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Abstract: Regional-scale analyses of susceptibility to liquefaction are seldom performed in data-scarce
areas. However, in spite of data limitations, such efforts can still provide useful information in case
of populated, seismically active regions. The present work focuses on susceptibility zonation for soil
liquefaction that might occur due to ground shaking in the Foggia Province, a data-scarce, seismically
active area of about 7000 km2 located in southern Italy. The Analytical Hierarchy Process (AHP)
approach is used to obtain the susceptibility to liquefaction map of the whole area, while a geological
and geotechnical database including 531 boreholes from 84 localities is used for cross-validation.
The data are processed by means of a simplified quantitative method to determine liquefaction
potential and assess whether a specific area is prone to liquefaction or not. Our results, along with an
AUC − ROC = 0.89 test value, indicate that there are widespread areas of medium to high and very
high susceptibility, and that the most susceptible zones are localized along the Adriatic Sea coastline
and watercourses. The final susceptibility to liquefaction map represents a step forward towards the
assessment of secondary seismic hazard in the study area, thus supporting the regional and local
administrations responsible for land-use planning and risk mitigation.

Keywords: liquefaction potential; seismic secondary effects; susceptibility analysis; Italy

1. Introduction

Liquefaction represents an important indirect phenomenon capable to cause damage
to buildings and infrastructure during an earthquake (e.g., [1]). Liquefaction hazard
assessment is one of the relevant components of seismic risk analysis as well as risk
mitigation planning [2–6].

Liquefaction has caused diffuse damage worldwide during major earthquakes events,
such as in Alaska in 1964; Loma Prieta, California in 1989; Kobe, Japan in 1995; Chi-Chi,
Taiwan in 1999; Perú in 2001; New Zealand 2010; and Sichuan, China in 2008 [6–8], to
mention a few. This phenomenon occurs also on the European Continent, and in this
regard [6], describes liquefaction associated with several earthquakes, i.e., Turkey 1999 and
2012 and Greece 2008 and 2014. In the Italian peninsula, liquefaction events have recently
been reported during the 2009 Aquila (central Italy) earthquake [9] and the 2012 Emilia
(northern Italy) earthquake [10,11].

Liquefaction is a typical secondary effect that occurs due to ground shaking and rapid
increase of pore-water pressure with consequent reduction in soil shear strength [12–17].
Soils prone to liquefaction are mainly sands and silty sands, which change their state from
solid to a viscous fluid mass, [3,14,18].

Different factors influence the occurrence of liquefaction, including local litho-stratigraphy,
water table depth, which in turn depends on the existing hydraulic regimes and bound-
ary conditions (e.g., distance to sea coast, rivers and streams, water feeding systems,
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topographic indicators), as well as regional seismicity [6,8,19]. These factors are spatially
variable with their estimates being largely uncertain, so that compiling susceptibility lique-
faction maps at regional scales could be a challenging task [20]. However, a liquefaction
susceptibility map is essential to identify areas prone to liquefaction hazards in seismically-
active regions. This is exemplified by a recent study of the liquefaction potential in Po
Plain, Italy [21], where the vulnerability related to this phenomenon is described as an
“unexpected vulnerability” to moderate magnitude earthquakes.

In their recent studies, [6,8,19,22] present global scale liquefaction models using
datasets from many historical earthquakes. In particular, [8,19] propose a geospatial
approach to estimate earthquake-induced liquefaction from geospatial explanatory vari-
ables, available at global scale, which are proxies for soil saturation, soil density, and
dynamic loading. They propose one Global Geospatial Liquefaction Model (GGLM) for
coastal earthquakes and another one for non-coastal earthquakes, relying on datasets from
27 earthquakes that occurred in United States, Japan, New Zealand, China, Taiwan, and
India, with the majority of the liquefaction events localized in coastal areas. A statistical
logistic regression approach is used to develop the model and susceptibility maps for
two test areas ascribed to four earthquakes that occurred in Kobe (Japan) and Christchurch
(New Zealand), where liquefaction and non-liquefactions polygons are spatially defined
across each region. Subsequently, [6] introduce an upgrade of the model proposed by [8],
aimed at the two specific goals. First, the authors test the Global Geospatial Liquefaction
Model (GGLM), including an additional 29 new events not considered in [8], in order to
evaluate the performance of the model at regional scale. Secondarily, they build the GGLM
in order to develop a liquefaction intensity index. In addition, [12] propose a probabilis-
tic model of liquefaction hazard and risk in Portugal to assess the expected damage on
buildings at a national scale and demonstrate that several regions of Portugal are prone to
liquefaction hazard.

Other recent studies have evaluated the performance of regional liquefaction maps
by comparing predictive models with real cases of earthquake-induced liquefaction phe-
nomena [20,23,24]. In particular, [20] create a mega-zonation map of earthquake-induced
soil liquefaction hazard for the entire European area using a probabilistic prediction model
based on a logistic regression function. The maps prepared for different return periods are
calibrated and validated by using a database of liquefaction phenomena that occurred in
Europe [25].

In data-scarce areas, knowledge-driven methods can represent a valid alternative to
data-driven approaches to the assessment of susceptibility to earthquake-induced liquefac-
tion. One of these methods is the Analytical Hierarchy Process (AHP), introduced by [26].
It is a multi-criteria decision analysis technique that has been successfully used in different
natural hazard contexts [27]. The application examples include landslide susceptibility
and risk analysis [28–30], as well as soil liquefaction potential assessment [7]. AHP is
widely acknowledged as a powerful tool capable to reduce analysis errors in a data-scarce
environment, or in cases of discontinuous data series (in time and/or space) [28,30].

The aim of this work is to present and describe a liquefaction susceptibility map of
a data-scarce area of about 7000 km2, located in southern Italy (Figure 1). Regarding the
study area, archival information describes several episodes of liquefaction phenomena
with reference to the historic earthquakes that occurred in the last few hundred years [31].
However, the scientific literature only provides extremely low-resolution information based
on the estimates of liquefaction probability at the Italian [31] and European [20] scale, and
no regional scale assessment of liquefaction potential exists for the study area. In addition,
as it regards liquefaction damage potential, only local-scale information is available from
the investigation of a coastal town located just to the of the study area [32].

To fill this gap, the authors first prepared a susceptibility to liquefaction map using
the AHP heuristic method that does not consider a specific earthquake event but rather
considers the intrinsic seismicity derived from the official PGA (Peak Ground Acceleration)
and Vs30 (the time-averaged shear-wave velocity to 30 m depth) national scale maps
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available for Italy. The susceptibility map is then cross-validated through a site-specific
liquefaction analysis based on geotechnical parameters locally derived from SPT (standard
penetration tests). Furthermore, in the attempt to estimate the uncertainty associated with
the heuristic susceptibility analysis, the standard deviation of the obtained susceptibility
potential is calculated at pixel level (50 × 50 m cell).

2. Study Area

The study area covers 7020 km2 of the Foggia Province, which represents the north-
ernmost sector of the administrative region of Apulia (southern Italy). From west to east, it
includes the easternmost Apennine Mountains (also known as the Daunia Mountains), the
plain Tavoliere delle Puglie, and the Gargano Promontory and the Adriatic Sea coastal areas
(Figure 1). The Daunia Mountains include the Cretaceous-Miocene clayey and flyschoid
rocks belonging to the Fortore Unit in the western sector and to the Daunia Unit in the east-
ern sector ([33,34] and references therein). The Tavoliere delle Puglie plain is characterized
by Plio-Quaternary deposits slightly dipping towards NE, made out of Pliocene clays, silts
and sands (Argille Sub-Appennine, [35]), and Quaternary continental conglomeratic-sandy
deposits belonging to the Tavoliere delle Puglie supersyntem [34,36–38]. The northernmost
part of the study site is represented by the Gargano Promontory, made out of carbonate plat-
form units (e.g., Calcare di Bari, Calcare di Altamura, Calcari di Monte Acuto by Servizio
Geologico d’Italia, [36]) of the Middle Jurassic and Upper Cretaceous age. Finally, Holocene
eluvial, colluvial, and alluvial deposits outcrop broadly on the entire area.

The hydrography of the area is characterized by torrential streams, which drain the
the Daunia Apennines and the Tavoliere delle Puglie plain into the Adriatic Sea. Except
for the Candelaro Stream that borders the south-western edge of the Gargano Promontory
and is characterized by a NW-SE trend (Figure 1), the streams in the plain have generally
narrow, unconfined, and shallow riverbeds.

From the hydrogeological point of view, the literature reports the three main aquifers [39].
The first aquifer, which is geometrically higher, is present within the Quaternary deposits
covering the Tavoliere delle Puglie [40]. The base of this aquifer water circulation coincides
with the stratigraphic contact with the Argille SubAppenine [35], whose estimated depth
in the Foggia area (Figure 1) is about 40 m below ground surface [38]. Furthermore, the
piezometric heights of this aquifer decrease proceeding from SW towards NE, with a
preferential flow direction towards NE [38,41]. In an intermediate position, at variable
depths, there is the second aquifer, which is hosted within sandy-loamy and subordinately
gravelly layers, characterizing the succession of the Argille Sub-Apennine [35]. Then, at
greater depths, the deeper aquifer is hosted by the carbonate rocks of the Apulian Platform,
characterized by considerable permeability due to karst fracturing [40].

Due to their geological, geotechnical, and hydrogeological properties, most of the Quater-
nary deposits cropping out in the area could be involved in liquefaction phenomena. Indeed,
the Historical seismic catalogue (e.g., Parametric Catalogue of Italian Earthquakes—CPTI15
version 4.0 released by INGV, Rome, Italy; see Figure 1 and Table 1) reports that the study area
was affected in the past by medium to high magnitude earthquakes.

Table 1. Earthquakes with a magnitude greater than 5. Data from the historical seismic catalogue
(Parametric Catalogue of Italian Earthquakes—CPTI15 version 4.0 released by INGV. From [42,43].

Year Site Magnitude

1627 Capitanata Mw 6.66 ± 0.10
1361 Subappennino Dauno Mw 6.03 ± 0.46
1627 Capitanata Mw 5.80 ± 0.46
1627 Capitanata Mw 6.03 ± 0.46
1646 Gargano Mw 6.72 ± 0.25
1657 Capitanata Mw 5.96 ± 0.15
1731 Tavoliere delle Puglie Mw 6.33 ± 0.13
1857 Capitanata Mw 5.86 ± 0.12
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The most relevant earthquakes (Table 1) originate from NW-SE oriented extensional
tectonic structures present in the subsurface of the Tavoliere delle Puglie and from E-W
strike-slip or oblique faults that cross the Gargano Promontory ([44,45] and references
therein). Therefore, the exposure of the study area to seismic events with a magnitude
greater than 5, together with the lithostratigraphic and hydrogeological setting, determine
conditions favourable for the occurrence of liquefaction phenomena [46]. This gives rise,
in particular, in the Tavoliere delle Puglie sector, to a high liquefaction potential [20,47]
confirmed also by the historically documented soil liquefaction events (Figure 1) [47–50].

Figure 1. Simplified structural and lithological map of the study area; location in southern Italy
indicated in inset by blue square. The capable faults are from ITHACA Catalogue (ITaly HAzards
from CApable faulting [44]) and major (Mw ≥ 5.0) historical and instrumental earthquakes are
from Rovida [42,43]). Green stars show the main cases of soil liquefaction induced by historical
earthquakes (from [49]).

3. Susceptibility Model

The aim of the susceptibility analysis proposed is to identify zones with significantly
higher probability of liquefaction potential under seismic triggering conditions in an area
characterized by scarce historical records of occurrence.

There is evidence that at least one earthquake, whichoccurred in 1627, produced
liquefaction phenomena in several sites of the study area (Figure 1; [48,49]). No additional
specific information is available in the recently updated Italian Catalogue of Earthquake
Induced Failure [49,51,52] accessible at https://gdb.ceri.uniroma1.it/index.php/view/
map/?repository=cedit&project=Cedit (accessed on 12 April 2022). The catalogue compiles
different types of secondary effects associated with earthquakes, including liquefaction,
landslides, and surface faulting. Considering that several historic earthquakes with M > 5
originated in the study area (Table 1), it is possible that some instances of liquefaction
phenomena might have not been recorded or that some records have been lost. It is
apparent that no liquefaction phenomena were documented during the more recent (20th
century) and relatively low magnitude earthquakes (Mw < 5, 5; Figure 1).

For this reason, in this context, the analysis is not directly based on any recent earth-
quake but indicates the likelihood of spatial occurrence, based on the intrinsic characteristics

https://gdb.ceri.uniroma1.it/index.php/view/map/?repository=cedit&project=Cedit
https://gdb.ceri.uniroma1.it/index.php/view/map/?repository=cedit&project=Cedit


Geosciences 2022, 12, 215 5 of 18

of the territory, such as seismicity, lithological properties, and water level conditions. The
underlying idea is to compile a map that indicates areas more likely to be subjected to
liquefaction in case of a future significant earthquake. To this end, spatial data of the lique-
faction predisposing factors were collected. Since a dataset of points to train a statistical
model was not available, a heuristic method based on the expert’s opinion is used in order
to obtain the susceptibility map. Finally, to perform a statistical validation of the produced
map, site-specific liquefaction analyses are performed on the basis of geotechnical data
from boreholes and SPT.

A general overview of the methodological approach and data used for the compilation
of the susceptibility map is given in Figure 2 and in the sections below.

Figure 2. Flow-chart of the method applied.

Method

Originally presented by [26], the AHP used here for susceptibility mapping is a multi-
criteria decision-making approach that helps users and, more specifically decision-makers,
to actively participate in order to reach an agreement towards a goal. The AHP guides the
operator towards the weighting of multiple variables by means of an inverse symmetrical
matrix, namely a pairwise comparison matrix, where rating values are assigned on the basis
of a comparison of pairs, to estimate the importance of one respect to the other in light of a
given goal. Afterwards, the normalized Eigenvector (priority vector) is calculated [53], so
that the criteria weights must sum to one. The method allows, eventually, to determine the
consistency of the rating procedure, by the calculation of the Consistency Ratio (CR) [54–56].
The Consistency Ratio is calculated as the ratio between the Consistency Index (CI) and a
Random Index (RI), which was developed by [53] and it is a random value that depends on
the number of variables (RI = 1.41 for eight variables). The Consistency Index is calculated
as the following:

CI = (L− n)/(n− 1) (1)

where L is the eigenvalue calculated from the weight matrix and n is the number of layers.
Matrices with a Consistency Ratio lower than 0.10 can be considered acceptable [27,53].

In our application, the assigned goal is the soil liquefaction occurring as seismic
secondary effect. Eight variables are selected to produce the map and the rating is operated
using a scale from 1 to 9 [57] with reciprocal values (1/9, 1/8, 1/7,1/6, 1/5, 1/4, 1/3, 1/2,
1, 2, 3, 4, 5, 6, 7, 8, 9), where 1 is attributed to a pair of equal importance and 9 for the most
important variable respect to the other. The rating is generated for each variable and for
the classes within each variable. Then, the obtained weights are implemented in a GIS
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environment to compute a single composite liquefaction susceptibility map. An uncertainty
analysis is also performed to evaluate the variability of the modelled variables. To this end,
upper and lower bounds are estimated with the calculation of the standard deviation of
each factor according to the Equation (1) proposed by [27]:

∆σ =

√
n

∑
i=1

(∆WiXi)2 (2)

where Wi is the weight of the causative factor i and Xi is the rating of the factor i [58].
According to [27,58,59], each weighting coefficient value is modified by 20% from the initial
factor weights used for the consistency assessment.

To verify the statistical reliability of the obtained map, a spatial validation is required,
and, for this purpose, the Receiver Operating Characteristic (ROC) curve together with a
confusion matrix are computed. The ROC curve plots the True Positive Rate (TPR) against
the False Positive Rate (FPR) for a given threshold of probability. TPR is the ratio of positive
cases (i.e., liquefaction occurrence) correctly predicted against the total number of positive
cases, while the FPR is the ratio between the negative cases (i.e., liquefaction non- occur-
rence) wrongly predicted as positive and the total number of negative cases. The area under
the ROC curve (AUC) is a measure of the accuracy of the probabilistic model, i.e., AUC = 1
means perfect accuracy, while AUC = 0.5 means random classification [19]. The ROC
curve compares the modelled probability of liquefaction with the actually observed (true)
cases. The confusion matrix instead evaluates the accuracy of the model prediction on the
basis of the comparison of True Positive, True Negative, False Positive, and False Negative
percentage values.

4. Validation Dataset Preparation
4.1. Data Collection

In order to validate the liquefaction susceptibility map, the authors compiled a geotech-
nical database including the recent data from seismic hazard zoning studies of 84 munici-
palities of the Apulia region. A filtering process was then performed on the aforementioned
data. First, a filter was applied by discarding all the borehole data that were difficult to
consult, through an evaluation of the output format and the clarity of its presentation. Then,
the data were screened considering the presence of all the specific information necessary
to assess the occurrence or not of liquefaction, i.e., the lithostratigraphic profile, the basic
geotechnical characterization of the layers reported in the surveys, the indication of the
water table level, and the existence of standard penetration tests SPT.

As shown in Figure 3, by applying the above-described filtering process to the initial
database of 531 boreholes, the obtained final database consists of 166 boreholes. This set of
166 boreholes was used for seismic liquefaction susceptibility analysis.

4.2. Method for Liquefaction Evaluation

The quantitative assessment of liquefaction potential can be performed through two
different approaches: advanced methods and simplified methods. In particular, the former,
which better applies to site-specific studies, requires the execution of appropriate laboratory
tests on undisturbed samples, to assess both the liquefaction resistance and the correct
constitutive model to simulate the development and dissipation of pore pressures.

In regional-scale studies, the common approach in engineering practice for liquefaction
assessment is to use “simplified” methods. The term “simplified” refers to the simplifying
assumptions that the method introduces both for the boundary conditions that are adopted
(one-dimensional analysis with horizontal ground surface and free field conditions) and in
the quantification of the seismic motion [60]. These simplifying assumptions can be consid-
ered acceptable for regional-scale analyses that provide liquefaction hazard assessments,
which are generally deemed to be conservative [61].
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Figure 3. Location of the available boreholes and the final subset of 166 more reliable boreholes
selected for the study.

The “simplified” methods incorporate semi-empirical relationships obtained from
observations of real cases of liquefaction and non-liquefaction, and theoretical considera-
tions related to the characteristic parameters of the soil, such as the number of blows, NSPT,
peak resistance, qc, or shear wave velocity, VS. All these parameters can be obtained from
common in situ geotechnical or geophysical tests.

In the present work, among the different types of tests available in the initial database,
the SPT tests were chosen for their wide distribution within the study area. In particular,
according to [62], a factor of safety against liquefaction FSL can be defined as the ratio
between the soil resistance to liquefaction, i.e., the cyclic resistance ratio, CRR, and the
cyclic shear stress ratio induced by the earthquake motion, CSR. As a result, at any depth
of the cohesionless soil layers, the factor of safety against liquefaction can be defined in the
following Equation (3):

FSL =
CRR
CSR

(3)

At the depths for which CSR > CRR, the soil is considered to be liquefiable. However,
in order to consider all the uncertainties associated with the parameter evaluation and
the method assumptions, a discriminating value greater than unity is usually defined
for the assessment against liquefaction. Eurocode 8 also suggests, when using semi-
empirical correlations, that soil should be considered susceptible to liquefaction whenever
the earthquake-induced shear stress exceeds a certain fraction of the critical stress, η, known
to have caused liquefaction in previous earthquakes. The recommended value for η is 0.8,
which implies a safety factor of 1.25. For these reasons, in this work, a discriminating value
of 1.25 was assumed as the minimum acceptable safety factor.

Concerning the cyclic shear stress ratio CSR, related to the seismic action, the formu-
lation proposed by [63] was adopted here. The formula of CSR (Equation (4)) refers to a
moment magnitude equal to 7.5.

CSRM=7.5 = 0.65·
(

σv0amax

σ′v0

)
· rd
MSF

1
Kσ

(4)
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where amax is the maximum horizontal ground acceleration expected at the site, σ’v0 and
σv0 are the effective and total vertical stresses respectively at the chosen depth z, MSF
is the scaling factor for magnitude, rd is the stress reduction coefficient, and Kσ is the
overburden correction factor, used for extending the SPT-based liquefaction correlation to
greater depths [64].

amax, representative of the expected seismic intensity, can be calculated using an
appropriate 1D local seismic response analysis or, in a more simplified way, through the
procedure suggested by [62] following Equation (5):

amax = a·Ss (5)

where a is the reference acceleration in free field conditions on a rigid reference site (type A
soil) and Ss is the stratigraphic amplification coefficient that is related to the category of the
subsoil analyzed.

The MSF magnitude scaling factor is used to consider earthquake events with moment
magnitudes M different from 7.5. In this study, MSF has been evaluated using Equation (6)
proposed by [65]:

MSF = 6.9exp
(
−M

4

)
− 0.058 ≤ 1.8 (6)

The stress reduction coefficient rd with depth allows the soil layers deformability to be
considered (rd = 1 corresponds to rigid body behavior). Here, the same coefficient has been
evaluated using the Equations (7)–(9), proposed by [65], as a function of the depth z (in
meters) and the earthquake magnitude M:

ln(rd) = α(z) + β(z)·M (7)

α(z) = −1.012− 1.126 sin
( z

11.73
+ 5.133

)
(8)

β(z) = 0.106 + 0.118 sin
( z

11.28
+ 5.142

)
(9)

These equations are applicable to a depth of z ≤ 34 m.
Finally, the overburden correction factor Kσ was calculated using the relationships

Equations (10) and (11), proposed by [66]:

Kσ = 1− Cσln
(

σ′v0

Pa

)
≤ 1 (10)

Cσ =
1

18.9− 2.55
√
(N1)60

≤ 0.3 (11)

where Pa is the atmospheric pressure (1 atm) and (N1)60 is obtained from a procedure of
normalization proposed by [67]. In detail, in order to use the SPT blow count as a parameter
for soil liquefaction potential, the effects of soil density on penetration resistance should be
separated from those associated with the effective confining stress. The normalization is
expressed by the following Equation (12):

(N1)60 = CN(N)60 (12)

in which the (N)60 value corresponds to the NSPT value after correction to an equivalent
60% hammer efficiency [68,69], while CN is the normalization factor proposed by [66].

For the assessment of liquefaction resistance, expressed as a cyclic resistance ratio
(CRR), in this study, the procedure proposed by [63] has been considered (Equation (14)).
The CRR refers to an earthquake of magnitude 7.5. It is assumed to vary with effective
confining stress and is affected by the existence of static shear stresses, such as those
existing within slopes. With no sloping ground, the CRR is corrected considering only the
overburden coefficient following the expression (13) proposed by [70].

CRR = CRRσ=1 atm;α=0; M=7.5·Kσ (13)
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CRRσ′v0=1 atm, M=7.5 = exp

{
(N1)60cs

14.1
+

(
(N1)60cs

126

)2

−
(
(N1)60cs

23.6

)3

+

(
(N1)60cs

25.4

)4

− 2.8

}
(14)

where (N1)60cs is the clean-sand equivalence of (N1)60, with ∆(N1)60, which is the variation
of (N1)60 with the fine content FC. Starting from the number of SPT blow count, normalized
against both the energy efficiency of the equipment used of 60% and an equivalent σ’v0 = 1 atm,
it is adjusted to an equivalent clean sand value (N1)60cs following the Equations (15) and (16).

(N1)60cs = (N1)60 + ∆(N1)60 (15)

∆(N1)60 = exp

(
1.63 +

9.7
FC + 0.1

−
(

15.7
FC + 0.1

)2
)

(16)

5. Results
5.1. Geospatial Predictors

One of the most crucial steps in the susceptibility analysis is the selection of the
geospatial predictors. The major components that contribute to liquefaction occurrence are
the site seismic properties and lithological properties [12]. Generally, soil liquefaction tends
to occur in similar specific geolithological-morphological settings (e.g., flat areas or gentle
slopes made of silty-sandy materials) and under soil saturation conditions [19,71]. In this
application, to model these factors, eight predicting variables are selected (Figure 4). These
predictors, selected from the literature review, are PGAxVs30 (a combined map obtained
from Peak Ground Acceleration (PGA) and shear wave velocity up to 30 m depth, Vs30),
water table depth, Compound Topographic Index (CTI), distance to coast, distance to lakes,
distance to rivers and streams, lithology, and slope angle. All the layers are classified
and rasterized using a cell of 50 m. The choice of such a cell dimension is dictated by the
resolution of the Vs30 map and is acceptable considering the regional scale of our approach.

In order to compute the combined map PGAxVs30, a PGA map and a modified Vs30
map were multiplied. Specifically, the horizontal Peak Ground Acceleration (PGA) is ac-
quired from a national scale dataset ([72]; see INGV website http://esse1.mi.ingv.it/d2.html;
accessed on 12 April 2022). This is referred to a 475-year return period (or a 10% ex-
ceedance probability in 50 years), assuming acceleration on a rigid bedrock (flat surface
of the outcropping bedrock with Vs30 waves higher than or equal to 800 m/s). For the
Vs30 component, the amplification values due to stratigraphic effects are considered. As
described in the Italian Building Code NTC [73,74], on the basis of the Vs30, the seismic
soil categories are distinguished in type A (Vs30 > 800 m/s); B (800 m/s > Vs30 > 360 m/s);
C (360 m/s > Vs30 > 180 m/s); and D (180 m/s >Vs30 > 100 m/s). Furthermore, each of
these categories is associated with an amplification value (1 for A; 1.2 for B; 1.5 for C;
1.8 for D). The Vs30 raster map at national scale produced by [75] was reclassified by using
the representative amplification values and then multiplied for the PGA map.

Soil saturation is one of the critical conditions, given that soil must be partially or
completely saturated in order to liquefy [8]. In the present model, soil saturation was
introduced with multiple layers, such as water table depth, Compound Topographic Index
(CTI), distance to coast, distance to river and distance to lakes. The water table depth data
were obtained via the kriging interpolation of 1194 piezometric point data provided in
vectorial format by the Italian Institute for Environmental Protection and Research (ISPRA
http://portalesgi.isprambiente.it/; accessed on 12 April 2022). In the case of sites with
multiple water levels, to compute the map, the highest level (i.e., the one closest to the
ground level) is chosen in order to maintain a precautionary approach. For the application,
the raster map is classified into eight classes, as showed in Figure 4B. The CTI is basically
a wetness index and is calculated as the flow accumulation divided by the tangent of the
topographic slope [8,76], and it gives a good approximation of the soil moisture potential. It
was calculated in a GIS environment using the 20 m grid DTM (Digital Terrain Model) and

http://esse1.mi.ingv.it/d2.html
http://portalesgi.isprambiente.it/
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then reclassified in five equal interval classes. Distance to river, to lakes, and to coastlines
(Figure 4E–G) have been widely used in previous studies to model soil liquefaction [6–8,19].
These variables were computed as a 3-ring buffer of 500 m, 500–1000 m, and >1000 m.
River network, main lakes, and coastline data were acquired in a vectorial format from the
hydro-morphological map of the Apulia region at a 1:25,000 scale, prepared by the Apulian
Basin Authority in 2012 and freely available at the Regione Puglia website repository
(www.sit.puglia.it; accessed on 12 May 2022).

Figure 4. Geospatial predictors selected for the susceptibility analysis. (A) PGAxVs30; (B) Water table
depth; (C) Lithological map, classes are the following: 1: carbonates of the Gargano Promontory and
the flysch units of the Daunia Apennines; 2: units with a prevalent ruditic, silty-sandy, and/or arenitic
component; 3: loose deposits with a predominantly sandy-gravelly component; 4: loose deposits
with prevalent pelitic components or alluvial deposits with a prevalent gravelly-sandy component;
(D) Compound Topographic Index (CTI); (E) Distance to coast; (F) Distance to lakes; (G) Distance to
rivers and streams; (H) Slope.

www.sit.puglia.it
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Lithology was also derived from the hydro-morphological map. The lithologies were
reclassified in four classes on the basis of the predominant sediment types and their propen-
sity to liquefaction according to the expert judgement (Figure 4C). In particular, Class 1
(lowest propensity to liquify) was attributed to carbonates of the Gargano Promontory and
the flysch units of the Daunia Apennines. Class 2 and 3 were associated with the deposits
of the Tavoliere delle Puglie area, with mainly arenitic and sandy components respectively,
while the highest class (Class 4) was ascribed to alluvial and coastal deposits with a major
sandy component.

Liquefaction phenomena are closely related to the topographic effect given by the
seismic waves’ propagation inside the slope [21]; hence slope degree was added to the
analysis. Slope degree was obtained from the 20 m DTM and reclassified using five classes,
as reported in Figure 4H.

5.2. Validation Dataset

The calculation of the safety factor against liquefaction FSL was performed for each of
the 166 boreholes of the final database. The points for which an FSL safety factor value less
than 1.25 was obtained, corresponding to soil liquefiable conditions, are shown in Figure 5
(liquefaction points); it is evident that the points potentially liquefiable are mainly located
near the Adriatic Sea coastline.

Figure 5. Liquefaction susceptibility map (a) with the related maximum (b) and minimum (c) es-
timates. Distribution of liquefaction and non-liquefaction points used for cross-validation is also
reported in (a).

In the western parts of the Tavoliere area, where no liquefiable points were detected,
the SPT data show the presence of sandy layers in the first 20 m, with a relative density
that varies from medium to very high. Such a state of the soil, along with deeper water
table levels, justifies the absence of liquefiable points in those areas. However, the authors
note that often, the water table depth values refer to short-term monitoring data or even
to single measurements. Hence, the dynamic nature of water levels due to seasonal
trends or variations associated with specific hydraulic processes active in the area are not
considered here.



Geosciences 2022, 12, 215 12 of 18

5.3. Susceptibility Map

The geospatial predictors were weighted according to the AHP method by using a
pairwise matrix, as described in the previous section. The weights were given based on
how much the layer is contributing towards liquefaction. The obtained weights and the
Consistency Ratio are shown in Table 2. As reported in Tables 2 and 3, the resulting CR is
less than 0.1 for all cases, which means that the comparisons are consistent, and the rating
procedure gives reasonable weights.

Table 2. Pairwise comparison matrix and normalized weights of the analyzed factors. The consistency
ratio is also reported.

Main
Variables

Distance to
River (m)

Distance to
Coast (m) Slope (◦) Water Table

Depth (m)
Distance to

Water Body (m) Lithology PGA-
VS30 CTI Weights

Distance to
river (m) 1 0.033

Distance to
coast (m) 4 1 0.135

Slope (◦) 1/2 1/4 1 0.031

Water table
depth (m) 7 2 6 1 0.232

Distance to
water body (m) 1 1/7 1/2 1/6 1 0.026

Lithology 9 2 8 1/2 8 1 0.213

PGA-VS30 9 4 7 1 8 1 1 0.259

CTI 2 1/4 4 1/3 3 1/3 1/4 1 0.071

Consistency ratio: 0.042 < 0.1 (acceptable)

In the rating procedure, great importance is given to the PGA-Vs30 variable since it
is considered one of the crucial parameters in soil liquefaction. Accordingly, the highest
weight factor (0.259) was associated with this variable. Water table depth is also decisive for
liquefaction [7,77,78], and in fact, it represents the second most important parameter with a
weight factor of 0.232. In order of importance, the third variable is lithology (weight = 0.213).
The other parameters have less importance (distance to coast = 0.135; CTI = 0.071; distance
to river = 0.033; slope = 0.031; distance to lakes = 0.026).

The weighting procedure was also applied to each class of the single variables to rate
class importance. The level of influence of each class and the factor weights together with
the consistency ratio of the data layers are shown in Table 3.

With the exception of lithology (which was reclassified using numerical values from
one to four, indicating the propensity towards liquefaction), all the other layers express
numerical variables. Thus, they can be related to the liquefaction potential either with a
direct correlation (meaning that the liquefaction propensity increases with higher variable
classes), such as PGA-Vs30 or distance to coastline/river/lakes, or with an inverse correla-
tion (meaning that lower variable values result in higher contribution to liquefaction), such
as water table depth, slope, and CTI.

The class weights reported in Table 3 are then used to reclassify the raster maps and to
compute the final susceptibility map in the GIS environment.

Figure 5 shows the final liquefaction susceptibility map, a raster with a 50 m cell,
reclassified in five classes by using natural breaks. In particular, Figure 5a shows that low
and very low susceptibility classes cover 76.3% of the total area, while 11.2% is classified as
having medium susceptibility, and the remaining 12.3% falls to high and very high suscep-
tibility classes. The spatial distribution of the different classes is geologically consistent. For
example, the areas with low susceptibility classes are associated with carbonate and flysch
lithologies, as well as with deep water table settings. They are concentrated in the northeast
portion of the study area (mainly the Gargano promontory carbonates) and in the western
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portion (the Apennines tectonic units with clayey and flysch rocks). The most susceptible
areas are located along the coastline and water drainage networks with associated fluvial
deposits. This can be essentially attributed to the specific type of the materials (i.e., deposits
with major sandy component) and to their saturation levels.

Table 3. Normalized weights obtained for the factors’ classes. The consistency ratio is also reported
for each factor.

Main Variables Weights Subclass CR Weights Cumulative Weight

Lithology 0.213

1

0.08

0.048 0.01
2 0.09 0.019
3 0.244 0.052
4 0.618 0.132

PGA-VS30 0.259

0–0.15

0.02

0.09 0.023
0.15–0.20 0.11 0.028
0.20–0.25 0.19 0.049
0.25–0.30 0.29 0.075

>0.30 0.33 0.085

Distance to coast (m) 0.135
0–500

0.033
0.8 0.108

500–1000 0.124 0.017
>1000 0.075 0.010

Distance to river (m) 0.033
0–500

0.033
0.8 0.026

500–1000 0.124 0.004
>1000 0.075 0.002

Distance to water body (m) 0.026
0–500

0.033
0.8 0.021

500–1000 0.124 0.002
>1000 0.075 0.002

Water table depth (m) 0.232

<0

0.012

0.191 0.044
0–10 0.175 0.041
10–15 0.175 0.041
15–20 0.167 0.039
20–25 0.151 0.035
25–30 0.074 0.019
30–40 0.032 0.007
40–50 0.02 0.005
>50 0.017 0.004

Slope (◦) 0.031

0–2

0.02

0.33 0.010
2–4 0.29 0.009
4–6 0.19 0.006
6–8 0.11 0.003
>8 0.09 0.003

CTI 0.071

3–6

0.02

0.33 0.023
6–8 0.29 0.021

8–10 0.19 0.013
10–12 0.11 0.008
>12 0.09 0.006

To assess the uncertainty associated with the liquefaction susceptibility, maximum and
minimum estimate maps are computed using the AHP approach, and the results are shown
in Figure 5b,c. Concerning the uncertainty estimation, some variability in the severity of the
highest classes might arise, although, overall, the relative proportion between the highest
and lowest classes remain unchanged in all the maps.

Validation of the susceptibility map is operated by means of the ROC curve by using
166 points, out of which 31 represent as liquefiable points and 135 as non-liquefaction
points. Among the liquefaction points, 29 fall within the highest susceptibility classes,
0 in the moderate class, and 2 in the low and very low susceptibility classes. A good
agreement is generally observed between the areas of high and very high susceptibility
and the liquefaction points used for validation. There are only two liquefaction points
(Table 3), that fall within the low susceptibility areas (false negative), while 26 out of
135 non-liquefaction points fall within high susceptibility areas (false positive). Such an
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outcome may be related to some specific local soil or site conditions, which are not taken
into account due to the regional scale of the susceptibility model.

The value corresponding to the area below ROC curves (AUC-ROC) is 0.89, and the
confusion matrix calculated for this model shows an overall accuracy of 83% (Table 4).

Table 4. Confusion matrix. TP = true positive; FP = False Positive; FN = False Negative; TN = True Negative.

Observed

Predicted

Liq pixel No-Liq Pixel

Liq pixel 29 (TP) 26 (FP)

No-Liq Pixel 2 (FN) 109 (TN)

Overall Accuracy 83.1%

6. Discussion and Conclusions

The zonation of susceptibility to liquefaction due to ground shaking in an area of
southern Italy (Foggia Province) is derived following a simplified approach, while site-
specific geotechnical analyses are used to obtain a dataset of cross-validation points. This
study fills the gap in the existing literature, because, to the best of our knowledge, a
regional-scale analysis of susceptibility liquefaction has never been performed for the
Foggia Province area. The area is known to be seismically active, but historical archives
report evidence of widespread liquefaction only on the occasion of the 1627 earthquake. In
consideration of this, the empirical AHP method was used. This method, based on expert
judgement, is known to be suitable for analysis of different natural hazards and has been
recently used to assess liquefaction susceptibility as well [7,27]. The approach is based
on the weighting process of each variable with reference to their estimated importance,
determining, de facto, a substantial degree of subjectivity in the generated model. As such,
this represents the main limitation of the method. Nevertheless, susceptibility analysis
performed with heuristic approaches could be more reliable than the approaches purely
based on statistical models [28].

In order to perform the analysis based on the aforementioned heuristic approach, eight
geospatial predictors of liquefaction were considered (PGAxVs30, water table depth, Com-
pound Topographic Index (CTI), distance to coast, distance to water body, distance to river,
lithology, and slope angle). Subsequently, within a GIS environment, the various thematic
layers were processed through a rating procedure to generate susceptibility zonation maps.
This output was then reclassified in five classes of susceptibility to liquefaction (from very
low to very high) and cross-validated by using 166 site-specific liquefaction analyses based
on geotechnical parameters.

The number of the boreholes and their spatial distribution is not ideal, considering the
size of the study area. More well-distributed borehole data would increase the reliability of
this type of analysis. However, in such a case, rather than using the approach presented in
the manuscript, appropriate deterministic analyses should presumably be chosen for the
assessment of liquefaction susceptibility. An acceptable agreement was observed between
the sites recognized as potentially susceptible to liquefaction (based on the site-specific
geotechnical analyses) and the regional-scale map of susceptibility to liquefaction. Some
discrepancy was also noted, which may be related to some very specific local soil conditions
that are not accounted for in the empirical model, as well as to incomplete information
regarding water level depths (e.g., no data on seasonal variations). Indeed, the analysis
was performed by referring only to the mean water table level data. Within the limitations
of an expert-based evaluation, the susceptibility to liquefaction map can be considered
reliable. Furthermore, the AUC-ROC value (0,89) indicates good accuracy of the method
confirming the statistical reliability of the results [79,80]. The authors also accounted for
the epistemic uncertainty embedded in the analysis by presenting the maximum and
the minimum estimates maps computed considering a standard deviation of 20% in the
weighting coefficient values.
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Our analysis shows that a considerable portion of the study area has medium to high
and very high susceptibility to liquefaction, with the most susceptible zones localized along
the Adriatic Sea coastline and rivers and larger streams. These are generally low-lying areas,
including recent unconsolidated deposits of fluvial, deltaic, and coastal lagoon origins.
These findings are in line with what has been observed by other authors, such as [6,8,19,27],
who identified the areas along the coast and/or in the proximity of streams in the highest
susceptibility classes.

This study must be considered as a first attempt at a regional-scale delineation of the
zones prone to liquefaction, and the presented susceptibility to liquefaction map should
be further detailed by means of locally focused analysis. To this aim, given the scarcity
of information about liquefaction related to the historic earthquake events, site-specific
geological and geotechnical data are needed to discretize, in more detail, the liquefaction
potential and the spatial distribution of the most susceptible areas.

Finally, the authors recall that, similar to the regional-scale liquefaction models pre-
sented in the literature [19], this study is based on a series of geospatial predictors, which,
with the exception of PGA, are static, i.e., do not vary with time. Regarding this, the
authors expect that further useful insights could be obtained from future investigations
by considering the fluctuations of groundwater levels in the study area and their effects
on liquefaction potential. Although earthquakes cannot be predicted, the implementation
of the regional-scale susceptibility to liquefaction models for the Foggia Province and the
derived map represent a step forward towards the knowledge-driven comprehension of
the potential co-seismic hazards in the area. Furthermore, our results can be updated when
new ground shaking intensity data from future earthquake events will become available,
allowing for a quick assessment of the areas that are likely to be impacted by liquefaction.
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