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Abstract
Assessment of liquefaction susceptibility of sediments in alluvial plains is considered one 
of the first step for infrastructure planning, hazard mitigation, and land use management in 
seismically active regions. Subtle geomorphological features resulting from depositional 
processes could greatly contribute to estimating the liquefaction likelihood since they also 
dictate the type and distribution of sediments. Our case study is from the Piniada Valley 
(Greece), where widespread liquefaction phenomena were triggered by the 2021 Mw 6.3, 
Damasi earthquake. As we compiled a detailed geological map for the purposes of this 
investigation and correlated it to the spatial distribution of the earthquake-induced lique-
faction phenomena, we observed that most of liquefaction surface evidence are related to 
point bars and abandoned river channels formed the last century. In particular, the areal 
liquefaction density was estimated at 60.7 and 67.1 manifestations per km2, for the point 
bars and abandoned channels, respectively. Following this outcome, we propose a refine-
ment of the existing liquefaction susceptibility classifications by including point bar bodies 
as a distinct category, characterized by a very high susceptibility to liquefaction. In addi-
tion, we discuss the correlation between the observed liquefaction manifestations and the 
shallow lithofacies, sand or mud prone areas, within point bars. The outcome arisen by this 
research is that most of liquefaction phenomena (> 70%) occurred on the area covered by 
coarser materials deposited on the upstream part of high sinuosity meanders.
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1  Introduction

Liquefaction encompasses a range of phenomena induced by earthquakes, where the 
strength and stiffness of a soil deposit are reduced due to the generation of pore water pres-
sure (Youd 1993). Liquefaction consequences can range from minor settlements and lateral 
spreading to substantial flow slides involving horizontal and vertical displacements meas-
ured in tens of meters (Kramer 2008). Consequently, liquefaction has the potential to lead 
to foundation and retaining structure settlements and tilts, or even substantial differential 
displacements causing damages not only to surface structures like buildings and bridges, 
but also to geotechnical structures such as river embankments, foundations and retaining 
walls, as well as to critical infrastructure including runways, port facilities and other under-
ground infrastructure such as gas pipelines, water mains, and sewage systems (Hamada and 
O’Rourke 1992; O’Rourke and Hamada 1992; Tokimatsu et al. 2019), even for moderate 
earthquakes (Galli 2000; Papathanassiou et  al.  2005; Papathanssiou and Pavlides 2011). 
Therefore, liquefaction triggered by earthquakes can pose serious security issues for criti-
cal infrastructure.

Studying the liquefaction triggering as part of an earthquake protection strategy is a 
multiparameter task. At a local scale, it is well known that laboratory testing of soil sam-
ples should be conducted aiming to examine the grain size analysis and Atterberg limits of 
the material (e.g., Wang 1979, Seed and Idriss 1982; Andrews and Martin 2000; Polito and 
Martin 2001; Seed et al. 2003; Bray and Sancio 2006; Boulanger and Idriss 2006). Having 
assessed the susceptibility to liquefaction, then the factor of safety per soil layer can be 
computed based on data provided by in-situ tests, mainly SPT and CPT (Youd et al. 2001; 
Idriss and Boulanger 2008; Boulanger and Idriss 2014; Moss and Chen 2008; Cetin et al. 
2004). Assessment of liquefaction susceptibility of soil layers on a regional scale is com-
monly based on qualitative or semi-quantitative approaches, mainly developed during the 
second half of the twentieth century. The criteria used for the classification of sediments 
that are prone or not to liquefaction were generally correlated to basic characteristics of 
the geomorphological environment. The most applied and well-known criteria are the ones 
proposed by Youd and Perkins (1978), Wakamatsu (1992) and Wakamatsu et al. (2001).

These classifications were largely applied in the past by geologists and engineers and 
are still quite popular for defining the likelihood of shallow granular deposits to liquefy 
and consequently to “host” liquefaction-induced failures either in free field conditions or 
built environment (Papathanassiou et al. 2010; Bozzoni et al. 2021; Taftsoglou et al. 2022; 
Meisina et al. 2022). Highlighting the most susceptible areas covered by the relevant type 
of deposits is considered as a basic step for avoiding interfering with the most hazardous 
locations and/or for mitigating the expected failures. In both cases, forecasting of liquefac-
tion occurrences is a procedure that enhances the seismic resilience of the community.

During the last decade and especially following some major earthquakes associated with 
diffuse secondary seismic effects, researchers started realizing that the triggering of lique-
faction clustering phenomena seems to follow defined patterns. This preferential behav-
iour of the sediments to produce liquefaction manifestations was intensively investigated 
in some notable event occurred in New Zealand, Italy, Greece and Turkey (Wotherspoon 
et al. 2012; Di Manna et al. 2012; Galli et al. 2012; Bastin et al. 2015; Papathanassiou et al. 
2012, 2015, 2022; Civico et  al. 2015; Taftsoglou et  al. 2023; Abayo et  al. 2023 among 
others).

In several cases, it was concluded that most of the liquefaction phenomena were not ran-
domly distributed over an apparently uniform floodplain. Specific geomorphological areas 
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within fluvial meandering systems such as old/abandoned channels, point bars and oxbow 
lakes or reclaimed land certainly favoured their occurrences, showing a higher liquefac-
tion density compared to other sectors of the same floodplain. Accordingly, it is becoming 
a common need among the scientific community to update the existing classifications by 
introducing the significance (and the importance) of a detailed geological and geomorpho-
logical mapping for characterizing the different sectors of a floodplain in terms of differ-
ential geotechnical behaviour of the shallow subsoil. The reliability of such liquefaction 
susceptibility maps would largely benefit of this approach and the present note wants to 
contribute to this aim.

In order to achieve this goal, it is crucial to include in any geotechnical study to be 
conducted in an earthquake prone area an additional task purposely devoted to compiling 
a geomorphologically constrained geological map. In most cases, such investigation could 
take advantage on data that can be retrieved from open-access repositories or collected 
by official agencies such as historical topographic maps, geological maps, vintage aerial 
imagery (before major human impact) and more recent satellite imageries. A careful pro-
cessing of these data will potentially enable to retrieve the evolution of the fluvial environ-
ments within the alluvial plain and consequently to map in detail and classify the different 
geomorphological and sedimentological units.

Following the compilation of a detailed geological map of the Piniada Valley, this 
study examined the refinement of the classification proposed by Youd and Perkins (1978) 
in terms of type and age of grouped deposits. We quantitatively investigated the relation 
between point bar, flood plain and abandoned river channel deposits with respect to liq-
uefaction manifestations based on data provided by the field survey of the 2021, Damasi, 
Greece Mw 6.3 earthquake (Papathanassiou et al. 2022). Our study focused on the hetero-
geneity of the material accumulated on the inner part of a meander, i.e. point bar deposits, 
aiming to examine the correlation between the distribution of sand- and mud-rich deposits 
and the density of liquefaction phenomena. In order to achieve this goal, we applied the 
method proposed by Russell et al. (2018) to four point bars in order to delineate the distri-
bution of the two predominant lithofacies. Although this approach is considered as simpli-
fied relative to the complexity and the dynamic of a meander evolution, our study shows 
that its application can contribute to recognize and delimit in detail liquefaction hazardous 
zones within a point bar geomorphological feature.

2 � Geological framework

The broader Aegean Region is characterized by an important seismic activity, which 
also involves large sectors of continental Greece including Thessaly   (Caputo and Pav-
lides 1993), where starting on March 3rd, 2021, an important seismic sequence occurred 
(Fig. 1). It was characterized by a couple of major events (Mw 6.0 and 6.3) and 5–6 moder-
ate ones (Mw > 5.0) followed by several months of aftershocks (Chatzipetros et al. 2021; 
Kassaras et  al. 2022; Kaviris 2023; Papadimitriou et  al. 2023). The epicentral area was 
roughly delimited by Tyrnavos, Elassona and Zarkos villages and diffuse damage occurred 
in a number of minor settlements within the Antichasia Mountains (Fig.  1). Satellite 
geodesy (Tolomei et al. 2021; De Novellis et al. 2021; Ganas et al. 2021; Papadimitriou 
et al. 2023) and relocated seismicity (Karakostas et al. 2021; Michas et al. 2021) indicate 
that the seismogenic sources were blind and rupture did not breach the surface (Caputo 
2005). These seismogenic sources were not mapped and/or their tectonic features were not 
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classified as active (Caputo 1990, 1995; Chatzipetros et al. 2021; Ganas et al. 2021; Kouk-
ouvelas et al. 2021, 2023).

The activity of the Tyrnavos Graben has played a crucial role in the Quaternary geo-
logical evolution of the whole Thessalian region (Caputo 1990, 1995; Caputo et al. 1994). 
Indeed, the hydrographic network of the Pinios River clearly shows some major anomaly 
as far as the Karditsa and Larissa basins, characterized by two distinct endhoreic hydro-
graphic networks up to early Quaternary, have been only recently connected along the 
Piniada Valley (Caputo et al. 2021). Geophysical analyses (Mantovani et al. 2018) suggest 
a palaeo-valley bottom sloping from north-to-west, in an opposite direction with respect 
to the present-day Pinios River flow. Up to Middle Pleistocene this valley likely repre-
sented the lower reach of the Titarissios River, but it was abandoned due to its tectonically 
induced deviation into the Larissa Basin. The progressive sedimentary aggradation of the 
Piniada Valley during Late Quaternary finally caused its partial infilling up to a morpho-
logical threshold in its eastern sector, the Kalamaki Gorge (Caputo et al. 2021).

The alluvial plain of the Piniada Valley is covered by fluvial deposits, basically sand 
and coarse silt. In reality, the thickness of the clastic layers is limited to the shallowest part 
of the Upper Pleistocene to Holocene sedimentary succession infilling the Piniada Valley 
(Caputo et al. 2022). This has been well documented by a 62 m-deep core drilled in the 
middle of the plain southwest of Zarkos village showing silt–clay deposits prevailing up to 
ca. 23 m and coarse-grain sandy layers (sometimes up to fine gravels) instead dominating 

Fig. 1   Map with the principal morphological and tectonic features characterizing Thessaly, showing the 
location of the largest 2021 Damasi events (stars). The black box indicates the area represented in Fig. 5. 
TF: Tyrnavos fault, LF; Larissa fault, VF; Vlachogianni fault
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upwards (Fig. 2) clearly confirming the forementioned environmental change in time. In 
particular, taking into account the available ages along the core, a typical fluvial environ-
ment within the western sector of the Piniada Valley starts appearing only during the lat-
est Pleistocene, though its definite establishment as it could be observed today basically 
occurs in a post-LGM (Last Glacial Maximum) period and mainly Holocene. Based on the 
reconstructed evolution (Caputo et al. 2021), it is also reasonable to assume a progressive 
shallowing of Holocene sediments towards the eastern sector of the valley, where most liq-
uefaction phenomena occurred in concomitance with the 2021 Damasi earthquake.

The conceptual hydrogeological model of the alluvial plain is characterized by a com-
plex multi-aquifer system consisting of several isolated and/or interconnected bodies.

This aquifer system consists of an unconfined or locally semi-confined multilayer shal-
low aquifer system (A0) mainly developed in lens-shaped sandy bodies originating directly 
from past paths of the Pinios River, usually as infilling deposits of abandoned channels 
and meanders. These aquifers may locally be in hydraulic communication with each other 
and are characterized by a strong variability of hydraulic and geometric parameters along 
both horizontal and vertical dimensions. The main feeding occurs directly via infiltration 
from atmospheric precipitation and secondarily from the main course of the river laterally 
into the neighbouring aquifers. Also, during major flooding events, water could infiltrate 
directly into the subsoil. In the past, the shallowest aquifer was largely exploited using 2–3 

Fig. 2   Detailed vertical log from coring representing the shallowest ca. 20  m of sedimentary succession 
characterizing the Piniada Valley alluvial plain and showing the occurrence of several sandy layers in the 
first 10 m, likely prone to liquefaction. Modified from Caputo et al. (2022)
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m-deep wells by the local people as a source for water supply for drinking and domestic 
needs. These wells have been progressively abandoned due to the high vulnerability of the 
aquifer to sources of surface pollution and the lowering of the piezometric level during the 
summer period which could locally cause the drying out of the sandy lenses. At a slightly 
greater depth (5–10 m) the subsoil of the Piniada Valley contains a mainly sandy confined 
multi-aquifer system (A), locally explored for agricultural purposes. Hydraulic communi-
cation between the first confined and the shallow unconfined aquifer could be possible. 
Following the construction of several small dams across the riverbed for irrigation pur-
poses, including the reach of the river along the Piniada Valley, the height of the free water 
level is relatively constant during most of the year, commonly ranging at a depth of 2–4 m 
from the altitude of the nearby alluvial plain. Note that along the whole length of Piniada 
Valley, Pinios River has no natural levees, nor artificial embankments. In conclusion, at 
the time of the 2021 seismic events, the sandy deposits characterizing the shallow subsoil 
of the plain were mostly in saturated conditions and this played a crucial role during the 
ground shaking.

3 � Methods and data analysis

The goals of this study are to compile a detailed geomorphology-based map of Holocene 
geology at the area of Piniada Valley and to investigate the pattern of liquefaction phe-
nomena in terms of frequency for different geological units. It is crucial to point out that 
in the 1:50.000 scale geological map of the study area (Vidakis 1998), the information 
provided for each type of geological unit is certainly not sufficient for properly assessing 
the liquefaction likelihood of the sediments. This is due to the fact that liquefaction-related 
behaviour of a soil unit is strongly dependent on its depositional history in terms of grain 
size distribution, occurrence and characteristics of layering, and age. Considering that the 
dominant grain size of a sedimentary layer depends on the facies environment, it is evident 
that a detailed Holocene geomorphological and geological mapping is of outmost impor-
tance for a reliable assessment of liquefaction likelihood/susceptibility of the shallow dep-
ositional succession.

We updated a methodology for retrieving the palaeo-environmental information in an 
area (Taftsoglou et al. 2022), that was applied on available and newly collected data from 
the Piniada Valley (Fig. 3). The applied method consists of three major phases: (1) data 
input, (2) geomorphological-based mapping and (3) estimation of the liquefaction likeli-
hood of the deposits.

We acquired a variety of geological, historical, topographic maps and remote sens-
ing data aiming to trace the evolution of the Piniada alluvial plain. More specifically, 
we used (1) the early twentieth century topographic map sheets in scale of 1:75,000 by 
the Royal Hellenic Army Geographical Service (1909a, b); (2) cadastral maps from the 
Ministry of Agriculture, dated 1928, 1929 and 1952 in scale of 1:5000; (3) aerial pho-
tographs from Hellenic Cadastre archive, acquired in 1935; (4) the 1945 orthophotomap 
produced by the Hellenic Army Geographical Service (2008); (5) orthorectified Corona 
declassified imagery of 1960 from USGS/EROS; (6) the Hellenic Army Geographical 
Service 1978–1980 topographic map sheets in scale of 1:5000; (7) very high resolution 
satellite imagery (2012–2018) from Copernicus CSCDA, (8) high resolution (10–30 m) 
Landsat 5/7/8 satellite imagery (1984-today) and (9) Copernicus Sentinel-2 imagery 
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(2015-today). Furthermore, we used a digital surface model of the study area with 5 m 
of spatial resolution, obtained from the Hellenic Cadastre (2007).

Using these data, it was possible tracing the different geomorphological and surficial 
features characterizing the Piniada Valley and assessing their relative age and type (or 
formation). It is worth to note that the carried-out processing of multi-temporal and 
historical data (Fig. 4) enables tracing and dating of features that are not clearly visible 
at present in the landscape. This is due to the rapid migration of fluvial features through 
time and the extensive land reclamation works realized during the second half of twen-
tieth century that consequently masked in large portions of the Pinios River plain the 
surficial “footprint” of even recent geomorphological features along the Piniada Valley.

A further possible contribution to the aim of revealing near-surface geomorphologi-
cal features within heavily reworked crop fields could be provided by using differences 
in image reflectance caused by soil moisture content and lithological variation of recent 
satellite imageries. Moreover, it is pointed out that significant and major geomorpholog-
ical features can also leave a distinct signal in topography despite the temporal change 
of land cover.

We also used multiple Landsat and Sentinel-2 multispectral images aiming to observe 
and capture older and recent flood events and surficial water runoff within Pinios Val-
ley; abandoned channels and riverbeds characterizing the valley still at as preferential 
surficial drainage paths of excess water during important flood events and even simple 
overflow of the Pinios River. A selection of recent flood snapshots affecting the Piniada 
Valley are included in the Supplementary Material.

On a subsequent investigation step, the results of the detailed post-earthquake sur-
vey of the 2021 Damasi event were correlated with the geomorphological-geological 
map in terms of liquefaction-induced surface evidence. We focused on the distribution 
of the different Holocene geological units, and particularly on the variable density of 
liquefaction phenomena per unit with the very final goal to propose a refinement of the 

Fig. 3   Flowchart showing the phases of the method applied in this study for the compilation of geomorpho-
logical-based detailed geological map and the application to assess the liquefaction likelihood of sediments
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classification of the liquefaction likelihood, showing the importance of a good mapping 
for better assessing this kind of natural hazard.

4 � Results

4.1 � Detailed geological map of the area

The new map also contains units distinguished in terms of the sedimentary environment 
they represent. Accordingly, we could distinguish the following ones. Areas commonly in 
dry conditions, but regularly (seasonally) flooded by overflow phenomena, are referred to as 
floodplain surfaces. They are characterized by the finer components of the clastic materials 
transported by the Pinios River. These deposits consist of mainly silt and clayey silt in the 
more distal sector of the plain and are characterized by a sub horizontal flat upper surface. 
The integrated analysis of satellite imagery taken during recent flooding events and the DEM 

Fig. 4   a Historical aerial image of 1935 showing the active course of the Pinios River close to the Kout-
sochero settlement and comparison b with the present-day geometry (satellite view), where the former path 
clearly appears as a cut-off meander. c Historical topographic map of 1909 (Trikala map sheet) with the 
meandering course of the Pinios River near Zarko and comparison d with a satellite snapshot (Sentinel-2 
infrared composite) of the same area during a major flooding event (March 10th, 2018); in the latter image, 
the river channels and the flood water are shown as dark blue colour, and areas that were flooded and retain 
moisture with darker shades



5459Bulletin of Earthquake Engineering (2024) 22:5451–5474	

of the area allowed to recognize and distinguish the presence of floodplain surfaces at differ-
ent altitudes across the Piniada Valley thus implying a progressive abandonment (i.e. terrac-
ing) as further discussed in a following section. It is worth mentioning that in the late ‘40s a 
continuous dam embankment was constructed east of Pinios River, between Koutsochero and 
Kastri. As a consequence, this artificial infrastructure definitely prevented further flooding of 
the eastern sector of the plain, but also intense farming and heavy land manipulation largely 
obliterated any geomorphological evidence, thus impeding any detailed mapping.

Due to the prevailing meandering behavior of the Pinios River along the Piniada Valley, 
the plain is crossed by several abandoned channels. In topographic profiles, they have a typical 
concave upwards geometry slightly entrenched with respect to the surrounding plain. Being 
low topographic areas, they obviously play the role of sinks during exceptional precipitation 
events and in general for the overflow waters. Locally higher topographic gradients imply a 
greater hydraulic energy and potentially the transport of coarser deposits. Τhus, trapping of 
sediments is enhanced due to their morphology. Consequently, abandoned channels are gener-
ally the site of an accelerated sedimentation and a relatively rapid infilling. In plan view, most 
of them have arc-like shapes (high sinuosity) characterized by a curvature radius varying from 
several hundred of meters to 50–60 m. During highly rainy periods, some of these lengthened 
morphological features temporarily become water ponds and in general the delay the complete 
drainage following an overflow event. It should be noted that some of the abandoned channels 
morphologically entrenching a terraced floodplain surface, especially along the right hydro-
graphic side, lack the typical meandering geometry. Indeed, they have been attributed to a ten-
dentially low sinuosity pattern of the fluvial system. This morphological and hydraulic change 
in behavior of the Pinios River has been tentatively associated with periods of increased pre-
cipitation rates, like for example the Little Ice Age (fourteenth–nineteenth centuries) or older 
wet climatic events. Differently from the other ones more or less tightly curved, the low sinu-
osity abandoned channels could also act and favour the downstream water drainage in the late 
stages of flooding events.

As a consequence of the meandering process characterized by a progressive lateral migra-
tion of the active channel up to its abandonment, the area of the plain standing on the inner 
side of the meander is the locus of a double phenomenon; firstly the complete erosion of the 
pre-existing deposits from the topographic surface down to the depth of the migrating chan-
nel and, secondly, the lateral aggradation with the generation of partly over posed point bars 
mainly consisting of medium-to-coarse-grain sediments.

A final lithological unit is represented by coarse gravels, e.g., alluvial cones produced by 
the secondary lateral valleys entrenching the major E-W slopes of the Piniada Valley. The 
uppermost part of these deposits is relatively well cemented. In plan view they show a typical 
fan shape geometry, while they are characterized by low-angle slope. At the toe of the cones, 
these deposits are systematically covered by the floodplain deposits previously described and 
likely continue towards the axis of the main valley with an underlying geometrical relation-
ship. Nowadays these alluvial cones are substantially inactive as far as on top of these cones 
there is 1(-2) m-thick soil with a minor colluvial input (Caputo et al. 2021).

4.2 � Age of the geological units

With the exception of the lateral alluvial cones, which have been attributed a post-LGM 
age (i.e. latest Pleistocene; see discussion in Caputo et  al. (2021), all other outcropping 
units described above are of Holocene age.
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Mainly based on historical topographic maps and historical aerial imagery, it was possi-
ble to map the channels and the meanders that were active during the twentieth century and 
possibly in the last few centuries. By integration with the DEM, we also reconstructed the 
areas developed as point bars and the coeval floodplain surfaces. All these units are at pre-
sent regularly (i.e. seasonally) flooded due to overflow of the Pinios River. In the following, 
we refer to these units (blue colours in Fig. 5) as ‘late historical’ or class I units.

Using geomorphological, palaeo-environmental, archaeological and historical informa-
tion and constraints, a relatively older set of geological units has been distinguished. In 
particular, a floodplain surface formed in post Neolithic (Archaic or Classical) period and 
possibly active up to the Ottoman period has been tentatively reconstructed (Caputo et al. 
2021). Along the topographic profiles across the Piniada Valley, this surface is higher than 
the younger floodplain of unit I, though the difference is not sufficient to avoid water over-
flow in cases of major flooding. The detailed analysis of this surface also allowed to rec-
ognize the abandoned channels and the associated point bars formed during the same time 
window. At this regard, the above-mentioned abandoned channels which developed on this 
floodplain surface and associated with a braided pattern of the Pinios River likely formed 
during the Little Ice Age. A further difference of these channels is the entrenching depth 
within the coeval alluvial plain that in this case was likely shallower and hence it is likely 
thinner the subsequent partial sedimentary infilling. We refer to these units (green colours 
in Fig. 5) as ‘late Holocene-early historical’ or class II units.

Archaeological information suggests that the formation of the remaining portion of the 
alluvial plain occurred during Neolithic times and certainly after the lateral alluvial cones 
(see below). Accordingly, this undifferentiated unit (light brown in Fig. 5) is attributed to 
the ‘early-middle Holocene’ and referred to as class III units. We cannot exclude the pos-
sibility that some small portions of this surface are slightly older and were formed during 

Fig. 5   Surface geological map of the Piniada Valley improved from Caputo et  al. (2021). See text for 
detailed descriptions of mapped units
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the latest Pleistocene following the LGM climatic event (ca. 26.5–19.5 ka BP; Clark et al. 
2009).

Finally, the alluvial cone deposits produced by the secondary lateral valleys entrenching 
the major E-W slopes of the Piniada Valley, or at least its cemented top surface, have been 
attributed to the fading of LGM, say during the last 18–15 ka BP. Similar morphological 
features and lithological units are indeed well documented in the literature and commonly 
used as a chronological marker in many morphotectonic and palaeoseismological investi-
gations (Benedetti et al. 2002; Papanikolaou et al. 2005; Caputo et al. 2006, 2010; Mason 
et al. 2016). Also, in a nearby site in Thessaly along the Tyrnavos Fault, radiocarbon analy-
ses of equivalent deposits have provided ages of 19–23 ka BP (Caputo and Helly 2007) in 
perfect agreement with the above conclusions. In the following, these cones (brown colour 
in Fig. 5) are referred to as ‘late Pleistocene’ or class IV unit.

4.3 � Assessing the liquefaction likelihood of the shallow deposits

To achieve this goal, we analysed the spatial distribution of the 500 + liquefaction-induced 
failures triggered by the 2021 Damasi earthquake (e.g., Papathanassiou et al. 2022) com-
paring it with our geological units (Fig. 5).

Concerning the length of the linear features, approximately 90% of the liquefaction-
induced ground fissures range in dimension between 8 and 5 m, while their width varied 
from 0.2 to 0.8 m (Fig. 6). In addition, four large-size sand volcanoes up to 3 m in diameter 
and with a collapsed central crater of 0.75 m depth were created. The most impressive 
outcome is a strong qualitative correlation between the clustering of liquefactions with the 
location of palaeo-meander features and abandoned channels, as documented, for example, 
by historical aerial images acquired in 1945.

Having plotted the location of liquefaction sites on the geomorphological-based geo-
logical map developed by this study (Fig. 7), it is evident that most of these ground failures 
are concentrated on specific zones, confirming the preliminary suggestions by Papatha-
nassiou et al. (2022). In detail, we observe that 278 cases were related to point bars, 128 
to floodplain deposits, 128 to abandoned channels, and none of them to undifferentiated 
sediments and cones. Moreover, it was found that 379 liquefaction cases occurred on sedi-
ments referred to as late historical (class I), while 155 liquefaction cases occurred on units 
referred to as late Holocene-early historical (class II).

Fig. 6   Examples of liquefaction phenomena observed following the 2021 Damasi earthquake
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In terms of percentage, the point bars, floodplain deposits and abandoned channels of 
class I hosted 47.8%, 5.6% and 17.6% of the observed liquefaction cases, respectively. This 
outcome confirms the statement that younger sediments are looser, from poorly consoli-
dated to unconsolidated, and consequently more likely to liquefaction if they are in satu-
rated conditions (Youd 1998). On the other hand, older deposits, as the ones attributed 
to class II, cumulatively hosted a lower percentage of liquefaction manifestations. Indeed, 
point bars (4.3%), floodplain deposits (18.4%) and abandoned or drainage channels (6.4%), 
represent a total of less than 30%. The only exception to this expected outcome is that the 
number of liquefaction sites and the relevant percentage is lower on the younger floodplain 
sediments (class I) compared to the older ones (class II). Possible explanations for this are 
that (1) the area covered by the class II floodplain deposits is twice the area covered by the 
deposits of class I and consequently more cases could be statistically hosted, and (2) the 
floodplain deposits aged late Holocene-early historical (class II), are also geologically clas-
sified as recent ones, and characterized as very likely to liquefaction.

As far the liquefaction frequency per area (km2) covered by the surficial sedimentary-
geomorphological units (Table  1), for class I units the frequency on point bars is 60.7 
manifestations per km2, on the floodplain deposits is 7.5 liquefaction sites/km2 and on 
the areas classified as abandoned river channels it is 67,1 liquefactions/km2. In contrast, 
the frequency in the late Holocene-early historical sediments (class II), is 46 liquefaction 
phenomena per km2. on point bars, 9 on floodplain deposits and 15.5 in correspondence 
of abandoned/drainage channels. Based on these values, we can state that the difference 
on liquefaction frequency between floodplain deposits of class I with the ones of class II, 
is not as significant. This result confirms the negligible difference previously assessed on 
solely on the basis of the percentage of liquefaction phenomena per sedimentary-geomor-
phological unit. Therefore, for a more reliable analysis, it is proposed that the total area of 

Fig. 7   Map showing the sites where liquefaction evidence (red dots) was mapped during the immediate 
post-event field survey
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each recognized unit should be carefully considered in this type of analysis. Furthermore, 
as above discussed, the unit of abandoned channels includes both high sinuosity cut-off 
reaches developed during a meandering stage of the alluvial plain and low sinuosity ones, 
associated to a river system characterized by a “braided” pattern.

5 � Discussion

5.1 � Need for a detailed geomorphological mapping

For the purpose of a geotechnical study in an earthquake-prone country, the liquefaction 
susceptibility of sediments must be initially assessed on a regional scale. To accomplish 
this task, geologists and engineers use criteria related to the first order geomorphologi-
cal characteristics and the general depositional environment associated to the shallow sedi-
ments like, for example, fluvial, lacustrine, coastal, etc. The most applied and well-known 
classifications are the ones proposed by Youd and Perkins (1978), Wakamatsu (1992) and 
recently by Wakamatsu et al. (2001). The former approach (Youd and Perkins 1978) classi-
fied the liquefaction susceptibility of sediments as ‘very low’, ‘low’, ‘moderate’, ‘high’ and 
‘very high’ based on their type and age, while the updated version of the latter classifica-
tion (Wakamatsu et al. 2001) takes into account two levels of ground motion as a proxy for 
the assessment of liquefaction susceptibility. Specifically, for the worst-case scenario of 
level 2, the susceptibility to liquefaction of the several geomorphological features is classi-
fied as ‘very high’, ‘high’, ‘low’ and ‘none’, while for level 1 scenario the relevant classes 
are ‘high’, ‘low’, ‘very low’ and ‘none’. In the class of very high susceptibility to lique-
faction are included, among others, geomorphological features encountered in the area of 
Piniada Valley such as abandoned river channels or point bars.

Both classifications are frequently used in the literature and in urban planning for 
screening the likelihood of geological units to liquefaction and consequently the possible 
occurrence of liquefaction-induced failures either on the free field and built environment. 

Table 1   Statistical analysis between the recognized geological units included in the map of Fig. 5 and asso-
ciated liquefaction-induced features observed along the Piniada Valley during the immediate post-event 
field survey (Fig. 7)

Tentative ages are I: late historical (last century or so); II: late Holocene-early historical; III: (latest Pleisto-
cene-) middle Holocene

Geological units Area (km2) Liquefaction 
features

Liquefaction sur-
face evidence (%)

Liquefaction 
density sites 
(km2)

I—point bars 4.2 255 47.8 60.7
I—floodplain 4.0 30 5.6 7.5
I—abandoned channels 1.4 94 17.6 67.1
II—point bars 0.5 23 4.3 46.0
II—floodplain 10.9 98 18.4 9.0
II—abandoned/drainage channels 2.2 34 6.4 15.5
III—undifferentiated 7.1 0 0.0 0.0
IV—cones 5.1 0 0.0 0.0
Total 35.4 534 100
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This approach highlights the most susceptible areas covered by the relevant type of depos-
its and it is considered as a basic step for avoiding hazardous locations and/or mitigating 
the expected failures. In both cases, forecasting of liquefaction occurrences is a procedure 
that enhances the seismic resilience of the community.

We applied the classification proposed by Youd and Perkins (1978) to Piniada Valley, 
for examining its effectiveness. According to this classification, the deposited materials of 
point bars and floodplains are included in the same category as “floodplain deposits”. We 
also tentatively included the mapped abandoned and drainage channels in the category of 
the “river channels” proposed by Youd and Perkins (1978) and our ejection cones unit into 
the “alluvial fan” category of the Authors.

As concerns the age, the categories are: “ < 500 year” (also referred to as “Recent”), 
“Holocene” and “Pleistocene”. Correspondence between the Youd and Perkins (1978) cat-
egories and the mapped geological units along the Piniada Valley (Fig. 5) are presented 
in Table 1. Although class III areas have been homogenized into an undifferentiated unit, 
they mainly represent floodplain surfaces and thus have been labelled in the correspond-
ing Youd and Perkins (1978) category. Our class I unit should be obviously considered as 
Recent (< 500 years), while class IV as Pleistocene. Strictly speaking, both classes II and 
III are certainly mainly Holocene, but class II partially overlaps the Recent period of Youd 
and Perkins (1978), while class III their Pleistocene age category.

Based on the classification proposed by Youd and Perkins (1978), the Recent and 
(Recent-) Holocene floodplain deposits hosted 285 and 121 liquefaction sites, respec-
tively, corresponding to the 53.4% and 22.7% of the total cases of liquefaction phenom-
ena reported along the Piniada Valley. The remaining 23.9% (128 cases) is related to areas 
characterized as Recent and (Recent-) Holocene river channels category (94 and 34 cases, 
respectively) of recent and Holocene age, respectively. In terms of density (sites/km2) of 
liquefaction features for each Youd and Perkins’s (1978) category, Recent and (Recent-) 
Holocene floodplain areas have 68.2 and 55.0 site/km2, respectively, while river channels 
64.9 and 15.6 for the two time-windows, respectively (Table 2).

If we consider our geological mapping and introduce in the analysis a distinction 
between point bars and floodplain surfaces (Fig. 7), we note that the ratio between point 
bars and floodplain densities for the two younger age categories is relatively high being 8.1 
(= 60.7/7.5) and 5.1 (= 46.0/9.0), respectively. This implies that liquefaction hazard in the 
two units is quite different. The results therefore suggest the need of refining the Youd and 
Perkins’ (1978) classification. For example, it would be useful to subdivide the floodplain 
deposits category into at least point bars and floodplain sensu stricto. As a further conse-
quence in introducing such a subdivision, it would be preferable to characterize liquefac-
tion susceptibility for the point bars as very high and high for the Recent and Holocene 
deposits, respectively, leaving unmodified (i.e. high and moderate, respectively) the degree 
of susceptibility for the floodplains s.s. Our proposal agrees with Wakamatsu et al. (2001), 
where the point bar deposits are defined as a separate unit and are associated to a very high 
liquefaction susceptibility in case of level 2 ground motion.

Another issue raised by our geological mapping and the statistical analysis of the 2021 
liquefied sites regards the river channels unit. Indeed, all the river channels belonging to 
class I represent abandoned meanders, while most of those we have included in class II 
correspond to channels developed during a braided pattern phase of the river system. At 
this regard, absolute numbers of liquefaction sites (94 vs. 34) and density values (67.1 
vs. 15.5 sites/km2) are quite different for the two classes. Although ages (late historical 
vs. early historical-Late Holocene) could partly justify the difference it is worth to note 
that meanders are in general deeper than braided channels and therefore the thickness of 
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their infilling is also different along with their potential in terms of liquefaction suscep-
tibility. As a consequence, further detail mapping should be focused on these geological 
units (abandoned river channels) and it would be desirable to introduce in the future an 
additional distinction (and susceptibility class subdivision) between low and high sinuos-
ity abandoned river channel reaches (Fig. 5). It is however crucial when performing a liq-
uefaction susceptibility-oriented classification of the abandoned channels to consider also 
the dominant grain size of the material partially or totally infilling these geomorphological 
features.

5.2 � Lithological heterogeneity on point bars and liquefaction likelihood

A high density of liquefaction phenomena was related to the geomorphological sub-unit 
of point bars developed in the inner part of meanders, either classified as abandoned cut-
off channels or as part of the active riverbed. Although these features could be generally 
considered as a sand rich area with fractions of finer material, point-bar deposits are lat-
erally discontinuous (Allen 1965) and characterized by a complex distribution of lithofa-
cies (Thomas et al. 1987; Tye 2004; Miall 2006; Durkin et al. 2015; Russell et al. 2018). 
The grain size of the deposited material is influenced by the flow direction and speed of 
the water along the meander, with the deposition of the finer grain materials mostly in 
the downstream part and the coarser ones in the upstream part (Jackson 1976; Fustic et al. 
2012; Nardin et  al. 2013). This heterogeneity influences the occurrence of liquefaction, 
as the finer the soil the less susceptible to liquefaction. For the purposes of this study, the 
method proposed by Russell et al. (2018) was tested with real cases of liquefaction mani-
festations reported on point bars at the Piniada Valley (Papathanassiou et al. 2022). Spe-
cifically, we selected four meander zones (Fig. 8), two related to the main channel of the 
present-day Pinios River, and two cut-off channels clearly visible on the 1945 aerial pho-
tograph of the area, but now obliterated. For each area, the lithological heterogeneity of 
the point bars was assessed based on the parameters of meander shape and the episodes of 
meander growth in these features (scroll bars) (Fig. 9).

Table 2   Degree of liquefaction susceptibility attributed to the mapped units following the classification of 
the soils proposed by Youd and Perkins (1978)

Susceptibility: vh very high, h  high, m  moderate, l  low. Age: R recent, (R-)H recent—Holocene, H holo-
cene, Pt pleistocene

Geological units (present work) YP1978 Liquefac-
tion sites

Mapped 
area (km2)

Lique-
faction 
density 
sites 
(km2)

I—point bars R Floodplain h 255 285 4.2 8.2 60.7 68.2
I—floodplain 30 4.0 7.5
I—abandoned channels R River channel vh 94 94 1.4 1.4 67.1 64.9
II—point bars (R-)H Floodplain (h-)m 23 121 0.5 11.4 46.0 55.0
II—floodplain 98 10.9 9.0
II—abandoned/drainage channels (R-)H River channel (yh-)h 34 34 2.2 2.2 15.5 15.6
III—undifferentiated H Floodplain m 0 0 0 0
IV—cones Pt Alluvial fan l 0 0 0 0
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Application of this methodology required initial measurements regarding the identifi-
cation of meander apex, the division of the meander into the upstream and downstream 
limbs, the projection of the thalweg lines and the width of the meander bend (mW), 
while in cases where scroll bars were visible, the meander migration trajectory (tL) was 
also projected. Through the first phase, the meander shapes, developed after different 
growth stages, were classified into four groups of 25 individual shapes based on their 
geometry (Russell 2017):

•	 open asymmetric: meanders where the angle between one limb and mW is 90° or 
greater, as measured on the line of the limb tangent;

•	 angular: meanders with open triangular shape, where the apex is angular (shape D4 or 
E2 in Huddleston’s classification 1973);

•	 bulbous: meanders where tangents of their limbs intersect inside the meander shape;
•	 open symmetric: meanders where the angle between one limb and mW is less than 90°, 

as measured on the line of the limb tangent.

After classification of the meander shapes, every meander trajectory and its respec-
tive apex were drawn separately. Following this, the downstream inflection point was 
pinpointed for each case as the likely location where a riffle or cross-over once existed, 
with the cross over segments indicating the occurrence of mud-prone sediments (Smith 
et  al. 2009). Afterwards, meander thalweg lines were subdivided into heterogeneity 
types of Sand I, Sand II, Mud I, Mud II, according to the relative proportion of coarse- 
to fine-grained lithology. Generally, heterogeneity types follow a more gradational 
sequence in open asymmetric, angular, and open symmetric meander shape, by con-
trast with bulbous shapes. For the first three groups, heterogeneity type Sand-I is mostly 
recorded on the upstream limb, while Sand-II deposition occurs after the upstream 
cross-over and varies depending on the geometry of the meander and the point bar 
growth. Downstream areas, where counter point bars change from concave to convex 
geometry are characterized by deposition of finer sediments of Mud-I and Mud-II type. 
On the other hand, bulbous shapes can compound multiple zones of all relative het-
erogeneity types, due to the existence of more than two inflection points (Carter 2003; 
Nanson 1980). Combining this knowledge with information regarding the direction or 

Fig. 8   Map showing the location of the selected meander zones for investigating the sediments distribution
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shifting of scroll bars and cross-cutting relationships resulted in the compilation of a 
map for each investigated meander showing their relative heterogeneity types.

The first examined meander (a) is located in the western sector of the Piniada Valley 
(Fig. 9). According to 1945 historical aerial imagery, it was observed that the shape is sim-
ilar to a compound of two distinct meanders, and it was consequently classified as two 
open symmetric meander shapes (S4c and S4a). Based on the type of visible scroll bar 
morphologies it is assumed that the composed point bar results from extensional and rota-
tional movements. Following the meander growth, the recent (2021) satellite image dem-
onstrates the previous compound meander as one of bulbous shape. Due to the projection 
of two downstream inflection points, the zonation of 1945 and 2021 meander thalweg into 
heterogeneity types resulted in a map of multiple relative heterogeneity classes. Plotting 
the liquefaction sites triggered by the 2021 Damasi earthquake it is observed that only one 
liquefaction event was documented in this point bar.

The second examined meander (b in Fig. 9) is close to the Piniada village, and it has 
been likely influenced by a growth similar to the previous case. In particular, based on 
1945 historical aerial imagery the shape of the meander is similar to a compound of two 

Fig. 9   Assessment of heterogeneity types in four selected meanders (a–d) of the Piniada Valley based on 
the methodology proposed by Russell (2017) Columns (i–v) represent the different steps of the procedure 
for evaluating the sedimentary heterogeneity due to the Pinios River evolution from 1945 to 2021. Abbre-
viations of measurements in column (ii) stand for meander width (mW) and meander trajectory length (tL), 
while codes attributed to each meander shape refer to meander shape (S); parent group to which the mean-
der belongs (1: open asymmetric, 2: angular, 3: bulbous, 4: open symmetric) and further qualifications of 
the meander shape (“a” to “i”). See text for more details on the procedure
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distinct meanders, and it was classified as an open asymmetric (S1i) and angular (S2c) 
meander. According to the 2021 satellite image, the previous compound meander was 
transformed into a bulbous shape meander (S3e). Tracing of the heterogeneity types in 
meander thalweg of 1945 and 2021 resulted in a map of four heterogeneity classes, with 
coarser materials covering the upstream limb and apex area and finer deposits extending 
in the downstream part. Regarding the 2021 liquefaction records, 56 sites (63.3%) were 
detected in Sand-I and Sand-II types, and 32 manifestations were reported on the area pre-
dominated by finer materials, 29 of them formed in the Mud-I type.

Following the same procedure, we focused on the next meander case where a cut-off 
shape was formed (c in Fig. 9). Using the historical aerial image of 1945, the meander bend 
was classified as a bulbous meander, with a rounded apex and not overturned shape (S3a). 
Based on the type of visible scroll bar morphologies it is assumed that meander growth 
was extensional and rotational with more than one major directional change. However, due 
to its abandoned form since 1945, no alterations were detected in the recent 2021 image. 
Projection of 2021 liquefaction sites show that more than 70% (101 sites) are concentrated 
in areas characterized by coarser material; 63% (88 sites) and 9.4% (13 sites) detected in 
Sand-I and Sand-II types respectively.

The fourth area of interest was related to a cut-off meander (d in Fig. 9), formed next 
to the previous one. Due to its geometry and the existence of older cross-over zones on its 
upstream limb, in our geological map it has been classified as an older feature, which was 
initially cut from the former main riverbed and then was partially eroded by the younger 
meander (3rd case study) associated to a more recent riverbed. Considering that the two 
cut-off features are not genetically related, we analysed separately the older one and char-
acterized it as a slightly asymmetrical bulbous type (S3e). Based on this evolution and fol-
lowing the former river flow, the meander bend was classified into four heterogeneity types 
with the Sand-I covering the upstream limb, the Sand-II extending through the apex area 
and the Mud-I and Mud-II deposited after the inflection point. Regarding the liquefaction 
phenomena reported in this zone, post-event field observations document that the higher 
concentration 86% (35 sites) was related to the area considered as Sand-II type.

As a conceptual model, it is expected that the sand prone zones of the meander will 
be the preferential location for the triggering of liquefaction, while lesser cases should be 
distributed on the zone predominated by finer (mud) grain size deposits. According to the 
analysis that took place in this study and shown on Table 3, most of liquefaction occur-
rences (72,7%) correlated to areas delineated as sand prone, either as Sand I or Sand II, 
validating the conceptual model in terms of liquefaction potential. The areas classified as 

Table 3   Correlation of the spatial 
distribution of liquefaction sites 
triggered by the Damasi 2021 
earthquake with the relative 
heterogeneity types of each of the 
four examined meanders (Fig. 8) 
analysed in this research

Case study Heterogeneity type

Sand I Sand II Mud I Mud II Liquefaction 
sites per case

A 1 0 0 0 1
B 12 44 29 3 88
C 88 13 14 24 139
D 2 35 3 0 40
Liquefaction 

sites per 
type

103 92 46 27 268

% 38.4 34.3 17.2 10.1 100.0
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mud prone, Mud I and Mud II, hosted instead 73 out of 268 sites, corresponding to approx-
imately the 37%. Despite the finer grain size characteristics of these mud prone areas, they 
should still be classified as likely to liquefaction, in agreement with several studies of the 
last 20 years (e.g., Bray and Sancio 2006; Idriss and Boulanger 2008), since even the non-
cohesive silty soils of low plasticity are considered as susceptible to liquefaction.

6 � Concluding remarks

We have realized a detailed mapping of the late Upper Pleistocene and mainly Holocene 
deposits outcropping along the Piniada Valley that was largely based on the field and 
remote sensing observation of geomorphological features, that is to say the geological units 
(Fig. 5) derive from “above ground” observations and not from geognostic data. Since the 
beginning of the twentieth century, topographic maps and remote sensing data, either aerial 
imagery and/or satellite imagery, are commonly available, allowing to improve geological 
mapping and commonly used for several purposes including hydrogeological and geotech-
nical studies. During moderate-to-strong seismic events, such maps could better resolve the 
distribution and the characteristics of the surficial deposits and hence the potential location 
of earthquake-induced liquefaction phenomena. At this regard, the behaviour of the subsoil 
layer and the occurrence of liquefaction are basically dictated by the type of predominant 
material, the general stratigraphic succession and the depth of water table.

The statistical results from the Piniada Valley case study, based on the correlation 
between the spatial distribution of the liquefaction surface evidence triggered by the 2021 
Damasi earthquakes and the mapped geological units (Fig. 7), draw that a refinement of 
the existing susceptibility classifications is required. Indeed, the present research indicates 
that the geomorphological feature and geological units most likely to host liquefaction phe-
nomena are the point bars and their deposits. Consequently, it is here proposed to include 
this type of geomorphology and sediments as a distinct class characterized by a very high 
susceptibility to liquefaction for material recently deposited, say in the last century or so.

Point bars deposits are developed on meandering fluvial systems where the depositional 
process is strongly influenced by the river channel. Although the prevailing grain size is 
represented by sand, the lateral heterogeneity plays a crucial role in determining the lique-
faction susceptibility and its potential. If only regional scale geological maps are available, 
distinguishing or even simply recognizing the different sedimentary facies is quite difficult; 
for this reason, a detail mapping would become essential for geotechnical purposes and 
much cheaper relative the performing of numerous boreholes and/or penetrometric tests.

In order to verify and apply this concept to the Piniada Valley case study, we sepa-
rated sand and mud prone zones within point bar features and compared their spatial dis-
tribution with the occurrence of liquefaction cases during the 2021 Damasi earthquakes. 
This comparison indicates that most liquefaction phenomena occurred in correspondence 
of sand rich shallow deposits. Thus, it is confirmed that in point bars settings, it is feasi-
ble to further detect distinct zones with different liquefaction likelihood. Accordingly, this 
could improve the existing classification approaches and better forecast the behaviour of 
soil materials in terms of liquefaction during seismic shaking and thus contribute to reduc-
ing the risk of the built environment and enhancing the seismic resilience of a community.

Finally, considering that nowadays it could be feasible for a geologist to trace areas 
of point bar deposits on a local scale map (e.g., 1:10,000 to 1:50,000), it is strongly rec-
ommended to include in any geotechnical investigation for seismic-related purposes the 
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detailed geological, geomorphological and remote sensing mapping for inferring the pres-
ence of these sediments. This in turn could be beneficial for designing structural linear 
works, like pipelines, motorways, railroad, etc. because the most likely liquefaction areas 
could be delineated in advance. It is finally highlighted that the proposed procedure is 
proper for a local-and/or regional-scale providing a more reliable assessment of liquefac-
tion susceptibility and should not substitute the site-specific analyses of liquefaction poten-
tial (hazard), which is estimated based on in-situ CPTs and SPTs (e.g., Youd et al. 2001; 
Cetin et al. 2004; Idriss and Boulanger 2008; etc.).
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