were observed. This can be mostly attributed to the lack of such infra-
structure on the island of Samos.

2 Performance of foundation systems

Foundation systems performed reasonably well on both sides of the Aegean Sea. Resi-
dential buildings were investigated in the center of Urla, Cesme, Kusadasi, Gumuldur,
Izmir-Konak, Izmir-Bayrakli regions on the Anatolian side. Amongst them, no failures
were identified that could be characterized as foundation-induced, i.e. as would have been
evident by excessive total or differential settlement or tilting, or bearing capacity exceed-
ance. Indicative pictures of satisfactory foundation performances are shown in Fig. 1.
Most importantly, no foundation-induced structural failure mechanisms were observed or
reported for the collapsed or heavily damaged buildings in Bayrakli and Bornova districts.
For residential structures up to 7-9 stories, foundation systems were mostly identified as

A

Ul

"\U’

Fig. 1 Indicative cases of satisfactory foundation performance on the Anatolian side: a Urla, b Cesme, ¢
Kusadasi, d Gumuldur, e Izmire Konak, and f Izmir Bayrakli
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Fig.2 Two-way combined foot-
ing system (grid spread footing
foundation) of one of the heavily
damaged buildings in Bayrakli,
whose collapse is not foundation
induced

1. zulR ADALET BARRYL

ITARRT AR
, i/

Fig.3 200 m high Twin Folkart Towers in Bayrakli supported on a piled raft system. No earthquake-
induced damage was identified or reported for such foundation systems

two-way combined footings or individual footings with strip beams. Mat foundations are
not very common for these low to mid-rise buildings belonging to pre-1995 period, despite
the soft nature of underlying foundation soils. Figure 2 illustrates the foundation system of
one of the fully collapsed buildings in Bayrakli whose collapse is not foundation induced.
The recent development of high-rise buildings (Fig. 3) has, however, introduced the
increasingly common use of piled raft systems. Barrette (rectangular pile) elements have
been used in the foundation of these high-rise buildings. Additionally, in recent residential
developments in Mavisehir, ground improvement applications in the form of jet grouting
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Side of surrounding
settlements

Fig.4 Damage observed around the Port authority building in Vathy, Samos (location: 37°4527.0" N
26°58'15.4" E). The cracks indicate soil settlement/distortion around the building which remained intact
and functioning 8 days after the earthquake

and rammed aggregate piers have been widely used. Similarly, no foundation-induced
deformations were observed at these sites.

On the island of Samos, no foundation failures were observed in the visited areas, with
the possible exception of structural damage due to lateral spreading (see later Sect. 3). Fig-
ure 4 illustrates the Port authority building at the Eastern port of Vathy, where the observed
damage patterns indicate a satisfactory piled foundation performance. Indeed, despite cracks
and settlements around the building, the structure per se remained intact and was operating
normally eight days after the earthquake when the HAEE/ETAM team inspected the site. At
this point, it remains unclear whether these settlements are related to liquefaction, dynamic
compaction, or failure of the retaining wall and an associated overall displacement of the
backfilled soil (see Sect. 5 on the performance of the quay wall at the same site.)

2.1 Earthquake-induced liquefaction manifestations and induced ground failures

This section presents observations regarding the presence or lack of surface manifestations
of earthquake-induced soil liquefaction in the form of sand boils and ejecta, excessive set-
tlement, and lateral spreading. Along the Aegean coasts of Anatolia and inland, with the
exception of Gulbahce, no surface manifestation of seismic soil liquefaction triggering was
observed or reported. As shown in Fig. 5, evident by the USGS susceptibility map released
immediately after the event, there were liquefaction susceptible regions where no surface
manifestation of soil liquefaction was observed. USGS classified the area as one where
liquefaction would be significant in severity and spatial extent. On the other hand, indica-
tions of liquefaction phenomena were observed on the island of Samos (and possibly in
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Fig.5 USGS liquefaction susceptibility map released after the event showing liquefaction probability in the
region surrounding the epicenter (not necessarily associated with the source at hand). The red ellipses indi-
cate the only locations where evidence of liquefaction manifestation was identified

the port of the island of Chios located 100 km to the north-west of Samos; see Fig. 5) and
its nearshore alluvial deposits in particular, despite the fact that the accompanying effects
were not destructive.

Starting with the Anatolian side, as presented in Fig. 5, potentially liquefiable sites and
shores were visited, and the lack of surface manifestation of soil liquefaction triggering
was documented as no sand boils or displacements were identified. However, a number of
surface manifestations were documented in Gulbahce-Izmir and Samos Island indicating
the triggering of soil liquefaction, which will be discussed next (Fig. 6).

2.2 Giilbahce/lzmir

Consistent with the USGS susceptibility predictions, 45-50 km away from the rupture,
along the shores of the Icmeler and Gulbahce districts, sand boils were observed, as shown
in Fig. 7a through d. These sites were close to the Gulbahce fault zone, and documented
artesian pressures along with hot water springs which are known to be present at these
sites, which are also believed to have contributed to the observed soil ejecta formation.
Figure 8 illustrates the results of grain size distribution analyses performed on soil samples
retrieved from the sand ejecta. As can be seen, all samples were uniform and within the
bounds typically delineated as liquefiable uniform soils.
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Fig.6 Selected photographs indicating no earthquake-induced soil liquefaction manifestation near-shore: a
and b shores of Gumuldur city (38°04'30.9" N 26°58'32.7" E/ November 3rd 2020/11:03 and 38°03'30.6"
N 27°00'38.3" E/November 3rd 2020/10:30 respectively), ¢ shores of Cesme (38°20'54.5"N 26°27'07.6"E/
November 3rd 2020/09:54), and d shore of the Seferihisar district (38°05'11.5"N 26°51'39.7"E / November
3rd 2020/11:31)

Fig.7 Surface manifestations of earthquake-induced soil liquefaction in the form of sand boils at shores
of Icmeler and Gulbahce district: a 38°20'18.4" N 26°38'51.0" E, b 38°18'37.3" N 26°40'47.1" E, and c-d
38.338088 N, 26.647763 E

2.3 Samos Island

Liquefaction has been historically manifested in various locations in Greece, particu-
larly in many of its islands (Papathanasiou et al. 2005, 2010—Fig. 9). In the eastern
Aegean Sea, the most recently recorded case of liquefaction was the one in Kos dur-
ing the Bodrum-Kos M,, = 6.6 earthquake of 2017 (Papathanasiou et al. 2018). No lig-
uefaction case histories have been recorded for Samos prior to this earthquake. The
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Fig. 8 Grain size distribution curves of sand ejecta obtained from Giilbahce, along with the bounds of typi-
cally liquefiable non-uniform soils
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Fig.9 Map of historical liquefaction occurrences in the broader Aegean region from 1509 to 2008 AD
(after Papathanasiou et al., 2005, 2010)
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reconnaissance team visited several locations along the northern and southern shores
of the island. No liquefaction-related damages were observed along the southern coasts.
In the north, liquefaction-induced sand boils and ejecta, as well as lateral spreading,
were observed in one location (Malagari in the gulf of Vathy), while liquefaction is also
suspected to be the leading cause behind the failure of some quay walls in the ports of
Vathy and Karlovasi. Additional possible causes of quay walls failures referring to the
large inertia of those structures, in conjunction with the presence of soft (yet not neces-
sarily liquefied) foundation soil should not be excluded. Structural damages, compatible
with lateral spreading of the foundation soil were observed in three buildings in the
location of Vyrsodepsia in Karlovasi.

Manifestation of earthquake-induced liquefaction in the free field was observed in the area
of Malagari, north-west from the town of Vathy, capital of the island of Samos. Specifically,
the reconnaissance team located nearshore surface manifestations of liquefaction in the form
of sand ejecta of grey color. As can be seen in Fig. 10, by the time the HAEE/ETAM team
visited the site of interest (8 days after the earthquake), the ejecta had been slightly distorted
due to the passage of vehicles. Nevertheless, the sand boils and their ejecta alongside with

Fig. 10 Surface manifestations of earthquake-induced soil liquefaction in the form of sand boils in Malagari
(location: 37°45'24.6" N 26°57'28.8"E—aerial imagery from 3001 ft) [photos taken by the HAEE/ETAM
reconnaissance team and Dr. A. Ganas from NOA]
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Fig. 11 Trenching at the Malagari liquefaction site and rough stratigraphy resulting from it

their broader extent were still easily visible and distinguishable. In the same area, ground
cracks compatible with a lateral spreading mode of failure were observed and are emphasized
in the inset of Fig. 10. The combination of the aforementioned with a free face to water, like
in Malagari, eases the process, but lateral spreading has been manifested also in case histories
with no free face (e.g. Balboa Boulevard failure during the 1994 Northridge earthquake—e.g.
Stewart et al. 1996, Pretell et al. 2020). Trenching and soil sampling at two locations at the
Malagari site were performed, which yielded two rough cross-sections and three grain size
distributions for samples at three distinct depth intervals at the site illustrated in Figs. 11 and
12 respectively. The fines portion in all three samples was found to be non-plastic.

Shear wave velocity measurements performed after the earthquake using geophysical meth-
ods such as MASW (Professor Panagiotis Pelekis—20th December 2020) in the Malagari area
that was affected by liquefaction yielded a time-averaged shear-wave velocity in the upper 30 m
of the site V,=215 m/sec. The distribution of shear wave velocity V¢ with depth is shown in
Fig. 13. There are no borehole SPT or CPT data available at this site and the only relevant infor-
mation is that from the Port of Malagari (West side of Vathy gulf) and borehole BHS (Fig. 33).
The geologic map of Samos (Fig. 13, but also Fig. 32) indicates that the Malagari site has allu-
vial deposits featuring plain deposits of clayey-sandy material, loam, sand, pebbles and gravels,
which are potentially liquefiable when saturated. This particular site, where liquefaction was
undoubtedly manifested, can be studied as a case history of either True Negative or True Posi-
tive liquefaction manifestation after more data are obtained and processed.

Lateral spreading effects were also evident through structural damage at other nearshore
locations in the northern part of the island. Specifically, Figs. 14 and 15 illustrate three
buildings and their location close to the north shore of the island, in the neighborhood Vyr-
sodepsia in Karlovasi. No surface manifestation of liquefaction was identified nearby, but
the ground cracking crossing the street pavement and running through the buildings (the
two in Fig. 16 are about 70 m inland and the one in Fig. 17 is about 20 m inland), in com-
bination with the level/mildly sloping ground, the shallow water table, and the free face to
the sea are all compatible with the hypothesis of lateral spreading.
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Fig. 12 Grain size distributions of three samples retrieved from different depths at the two trenching loca-
tions at the Malagari liquefaction site, along with the bounds of typically liquefiable non-uniform soils. The
fines were found to be non-plastic (NP). (Geographic coordinates are provided in Fig. 10)
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Fig. 13 Geologic map of Malagari indicating alluvial deposits and shear wave velocity profile at Malagari
down to a depth of 60 m. (Geographic coordinates are provided in Fig. 10)

3 Performance of slopes and deep excavations
3.1 Performance of slopes in anatolia
In Anatolia, a limited number of rockfalls were observed by the benches of highways, one

of which is illustrated in Fig. 18. Some potential and existing landslide sites were also
inspected, but no signs of seismically induced movements were documented and are thus
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Fig. 14 Plan view of Karlovasi and the Vyrsodepsia neighborhood with buildings likely affected by lateral
spreading towards the seafront alongside with shear wave velocity profile of the area down to a depth of
30 m (aerial close up at 1382 ft, 37047'57.94" N, 26042'23.27" E). The enumerated buildings are individu-
ally shown in Figs. 16 and 17

not presented herein. Furthermore, the highways were investigated and no proof of any
seismically induced damage both on the highways or on the shoulder slopes was found, as
shown in Fig. 19.

4 Performance of slopes in Samos

A series of minor-to-moderate slope failures and rockfalls were identified during the earth-
quake reconnaissance, mainly in the northern part of the island of Samos. The areas with
nearby slope failures which are marked in a Google Earth map (Fig. 20) were located
mainly by the reconnaissance team of HAEE/ETAM. The exact coordinates of these fail-
ures are also listed in Table 1, while some additional cases reported in Lekkas et al. (2020)
and HSMGE (2020) are also shown. A brief description and representative photos are
given below for some of these cases.

A weathered rock slide was recorded at a steep slope close to Avlakia region (Fig. 21),
which caused a temporary closure of the road. The main geological formations in the above
area are marbles with intercalations of schist (Cetin et al. 2021). However, the road access
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Fig. 15 Shear wave velocity profile down to a depth of 14 m alongside with SPT blow count information
from the nearest borehole at the High School of Karlovasi (Gymnasium). Locations are shown in inserted
geologic map

Fig. 16 Buildings likely affected by lateral spreading towards the seafront in the neighborhood of Vyr-
sodepsia in Karlovasi a 37°47'57.6" N 26°42'12.5" E and b 37°47'59.3" N 26°42'20.0" E [photos taken by
the HAEE/ETAM reconnaissance team]

was quickly recovered after a few days by temporary restraining measures with large con-
crete blocks placed at the slope toe (Lekkas et al. 2020). Detachments of sandy marls and
marly limestones were recorded very close to a residential building in Kokkari region
(Fig. 22), while lighter failures referring to rockfalls and detachments of limestones, were
observed close to the villages of Potami and Koumeika (Fig. 23a and b respectively). Slope
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All Building 3

Fig. 17 Building affected by lateral spreading towards the seafront in the neighborhood of Vyrsodepsia in
Karlovasi (37°48'01.1" N 26°42'20.6" E). The cracks observed running across the building indicate 3-5 cm
of movement [photos courtesy of Prof. K. Antonopoulos]

Fig. 18 Fallen rock blocks in the
Anatolian side (37°53'50.4" N
27°22'06.2" E)

Fig. 19 Selected indicative views of highway cuts with no signs of slope instability (38°17'31.6" N
26°40'14.6" E)
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Fig.20 Geographical distribution of slope-type failures located by the HAEE/ETAM reconnaissance team
during the visit on 7th November, 2020 (cyan pins). Additional sites with light slope failures recorded by
Lekkas et al. (2020) (magenta pin) and HSGME (2020) (yellow pin) are also shown

failures of similarly low intensity were also recorded by other reconnaissance teams. These
include limestone segments falls in the area of Remataki (next to Pythagorio—Fig. 23c) or
rockfalls close to the village Stavrinides (Fig. 23d).

In the village of Kontakeika, extended ground cracks (openings of about 10-20 cm)
were observed that were compatible with the mobilization of a larger, albeit very mild,
slope or could be more broadly characterized as seismically-induced secondary ground
failures (Fig. 24). The HAEE/ETAM team did not locate other similar indications of
ground cracking in the near or extended vicinity of Kontakeika so, at this point in time,
it is challenging to draw conclusions regarding the nature of this observation. According
to local engineers, the Municipality of Samos had repaired the pavement in that particu-
lar location several times in the past, which suggests a pre-existing creeping landslide
that could have been reactivated by the earthquake. The cracks extended on both sides
of the street through soft soil formations (Fig. 24).

4.1 Deep excavations

The new downtown district (Bayrakli-Bornova) of Izmir (Turkey) is founded on the sedi-
mentary basin, where the heavily affected region from the earthquake is situated. Numerous
high-rise buildings are constructed on these soft soil conditions. Many of them have multi-
story basements, thus deep excavation systems had to be designed reaching depths of 20 m.
Due to the shallow ground water level and the proximity to the shoreline, typical shoring sys-
tems contain mostly diaphragm walls laterally supported by pre-stressed anchors. In the sedi-
mentary district, two well-monitored deep excavation systems, which were under construc-
tion in the three months leading up to the earthquake, were shaken (Fig. 25). Both of these
systems reached a depth of about 9 m while their satisfactory performance was recorded by
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Table 1 Locations of the slope failures in Samos recorded by the HAEE reconnaissance team during in-situ
visit on 7th November, 2020

Region with nearby slope failure Coordinates of the inspected slope failure

Latitude (°) Longitude (°)
Avlakia 37°47'48.0" N 26°5127.7"E
Potami (close to Karlovasi) 37°47'17.6" N (approx.) 26°40'00.5" E (approx.)
Tsampou beach (close to Avlakia) 37°48'08.0" N 26°51'17.2"E
Kokkari 37°46'49.9" N 26°53'35.0" E
Koumeika (south Samos) 37°42'33.7"N 26°44'52.9" E
Kontakeika 37°48'01.6" N 26°44'29.5" E
Remataki 37°4126.51" N 26°56'43.38" E
Stavrinides 37°47'48.52" N 26°48'49.04" E

the installed monitoring system (Fig. 26). No failure or relaxation of pre-stressing loads on
anchors was measured/observed. These observations are also supported by inclinometer meas-
urements taken before and after the earthquake. The measurements suggest that the lateral
displacements (illustrated in Fig. 26) accumulated during the earthquake were less than 2 mm.
No relevant data are available from Samos (or any of the nearby islands) in Greece, since there
are no similarly deep excavations constructed.

5 Performance of retaining structures and quay walls
5.1 Retaining structures

There are no reported failures of engineered retaining structures in Turkey. During the
reconnaissance studies, a limited number of tilted and/or partially collapsed safety walls
were observed, as documented in Fig. 27. Additionally, no damage on retaining walls
due to seismic shaking was encountered during the reconnaissance inspections of the
sites in the south of Izmir province, as shown in Fig. 28. These stone walls are generally
used to provide a buffer area between the cut slopes and highway to obstruct or retard
the shallow failures to reach the highway. Regardless of the height of these stone walls,
no seismically-induced deformations or failure was observed on the highway connecting
Menderes to Gumuldur. No damage was found on the sides of spillway channels of the
dams in the region. No sign of any structural damage was likewise observed on these
walls (Fig. 29). Figure 30 shows the sidewalls of the river canal in Sigacik Marina, hit by
the tsunami after the earthquake. No structural distress can be observed on these walls,
which suggests that the severity of shaking was modest despite its proximity to the rup-
ture. Additionally, no signs of liquefaction or permanent deformations were reported.
The lack of failed or damaged retaining systems is unsurprising, since this event pro-
duced less severe shaking intensities than the design basis levels. More specifically, the
seismic stability of retaining walls has been analyzed in design assessments by con-
sidering a seismic coefficient (k;) equal to half of peak ground acceleration (PGA), or
20% of spectral acceleration for a short period range (or, for a period of 0.2 s) of the
design spectrum. Hence, for Izmir, a seismic coefficient value of 0.2 (k, =0.2) has been
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Fig.21 a Snapshot of Avlakia rockslide from a video recorded during the failure (source: https://www.cnn.
gr/ellada/story/240726/seismos-samos-vinteo-apo-katolisthisi-sta-aylakia) b aerial photograph of the slide
2 weeks after the earthquake (courtesy of I.N. Spyrou and Prof. K. Ziotopoulou 37°47'48.0" N, 26°51'27.7"
E), and c a closer view of the rockslide illustrating the rock formation more clearly (picture by HAEE/
ETAM reconnaissance team)

Fig.22 Detachment of sandy marls and marly limestones recorded very close to a residential building in
the Kokkari region (photos taken by the HAEE/ETAM reconnaissance team, 37°46'49.9" N, 26°53'35.0"
E). Vertical open cracks are visible, clearly susceptible to detachment and toppling

generally presumed in seismic analysis and design considering a seismic hazard level
expressed by the return period of 475 years for being exceeded, following the seismic
hazard map of Turkey that took effect after the year 1996. The recorded PGA during the
seismic event and spectral amplitudes on response spectra of accelerograms point out
a less severe shaking intensity than that considered for seismic design of the retaining
walls. No relevant data are available for the Samos and Chios islands.
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Fig.23 a Rockfalls observed at the road network close to the village of Potami (photo taken by the
HAEE/ETAM reconnaissance team, 37°47'17.6" N, 26°40'00.5" E), b Detachment of limestone segments
close to the village of Koumeika (photo taken by the HAEE/ETAM reconnaissance team, 37°42'33.7"N,
26°44'52.9"E), ¢ Falls of limestone segments on a provincial road in the Remataki region (photo reported
by Lekkas et al. 2020), and d Slope failure close to the village of Stavrinides (photo reported by HSGME
2020)

Fig. 24 Ground and pavement cracks in the village of Kontakeika (Samos), indicative of the mobilization of
an extended but mild slope or more broadly characterized as seismically-induced secondary ground failures.
The cracks extended on both sides of the street through soft soil formations. Arrows in the figure explain
the relative location of the cracks

5.2 Quay walls

This section focuses on the performance of the main ports of Samos Island, and to a
lesser extent on the performance of the main port of Chios island, where a member
of the HAEE/ETAM reconnaissance team happened to be present when the earth-
quake struck. As far as the Anatolian side is concerned, no excessive settlement or
other earthquake-induced damage was identified along the Anatolian coastal line (e.g.,
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Fig. 25 a Pre-earthquake view of shored deep excavation located in the “new downtown” district in Bay-
rakli-Bornova (37°53'50.4" N 27°22'06.2" E), and b Plan view of the site under discussion
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Fig. 26 Inclinometer data covering the period of earthquake shaking, at a 9 m-deep excavation in Izmir,
Turkey, supported by diaphragm walls

rubble mound breakwaters, armor layer of any rubble mound protection). Additionally,
inspected gravity-type quay walls, composed of concrete blocks and constructed in fish-
ery harbors and commercial and cruise ports, and floating piers in the Marinas showed
no earthquake-induced damage, despite their relatively old age.

The ports of Vathy and Karlovasi (Fig. 31) are the two main gates of ferry connec-
tion between Samos and the mainland, as well as the rest of the islands in NE Aegean
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Fig.27 Deformed and cracked safety wall at a 38°11'40.93" N 26°47'3.47" E/14:16/ October 31, 2020, and
b 38°11'40.34" N 26°47'3.22" E /14:22/October 31, 2020

Fig.28 Short, stoned retaining walls on the toe of the highway cuts between Menderes and Gumuldur in
the south of Izmir city center

Sea and the Dodecanese islands. Both ports are situated at the northern part of Samos
and suffered damage due to the earthquake. There is also a smaller port, Kokkari, which
is located in-between the Vathy and Karlovasi ports. That port was also affected by the
earthquake; however, the economic impact of the damage was less important relative to
that of the other two ports. At the southern part of the island, there are some other ports,
at Pythagorio, Iraion, and Marathokampos bay, that were less affected by the earthquake
(HAEE/ETAM 2020).

5.3 Ports of Vathy

In Vathy (Fig. 31 top right), port installations are split between two facilities: the east-
ern (old) port and the western (new) port—also known as the “Malagari” port, due to
its proximity to the Malagari area that is situated about 1 km northwest (for liquefaction
effects at Malagari, see Figs. 10 and 11 alongside with the corresponding text). The east-
ern (old) port is founded on alluvial deposits consisting mainly of clayey-sandy materials,
sands, gravels and pebbles. This is shown in Fig. 32, where part of the geological map of
Samos published by HSGME, is presented. In the same Figure, a number of boreholes on
the specific geology are superimposed, as collected by the Hellenic reconnaissance team.
Although all boreholes have been drilled through the same alluvial deposits, there is a clear
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Fig.29 a Wall on the end of spillway chute of Kavakdere Dam, and side walls of spillways of b Urkmez
Dam, ¢ Tahtali Dam, and d Gumuldur Dam

Fig.30 Sidewalls of the river canal in the Sigacik Marina where no displacements were observed (Photo:
Courtesy of Gurel Ozdemir). (38°11'33.86"N 26°47'4.07"E 14:16 / 31.10.2020)

pattern that can be observed as one moves alongshore, from east (BH 1) to west (BH 4
and BH 5): if continuous, the layer of sandy silt or silty sand (ML-SM) emerges at shal-
lower depths and also gets thicker (Fig. 33). However, given the distance between Vathy
and Malagari as well as the relative depth and thickness of the ML-SM layer in each loca-
tion, it is also possible that this is not the same layer across the sites. The associated SPT
blow counts are extremely low (essentially zero), which indicates very low strength and
high compliance. As the associated materials are non-plastic and saturated, this provides
evidence of susceptibility to liquefaction.
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The jetty of the eastern (old) port experienced extensive longitudinal and transverse
open cracks—several centimeters wide—whilst the backfill behind the quay wall expe-
rienced a subsidence that locally exceeded 50 to 60 cm (Fig. 34). In Fig. 34b, traces of
gravels and sand are visible behind the quay wall. These might be remnants of ejecta
partially washed out by the tsunami. The presence of ejecta could be the result of lig-
uefaction of a very loose sandy silt layer located 15 to 18 m deep, right beneath the
backfill material (Fig. 34a). Similar observations of ejecta behind quay walls have been
made in many previous earthquakes (Professor G. Bouckovalas—personal communica-
tion), even in the absence of any native liquefiable soil layer. As such, any observed
ejecta may be due to liquefaction and wash out of a loosely deposited fine silty-sand
phase which fills the voids of a typically much coarser backfill gravel skeleton that does
not participate in the load-carrying capacity of the wall (Professor G. Bouckovalas—
personal communication). This could explain the lack of excessive displacements and
rotations of the wall towards the sea. Construction records from the said ports and fur-
ther investigations can elucidate this further.

The previous observations and arguments are further strengthened by the magni-
tude of the recorded accelerations. It is indeed questionable whether the accelerations
recorded on that site were strong enough to force the liquefiable loose sandy silt get
ejected from a depth of 15 to 18 m to the surface. These doubts are reinforced by infor-
mation from the opposite side of the port, i.e. the western (new) port where the very
loose to very soft layer of silty sand to sandy silt (SM-ML) does not provide any evi-
dence of severe/extensive liquefaction. This seems to be the case, despite the layer at
hand being thicker and shallower, as well as similar to that in the Malagari site (situ-
ated about 400 m NW from the new port). On the basis of the above data, it is possible
that the upper 15 m of borehole BHI is material that has been superimposed over the
layer of very loose sandy silt, which most likely is the preexisting natural layer (often
found in ports and bays). This material appears highly deformable, with very low bear-
ing capacity, so that cracks and deformations might have already existed. Discussions

Karlovasi @ Gulf of Vathy ‘+——+—231m

Fig.31 Satellite images providing an overview of ports of interest in Samos where significant earthquake
damage was observed. Annotations indicate the names assigned for ease of reporting herein

@ Springer



Bulletin of Earthquake Engineering

with the local port engineers, revealed that the pavement was mildly cracked prior to
the earthquake (Mrs. Sechioti, personal communication). If this is indeed the case, then
most probably the cracks might have simply further opened/intensified after the earth-
quake at hand. Also, it could not be verified whether the traces of sand and gravel shown
in Fig. 34b are (i) ejecta from a distinct layer that liquefied, (ii) ejecta from a finer sand
portion in the coarser skeleton of the backfill, or (iii) just a natural product of friction
and bouncing between the backfill material and the quay wall following their detach-
ment. Given the preliminary observations and the experience from other earthquakes in
the broader area and their effects on similar infrastructure, it is more likely that the lat-
ter two explanations are the most plausible ones.

The western (new) port of Vathy, Malagari, is the commercial port where passenger
and car ferries are mainly serviced, as well as smaller ships. The total length of the
coastal quay wall is about 500 m along the NW-SE direction. Some basic geological
features and relevant geotechnical data have already been presented in Fig. 32. Based
on these data, a remediation study and the quay wall and the port infrastructure was put
together on December 2017 (Triton, 2017). Figure 35 shows the quay walls, as part of
the recent rehabilitation project (Triton, 2017). According to Triton (2017), the jetty
of Malagari is a gravity structure made of overlapping layers of artificial boulders (5
in each column). On the crown there is an in-situ cast superstructure. The quay wall
is founded on a rockfill prism, whose external side along the seaside is protected by
natural boulders. A representative sketch of a typical cross-section of the quay wall is
depicted in Fig. 35 (Triton, 2017). The technical issues encountered before the earth-
quake mainly relate to scouring of the quay walls which can be attributed to leakage of
the relief prism and upstream backfill material, leading to substantial subsidence behind
the quay walls, opening of cracks parallel and transversely to the sea front, and a mild
rotation of some quay wall columns towards the sea. The remedial measures outlined
in the 2017 report were probably in progress (yet, not completed) when the earthquake
struck.

Figure 36a illustrates a view of the pre-existing open joints between the quay wall
and the backfill material and the subsidence of the backfill material behind the quay wall
about 3 years ago (Triton 2017), and its comparison to Fig. 36b which illustrates its con-
dition immediately after the earthquake (HAEE/ETAM reconnaissance report 2020).
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Fig. 32 Detail of the geological map of Samos, according to the Hellenic Survey of Geology and Mineral
Exploration (HSGME 2020). A number of boreholes are shown, carried out on the same geological forma-
tion (al2)
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Fig. 33 Four geotechnical borehole logs (BH1, BH2, BH3, BH4) alongshore from the eastern (old) port to
the western (new) port at Vathy (courtesy of G. Milionis—modified by Em. Rovithis). One offshore borehole
(BHS) at the NW edge of the new port (kindly provided by the Ministry for the Environment, Physical Plan-
ning and Public Works of Greece — modified by Em. Rovithis)

Interestingly, the earthquake damage observed is quite similar, but most probably inten-
sified by the earthquake. At the time the site was visited by the HAEE/ETAM team, the
construction operations in response to the Triton (2017) study were ongoing. Hauled con-
struction materials did allow the team to delineate between those and any potential lique-
faction-induced ejecta at the site. Nevertheless, given the geotechnical data liquefaction
might have taken place on a rather limited scale and probably worsened the existing dam-
age. In addition, the quay walls at this particular site are massive and consequently subject
to large inertia forces mostly due to their own mass and not due to seismic earth pressures
from the backfill. Consequently, it is likely that the quay walls at the Malagari port rotated
somewhat outwards during the earthquake, thus widening any pre-existing gaps (Triton
2017) and also leading to some settlement of the backfill next to the wall. As such, it is
rather unlikely that the present picture of the quay wall damage can be attributed entirely to
liquefaction and dynamic settlement.

5.3.1 Port of Karlovasi

The Karlovasi port is second only to that of Vathy for the commercial and economic life of
the island. Figure 31 illustrates a satellite view of the port and both its east and west quay
walls. Karlovasi is founded on the same geological structure as Vathy, i.e., alluvial deposits
consisting mainly of clayey-sandy materials, sands, gravels and pebbles. This is shown in
Fig. 37, where part of the detailed geological map of Samos Island published by the Hel-
lenic Survey of Geology and Mineral Exploration (HSGME)), is presented. Available data
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Fig.34 a Crude log of borehole BH1 located at the jetty of the old port of Vathy, where the liquefiable
layer of the very loose sandy silt layer is located at a depth of 15 m (data provided by G. Milionis—elabora-
tion by Em. Rovithis) and SPT blow count with depth. b Subsidence of backfill material behind the quay
wall at the eastern (old) port, measuring up to 60 cm. ¢ 10-15 cm wide longitudinal and transversal open
cracks, located on the pavement over the backfill material, in contact with the quay wall

from a borehole close to the high school of Karlovasi indicate that the soil consists of grey
to grey-brownish medium stiff to stiff sandy clay of medium plasticity (excluding the top
1 m that consists of silty sand with a few gravels). The distance to the closest part of Kar-
lovasi port (east quay wall) is about 2 km; therefore, it is difficult to extrapolate as to the
subsoil in the port. However, based on the soil layering at Vathy, there is a possibility that
the surficial layer of silty sand gets thicker near the seashore. This however, albeit generally
true, cannot be reliably deducted without geotechnical data.

The port of Karlovasi suffered damage to both jetties, namely: subsidence of the back-
fill material (or the subsoil), mild tilting and displacement of the quay walls towards the
sea, cracks (both transversely and parallel) to the quay walls. Also, grey-brown ejecta of
sand-gravel mixture was found on the west quay wall, which possibly emerged through
the cracks. Even in the absence of sufficient data to substantiate the occurrence of lique-
faction, it appears that liquefaction is a reasonable scenario. This possibility is reinforced
considering that the surface layer of grey-brownish silty sand identified at the high school
area, seems to be continuing and getting thicker close to the sea shore. However, without
additional geotechnical data, it is impossible to draw conclusions and this is only a hypoth-
esis in accordance to the subsurface structure at Vathy. Last but not least, the construction
details of each port need to be accounted for, since the placement of a backfill under “wet”
or “dry” conditions can severely affect its dynamic response in seismic events. Figure 38
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Fig. 35 Satellite view over infrastructure of the western Vathy port (Malagari) (Triton 2017) and typical
cross-section of the quay wall of the new (Malagari) port of Vathy corresponding to section A-B (out-of-
scale drawing, modified after Triton 2017)

illustrates both jetties (east and west), as well as ejecta observed on the western quay wall.
Nevertheless, it is hard to tell whether the cracks and subsidence/tilting patterns are earth-
quake induced, or merely pre-existing gravity-induced effects.

5.3.2 Port of Kokkari

Kokkari is a small village in the northern part of Samos, situated about 10 km NW from
Vathy. It has a small port mainly serving fishing boats and small yachts. The reconnais-
sance team of HEAA visited Kokkari and observed that the quay wall had suffered severe
subsidence, 10 to 20 cm wide open cracks alongside the sea front, and mild tilting towards
the sea, as shown in Fig. 39. It is unclear whether the deformations were pre-existing i.e.

Fig.36 View of the quay wall at new (Malagari) port, Vathy, from NW to SE direction: a photo taken
3 years before the earthquake (Triton 2017); b photo taken a few days after the earthquake (HAEE/ETAM
reconnaissance report 2020)
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due to the low quality of the quay wall construction and the lack of protection of its under-
water part from scour. Problems related to low bearing capacity and differential settlements
due to a soft and compressible surface soil layer at the foundation of the jetty cannot be
excluded. However, no clear traces of liquefaction were detected following the earthquake.

5.3.3 Port of Chios Island

Earthquake-induced failures were also observed in the port of Chios island, situated
approximately 80 km north of the fault, referring mainly to surface cracks of consider-
able width and depth (Fig. 40a), as reported in the post-earthquake preliminary report by
Pelekis and Roumelioti (2020). At specific locations these cracks were about 10-15 cm
wide and about 40 cm deep (Fig. 40b). Such type of failures in the port of Chios may
indicate soil liquefaction that was marginally triggered during the earthquake, and ensu-
ing lateral spreading effects towards the shoreline, as suggested by Pelekis and Roumelioti
(2020). The existence of inclined strata below the filling material of the quay walls and pre-
earthquake damage due to gravity loads (e.g. scour of its foundation) should be considered
when interpreting the observed seismic behavior. The possibility of marginal triggering of
soil liquefaction was reinforced following a series of MASW field tests, which revealed
the existence of soft/low-strength surficial soil layers with shear wave propagation veloc-
ity of about 100 m/s. A preliminary V-based assessment of the safety factor against soil
liquefaction (Andrus and Stokoe, 2000) revealed a potential triggering of the phenomenon
during the M, =7.0 event for PGAs above approximately 0.12 g (Fig. 40c).

6 Geotechnical performance of metro tunnels, bridges, viaducts,
and highways

Metro tunnels, most of which were located within 10-20 m depths, occasionally in soil
formations or weathered rock were reported to be in uninterrupted service after the event.
Additionally, although Naldoken and Zafer Payzin viaducts, and Turan and Egemak
bridges are located on relatively soft and/or potentially liquefiable soils, no geotechnical or
foundation-induced damage was reported at these bridges, viaducts, along with highways.

Port of
Karlovasi

)

Fig. 37 a Part of the detailed geological map of Samos Island, published by the Hellenic Survey of Geol-
ogy and Mineral Exploration (HSGME 2020) with the location of two (2) geotechnical boreholes on the
same geological formation (al2). b Borehole log next to the High School of Karlovasi (Gymnasium), at a
distance of about 2 km from the east quay wall of the port and 550 m from the seafront
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All the above pertain to the Anatolian side. Due to lack of relevant infrastructure, no such
effects were observed in Samos and Chios islands in Greece.

7 Major findings and conclusions

From a geotechnical engineering point of view, consistent with the proximity to the source
and elevated intensity levels, the majority of the documented permanent ground defor-
mation, liquefaction and slope failure cases are concentrated in Samos Island. However,
equally importantly, their lack was also documented on the Anatolian side. While this can
be mainly attributed to the distance from the source, more research is needed to identify
the relevant factors of safety. In what follows, the major geotechnical performance observa-
tions from the Anatolian side after this event are listed:

(i) Many residential buildings have been investigated in the center of Urla, Cesme,
Kusadasi, Gumuldur, Izmir-Konak, Izmir-Bayrakli regions. No foundation-induced
failures, evident by excessive total or differential settlement or tilting, or bearing
capacity exceedance, were mapped or reported.

(i) Along the Aegean coasts of Anatolia and inland, no surface manifestation of seismic
soil liquefaction triggering was observed or reported, despite the presence of lique-
faction susceptible alluvial basins.

(iii) However, at 45-50 km away from the rupture, along the shores of Icmeler and
Gulbahce districts, sand boils were observed. These sites were close to Gulbahce
fault zone, and the presence of documented artesian pressures along with hot water
springs are believed to contribute to the observed soil ejecta formation.

Fig. 38 a East quay wall of Karlovasi port, b west quay wall of Karlovasi port, ¢ ejecta on the west quay
wall, presumably the product of liquefaction occurrence, and d a detailed view of the ejecta, brownish to
grey color, mostly sandy and silty with some gravels (aerial photographs courtesy of I.N. Spyrou and Prof.
K. Ziotopoulou)
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Fig. 39 a Differential subsidence of the quay wall of Kokkari port with wide open cracks alongside and
transversely, b close view of an open crack of 10 to 15 cm alongside the sea front (HAEE/ETAM 2020)

@iv)

)

(vi)

(vii)

A few rock falls were observed by the benches of highways. Some potential and
existing landslide sites were visited, but no signs of seismically induced movements
were documented. Similarly, deep excavation support systems in [zmir were reported
to have performed well.

There are no reported failures of engineered retaining structures in Turkey. During
the reconnaissance studies, a limited number of non-engineered tilted and/or partially
collapsed safety walls were observed.

Similarly, despite tsunami-induced damage in port facilities, no geotechnical engi-
neering related permanent ground deformations or failures are reported for quay
walls.

Metro lines in Izmir were reported to be in uninterrupted service after the event, and
no permanent deformations or failures were reported.

The geotechnical performance observations from the Samos and Chios islands after
the earthquake event of the 30™ of October, 2020 are:

®

(i)

Although located only about 10 km from rupture, the towns of Vathy and Karlovasi
in Samos were rather lightly affected by the earthquake, with relatively few col-
lapsed or heavily damaged buildings. With the possible exception of a small set of
structures (e.g. at Vyrsodepsia near Karlovasi) which were damaged due to lateral
soil spreading, no earthquake-induced damage was observed on foundations.
Several manifestations of liquefaction were observed along the north coast of Samos,
including Vathy (Malagari site) and possibly Karlovasi (Vyrsodepsia) and the ports.
Nevertheless, the associated phenomena were not spectacular, which indicates that
liquefaction was manifested but not in a pervasive manner. This is surprising given
the intensity (PGAs> 0.2 g) and duration (= 9 s in records at Vathy; see Cetin et al.
2021) of ground motion in combination with the nearshore alluvial deposits. The
precise dimensions of the liquefied zones is hard to establish without detailed site
investigations.
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Fig.40 a Earthquake-induced surface cracks parallel to the quay wall front in the port of Chios, b close-
up view of 10-15 cm wide and 40 cm deep surface cracks, and ¢ preliminary Vs-based assessment of the
safety factor against soil liquefaction at the depth of 2 m for PGA equal to (i) 0.15 g and (ii) 0.12 g (Pelekis
and Roumelioti, 2020)

(iii) A number of landslides and rock falls occurred in the north part of Samos. Again,
the relevant phenomena were not particularly severe and probably relate to precari-
ously standing rocks and slopes. Such effects have been observed in other recent
earthquakes in the regions at hand and elsewhere (Mylonakis et al. 2003, Margaris
et al. 2008, 2010, Giarlelis et al. 2011, Nikolaou et al. 2014, Sextos et al. 2018)
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(iv) There are no reported failures of engineered retaining structures and other infrastruc-
ture (e.g. dams, bridges, viaducts, tunnels) in Samos or Chios. This can be mostly
attributed to the lack of such infrastructure in the islands.

(v) Port facilities in Vathy, Karlovasi and Kokkari were significantly affected by the
earthquake, with considerable displacements/rotations of quay walls towards the
sea, pavement cracks and backfill settlements behind the walls, and some signs of
ejecta associated with liquefaction. Nevertheless, it is unclear if the primary source
of those movements is soil liquefaction—or simply the significant inertia of those
structures, in combination with the cyclic mobility of soft (mostly cohesive) soil
layers under the walls, and the unilateral nature of loading and ensuing response.

(vi) Significant movements, including cracks on the pavement, were observed on the
quay wall in the port of Chios island, about 80 km from fault. Again, it is unclear
whether the movement can be attributed to soil liquefaction or to the inertia of the
quay walls per se.

As a final remark, it is noted that a number of key geotechnical parameters such as
the extent of the liquefiable zones, seasonal variation of the elevation of the water table,
artesian pressures etc. are hard to establish without detailed site investigations which lie
beyond the scope of this work. Preliminary studies can be conducted using Vs30 values
inferred from geologic and terrain-based proxies (Stewart et al. 2014).
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