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ABSTRACT: The relation between the surface geological units and their susceptibility to
liquefaction has been investigated for more than 40 years. Several researchers have developed
classification systems, relating the type and depositional environment of sediments with their
potential to liquefaction. However, this qualitative approach is difficult to be incorporated in
the recently developed probabilistic approaches. For this reason, we investigate the feasibility
to perform a correlation of depositional environment of the sedimentary (soil) units with their
likelihood for liquefaction in a semi-quantitative way. This correlation could provide an add-
itional tool for a more reliable and accurate preliminary assessment of the likelihood to lique-
faction for the sediments within a study area. The main parameter that is investigated in this
study is the thickness of the susceptible and non-susceptible subsoil layers, which is related to
the type of sediments, as this is defined by a detailed geomorphological mapping.

1 INTRODUCTION

The delineation of prone to liquefaction areas and the evaluation of their liquefaction poten-
tial is an important issue for the assessment of the liquefaction risk, especially for minimizing
or even avoiding the occurrence of structural damages at buildings and lifelines (Papathanas-
siou et al., 2015). Youd and Perkins (1978) developed a qualitative classification of the lique-
faction susceptibility of the geological units, based on the sedimentation process and the age
of deposition. Furthermore, the susceptibility to liquefaction of a geological unit can be evalu-
ated on the basis of its depositional environment; the depositional process affects the sedi-
ments liquefaction susceptibility, since fine- and coarse-grained soils sorted by fluvial or wave
actions are more susceptible than unsorted sediments.
A parameter assigned for the seismic loading, corresponding either to the maximum inten-

sity and/or the peak ground acceleration was later introduced by Kuribayashi and Tatsuoka
(1975) and Wakamatsu (1992) in order to assess the liquefaction susceptibility. In particular,
they concluded that liquefaction phenomena can be triggered by seismic shaking with intensity
in excess of V (JMA scale) or VIII (MM scale) (TC4, 1999). For this intensity value,
Wakamatsu (1992) classified sedimentary deposits using geomorphological criteria in 3 categor-
ies of liquefaction susceptibility; likely, possible and not likely. Areas classified in the “not likely”
liquefaction susceptibility class correspond to zones where liquefaction-induced failures are not
expected. On the contrary, zones covered by geomorphological units such as natural levee,
former river channel, sandy dry river channel and artificial fills were classified as the highest level
of liquefaction potential, i.e. liquefaction likely (TC4, 1999). At these areas, further investigation
using in-situ test and quantitative parameters of subsoil layers should be performed.
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Recently the earthquakes which occurred in New Zealand (2010-2011) and Italy (2012) con-
firmed the strong correlation of the sedimentary depositional environment with the liquefaction
occurrences. Wotherspoon et al. (2012) studied the town of Kaiapoi, where most of the signifi-
cant liquefaction-induced failures occurred in areas where river channels had been reclaimed or
in old channels that have had flow diverted away. Moreover, Bastin et al (2015) concluded that
the severity and distribution of earthquake-induced liquefaction phenomena were strongly influ-
enced by the distance from a free-face and the depositional environment, by taking into account
that liquefaction phenomena (including lateral spreading) are mainly concentrated around
modern waterways and areas underlain by Holocene to recent deposits. In particular, they
pointed out that in the study area of Avonside, the most susceptible to liquefaction sediments
are recent fluvial and paleo-channel deposits, and that severe liquefaction occurrences were
reported within 50 m of a free-face. Recently, Bastin et al. (2018) proposed that liquefaction
occurrences were strongly correlated with the point-bar and paleochannel deposits, taking into
account data provided by the 2016 Kaikoura M7.8 Earthquake. Finally, Villamor et al. (2016)
suggested that liquefaction manifestations triggered by the 2010-2011 CES are strongly correl-
ated with particular environments within the alluvial systems. More specifically, they studied
the sites of Hardwick and Marchand near Lincoln and concluded that ridges of scroll bars on
the inside bends of meander loops hosted most of the liquefaction manifestations e.g. sand
blows and sand fissured, while this correlation was not presented in the swales.
Regarding the earthquake-induced liquefaction phenomena at the Emilia-Romagna region,

triggered by the 20 and 29 May 2012 earthquakes, it has been shown that a strong correlation
with the type of geological units also exists. In particular, Papathanassiou et al. (2015) and Di
Manna et al. (2012) pointed out that numerous liquefaction phenomena were induced, being
more severe than expected for such moderate magnitude earthquakes. These liquefaction fea-
tures were mainly concentrated along a narrow zone of 3-4 km long and 1 km wide that was
described as a paleο-river channel. Civico et al. (2015) performed a detailed study within this
area using an airborne Lidar data, and highlighted the correlation between the depositional
environment and the density of liquefaction phenomena. In particular, they concluded that
more than 50% of the observed liquefaction features were mapped on fluvial landforms,
namely alluvial ridges, levee ridges, crevasse splays and abandoned riverbeds.
On a regional/state scale, Papathanassiou and Pavlides (2011) and Knudsen and Bott

(2011), concluded that the manifestations of liquefaction phenomena is strongly related to the
type and age of sediments and their proximity to water bodies, by taking into account the spa-
tial distribution of liquefaction occurrences triggered by earthquakes in Greece and Califor-
nia. The same researchers concluded that 68% of liquefaction sites were found at a distance of
0-50 m from a water body, 31% between 50 and 100 m and only 1% farther than 100 m.
Regarding the type of material that was liquefied, 89% of liquefaction occurrences were
observed in recent to present formations that mainly consisted of alluvial and fluvial deposits,
and dunes consisting of sands, clays, sandy or silty clays, usually without a surficial water
layer. Liquefaction manifestations observed in coastal, fluvial, deltaic, marsh deposits, usually
fine-grained and loose, represented 5% and 6% of artificial fills. Knudsen and Bott (2011) con-
cluded that liquefaction tends to occur in young sediments, near water bodies and on low to
flat grounds. They found that 90% of liquefied surface evidences were reported for areas char-
acterized as historical or late Holocene surficial deposits, with 73% in artificial fills or near
streams and 67% at an elevation less than 10 m.
Based on the previous findings, it is evident that liquefaction phenomena and the relevant

liquefaction-induced failures are not sparsely and randomly distributed within the alluvial
environments, which are qualitatively classified as susceptible to liquefaction, but they are
mainly concentrated within particular geomorphic/depositional zones. Therefore, it was
decided to further investigate this trend in a quantitative way, on the basis of a proxy related
to the thickness of the liquefiable subsoil layers and the thickness of the non-liquefiable cap
(crust) layer. In order to achieve this goal, a detailed geomorphological map of the study area
was compiled and borings with in-situ tests that were conducted in the area were collected.
For each borehole, the thicknesses of the non liquefiable and liquefiable stratum were assessed
and correlated to the surficial geological unit.
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2 GEOMORPHOLOGICAL SETTING OF AXIOS PLAIN, GREECE

The study area is the Axios (Thessaloniki) plain, the largest deltaic complex in Greece, situ-
ated in the northern part of Thermaikos Gulf. The Axios-Thermaikos tectonic depression was
formed during Neogene, with a NNW-SSE trend (Dinter and Royden, 1993) and was grad-
ually filled by clastic (conglomerates, sands, clays) and locally calcareous (limestones, marls)
sediments. Neogene sedimentation started during Miocene (fluvial deposits, brackish clays,
sands and limestones) and deposition successively continued during Pliocene (fluvio-lacustrine
sands, silts and lacustrine marly limestones) and Pleistocene (red beds) (Faugères, 1978; Syr-
ides, 1990).
The first information about the marine Mid-Holocene sedimentary successions comes from

the western/central parts of Thessaloniki plain, where a thin lagoonal layer is reported (Ghilardi
et al., 2012; Koukousioura et al, 2012). At the same time, the central Thessaloniki plain and its
northern margins was a large open marine embayment with shallow marine conditions mainly
in the western part and deeper waters in the eastern part of the gulf (Fouache et al., 2008; Ghi-
lardi et al., 2008; Syrides et al., 2009). At the western part of the plain a second freshwater lake
was present (Ghilardi et al., 2012). Since this period and between 5,000 and 4,500 yr BP, the bay
began to fill rapidly with fluvial sediments deposited by the surrounding rivers. This procedure
created sandy barriers, behind which lagoons were formed (Fouache et al., 2008; Ghilardi et al.,
2008). After 2,500 yr BP the sea regressed gradually from westwards to south-eastwards and the
shoreline rapidly retreated, changing to a shallow marine environment and forming a number of
short-lived lagoons (Fouache et al., 2008). As a result, the shoreline gradually shifted in the
same direction, until it reached its present-day position. On the other hand, in the westernmost
part of the plain a large lake formed, with its size gradually decreasing due to lacustrine sedi-
mentation, being probably the ancestor of the Giannitsa (Loudias) lake.
At about 1,500 yr BP the former bay and all the Axios plain was filled by alluvial deposits,

with its northwestern part being disconnected from the lake. A large lake occupation is
attested to the western-central part of the plain, displacing from the west to the east. This
lake, Giannitsa lake, survived until the beginning of the 20th century at the western part of
the alluvial plain, until it was drained in the 1930s (Fouache et al., 2008).
While at the western part of the plain this lacustrine sedimentation occurred, at the lower

part of deltaic complex a rapid geomorphological evolution took place. The creation of a
series of coastal barriers, due to the alluvial sedimentation, led to the isolation of lagoons and
the formations of swamps, although some connections to the sea still existed (Ghilardi et al.,
2010). Because of the rapid creation of the deltaic complex (Axios and Aliakmon lobes) the
main rivers shifted gradually south eastwards, to their present position. All the levees created
and then abandoned by the rivers, created natural dams which later turned into coastal spits
(Ghilardi et al., 2010). After the connections between the deltaic lobes of Axios and Aliakmon
Rivers, the Thessaloniki plain was created, obtaining its final form.

Figure 1. Simplified geological map of the study area (modified by IGME, 1985 and Ghiliardi et al. 2010)
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Following the classification proposed by Youd and Perkins (1978), the liquefaction suscep-
tibility of this plain was assessed by Papathanassiou et al. (2018). In particular, 892 km2 of
this plain are classified as very high susceptibility, 686 and 662km2 as high and moderate
respectively, while 185 and 139 km2 as low and very low, respectively. At the very high suscep-
tibility area, 78km of highways and 703km of main roads are situated.

3 CORRELATING THE DEPOSITIONAL ENVIRONMENT WITH THE
LIKELIHOOD TO LIQUEFACTION

In order to investigate the relation between the likelihood to liquefaction of geological units
and the depositional environment, we took into account in-situ tests conducted in the area of
Axios plain for the purposes of the preliminary design of the Trans Adriatic Pipeline. The
depth of these borings was at least 10m and the liquefaction susceptibility of the encountered
soil layers was assessed based on the criteria proposed by Bray and Sancio (2006); a soil layer
is considered as susceptible to liquefaction when the Plasticity Index PI≤12 and the water con-
tent to liquid limit ratio (wc/LL) ≥0.85.

Following the assessment of liquefaction susceptibility per soil layer, it was decided to apply
the methodology proposed by Ishihara (1985), in order to estimate the thickness of the surfi-
cial non-liquefiable soil layer. In particular, Ishihara (1985) proposed empirical criteria for
assessing the likelihood of liquefaction surface evidences, correlating the thickness of the over-
lying non-liquefiable layer, H1, (cap layer) and thicknesses of the liquefiable layers, H2,
beneath it. Youd & Garris (1995) concluded that the occurrence or not of surface liquefaction
effects for sites not affected by lateral spread or ground oscillation are generally correctly pre-
dicted by the diagrams proposed by Ishihara (1985) and that sites where liquefaction-induced
ground oscillation and lateral spreading effects were observed are poorly predicted.
Sonmez et al. (2008) designed a new chart for assessing the potential for liquefaction surface

evidences by correlating the Liquefaction Severity Index (LSI) with the thickness of non-lique-
fiable cap layer. Their data were collected from in-situ tests performed in liquefied and non-
liquefied sites triggered by the earthquakes in Turkey and Taiwan 1999, and were classified in
three categories depends on the severity of failures; no failures, sand boils and/or ground fis-
sures and displacement due to lateral spreading (Sonmez et al., 2008). Using this information,
they concluded that liquefaction is not expected at sites where the value H of the cap layer is
greater than 6 m, while for H < 3 m liquefaction-induced ground disruptions can be expected.

Figure 2. Liquefaction susceptibility map of the study area (Papathanassiou et al. (2018)
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Papathanassiou (2010) concluded that a threshold value regarding the occurrence of lique-
faction manifestation could be defined based on the Liquefaction Potential Index (developed
by Iwasaki et al., 1986), particularly for LPI values larger than10, as below this limit, no lique-
faction surface evidences are expected to be observed. Moreover, a site where the thickness of
the non liquefiable cap layer is more than 5 meters can be characterized as non-liquefiable
one, independently of the value of LPI. The parameters defining the zone of liquefaction are
LPI>10 and H<4 meters, while a “transition zone” is defined for sites where LPI>10 and the
thickness of the cap layer ranges between 3m and 5m. Sites that are plotted within this area
should be classified as possible to liquefaction-induced ground disruption. Recently, Maurer
et al. (2015) developed an alternative index LPIISH in order to assess the liquefaction hazard.
This index is based on the Liquefaction Potential Index proposed by Iwasaki et al. (1986),
taking also into account the influence of the cap (crust) non-liquefiable layer, as proposed by
Ishihara (1985).
The previous methodologies used the thickness of the non-liquefiable cap layers as the main

proxy for liquefaction, in conjunction with one additional variable e.g. acceleration, LPI, LSI,
LPIISH etc. Taking into account that several methodologies have been published during the
last decade, focusing on the computation/assessment of these variables (with the exception of
acceleration), it was decided for the purposes of this study to examine the correlation of the
thickness of the cap layer with a variable that could be easily and reliably assessed, on the
basis of a simple and unified approach. This way, we could potentially avoid the bias intro-
duced by the different approaches employed for the computation of the second variable/
proxy. For the purposes of this study, the thickness of the liquefiable stratum encountered
below the non liquefiable cap layer was selected as the second proxy.
The logs of 43 in-situ tests (SPT) that were drilled in three different depositional environ-

ments of Holocene age were collected and analyzed for the purposes of this study. According
to the detailed geomorphologic map of the area of Axios plain, these geological units are
described as fluvial-delta (Holocene), lacustrine (Holocene) and gravelly sandy valley sedi-
ments (Holocene). After collecting the logs, we assessed both thicknesses for each borehole
following the liquefaction susceptibility criteria proposed by Bray and Sancio (2006). In par-
ticular, we have labeled the cap layer as Hc, while the liquefiable stratum until the depth of
10m is labeled as H10.
As is shown Figures 3 and 4 the liquefiable stratum regarding the deltaic-fluvial sediments

is constantly thicker than 5m (90% of the cases) while the relevant thickness encountered in
the lacustrine deposits is less than (77% of the borings). At the same environments, the thick-
ness of the non-liquefiable cap layer is less than 3m for the former case (90% of the borings)
and more than 3m for the latter one (77% of the borings).
Regarding the soil layers encountered in the boreholes in areas covered by deposits charac-

terized as alluvial, where the dominant particles are sand and gravels, no clear tendency can

Figure 3. Statistical analysis of thickness of liquefiable and non-liquefiable soil layers for fluvial-deltaic

depositional environment sites.
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be observed. As shown in the diagram of Figure 5, at some sites the liquefiable material is the
dominant soil component, while at other sites a completely different classification is observed.

4 CONCLUSIONS

The occurrence of liquefaction surface manifestations has been recently investigated in detail.
It is widely accepted that alluvial sediments of Holocene age are classified as highly susceptible
to liquefaction. However, taking into account the studies that were recently performed in
areas where intense liquefaction phenomena occurred, it was decided to further analyze the
depositional environment of these Holocene age sediments, with respect to their likelihood to
exhibit liquefaction manifestations. In particular, taking into account information provided
by borings from in-situ tests that were conducted in the Axios plain (Northern Greece), we
studied the tendencies of the geological materials to exhibit liquefaction, considering the thick-
nesses of the non-liquefiable and the liquefiable strata encountered within each borehole.
The obtained results show that the liquefiable stratum is thicker at the sediments deposited

in fluvial-deltaic environments, compared to the relevant thickness encountered in the lacus-
trine depositional environment. On the contrary, the non- liquefiable cap layer is thicker at
the latter environment (>3m) in comparison to the former one. This conclusion can be used
by decision makers and urban planners in order to avoid and/or to focus on specific zones
within the usually wide areas covered by alluvial sediments. The next step of this study is to
collect additional data form borings with in-situ tests conducted in Holocene age sediments, in
order to establish a quantitative relationship between the likelihood to liquefaction and the
depositional environment.

Figure 4. Statistical analysis of thickness of liquefiable and non-liquefiable soil layers for lacustrine

depositional environment sites.

Figure 5. Statistical analysis of thickness of liquefiable and non-liquefiable soil layers for alluvial depos-

itional environment sites.
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