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A B S T R A C T

The geometry and the depositional configuration of sand bodies affected by the 2012 Emilia earthquakes
(Bondeno site, northern Italy) were reconstructed and the role of the sediment stacking pattern was tested using
data from full-scale blast experiments. The research integrates remote sensing and surface geological mapping,
subsurface investigations including stratigraphic coring and cone penetration tests, grain-size and petrography of
sands, geotechnical and geophysical monitoring. Data are compared with the Mirabello blast test site, also in the
epicentral area. The results highlight the preeminent role of sediment heterogeneity and their mechanical and
compositional properties in modulating liquefaction in alluvial settings. The lateral confinement of the buried
sandy bodies, their thickness, and the occurrence of a thick non-liquefiable crust influence the dissipation of the
excess pore water pressure, as indicated by the blast monitoring, and therefore the duration of liquefaction
phenomena, according to the local stratigraphic architecture.

1. Introduction

During the last decades, several research studies were focused on the
various geotechnical features controlling the potential for liquefaction
(e.g. Ishihara, 1985; Idriss and Boulanger, 2008; Chang et al., 2011;
Boulanger and Idriss, 2014; Hwanwoo et al., 2024; Bol et al., 2024), but
few were related to the influence of the stratigraphic architecture on the
liquefaction phenomena in different depositional environments. Most of
these studies were developed in alluvial plains (e.g. Obermeier, 1998;
Papathanassiou et al., 2015; Giona Bucci et al., 2018; Li et al., 2018;
Fontana et al., 2019; Güven et al., 2023), others involved costal dunes as
well as continental-marine, lacustrine and transitional sediments (e.g.
Quigley et al., 2013; Salocchi et al., 2020; Kanibir et al., 2006). These
studies reconstructed detailed stratigraphic models of the subsoil
(Amorosi et al., 2016) providing information on the source layer that
produced liquefaction surface features. However, these studies are
mainly based on qualitative evaluation. We believe that to observe and
understand how the depositional architecture may influence the

mechanism of these coseismic effects, it is important to have direct
measurements of the main physical parameters while the liquefaction is
developing.

In this paper we combine core facies analysis and high-resolution
stratigraphic correlations with in situ geotechnical data and controlled
induced liquefaction experiment (blast test) in a research site near
Bondeno (Ferrara, Italy). This has allowed us to reconstruct a detailed
stratigraphic and geotechnical model, and for the first time to validate
the model by comparing the liquefaction induced by natural events
(2012 Emilia earthquakes) with full scale experiments (blast tests).

The observations derived from this study at Bondeno site were then
compared with the blast test site at Mirabello (Ferrara, Italy), approxi-
mately 15 km south-eastward, where similar data were collected. The
Mirabello site was also strongly affected by liquefaction, during the
2012 seismic sequence and then studied by monitoring the full-scale
experimental test (e.g. Amoroso et al., 2017). The comparison be-
tween the Bondeno and Mirabello case studies has allowed us to observe
the response of themeasured parameters (e.g. pore water pressure, shear
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wave velocity) in relation to the different depositional configurations,
and to improve the understanding of the role of the sediment hetero-
geneity and mechanical properties in controlling liquefaction in an al-
luvial setting.

2. Geological framework

The liquefaction experiments in this study were carried out within
Holocene fluvial sand bodies deposited on the Po river plain, the largest
alluvial plain of Italy, corresponding to the foreland basin of the
Southern Alps and the Apennine chain. The study area is located above
the tectonic structures forming the buried external portion of the
Apennines (Fig. 1). The structures consist of reverse and strike slip
faults, ramp anticlines, and wider syncline folds, characterized by great
structural complexity (Toscani et al., 2009), associated with the
compressive deformation of the sedimentary sequences, during the Plio-
Pleistocene. The Pleistocene and Holocene depositional units show large

lateral variations of thickness and sedimentary facies, recording signif-
icant difference in subsidence rate, influenced by the ongoing tectonic
deformation (Carminati and Martinelli, 2002; Stefani et al., 2018). The
active faults generate significant seismic activity connected to shallow
hypocentres (Michetti et al., 2012). In 2012 two mainshocks (Fig. 1)
were triggered by two different faults, and were followed by several
aftershocks (Pondrelli et al., 2012). The first and strongest seismic event
took place on May 20th (Mw 6.1, Finale Emilia) and the second on May
29th (Mw 5.9, Mirandola). The seismic waves generated widespread
liquefaction and lateral spreading (Fig. 1). Coseismic liquefaction
mainly developed within sand and silty sand bodies in the subsurface,
within the first 15 m, associated with fluvial paleochannels and crevasse
splays (Civico et al., 2015; Minarelli et al., 2022). The fluvial bodies may
have a ridge-like, slightly elevated geomorphological expression, or may
outcrop at the plain level.

The study area is located at the confluence between the Po River and
several Apennine rivers, namely Secchia, Panaro and Reno (Fig. 1).

Fig. 1. Geological map and location of the study area illustrating the 2012 liquefaction phenomena (modified after Di Buccio et al., 2023). The case study of
Bondeno, object of this study, is indicated by “A”, and it is compared with the test site of Mirabello “B”. Liquefaction data points are from EMERGEO Working
Group (2013).
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During the Holocene, the Po River formed a meander belt, with well-
developed point-bar units, often reworking the underlying late Pleisto-
cene synglacial coarse sands, accumulated in braided river settings. The
last millennia saw an upstream shift of the Po meander belt and the
development of channels elevated above the plain. The Apennine rivers
form raised fluvial ridges, interspaced with wider interfluvial de-
pressions. The late Pleistocene synglacial deposits are framed in the
upper portion of the allostratigraphic unit named Villa Verucchio Sub-
synthem (AES7), overlain by a sharp pedogenized surface, recording a
buried terraced morphology (Stefani et al., 2018). The Holocene alluvial
plain sediments are included in the Ravenna Subsynthem (AES8).

3. Data sources and methods

3.1. Geological surface mapping and subsurface investigations

Geomorphology of the sedimentary bodies was investigated by radar
altimetric data at regional scale and by a high-resolution digital model
derived from an airborne LIDAR survey (Fig. 2a). The distribution of the
surface sediments was inferred by examining a diachronous series of
satellite and aerial images, acquired in the visible and near infrared
spectrum, associated with field geological surveys and surface soil
sampling. (Fig. 2b).

The dating of outcropping fluvial channel bodies accumulated
through the last millennia is provided by archaeological data and
written historiographic sources. Radiocarbon dating performed on an
organic rich layer constrained the stratigraphic chronology in the Bon-
deno site.

The reconstruction of the stratigraphic architecture of the area sur-
rounding the Bondeno test site was also possible thanks to the avail-
ability of (1) mechanical cone penetration tests (CPT), piezocone tests
(CPTU), and seismic piezocone tests (SCPTU) from the seismic micro-
zonation of the municipality (CPTUC, CPTUD, CPTUG, see Fig. 2); (2)
the boreholes and CPTU tests carried out for the blast test experiment
between December 2017 and January 2018 (S01, S11, CPTU500,
CPTU501, CPTU502, CPTU01, CPTU11, see Figs. 2 and 3, further details
in Amoroso et al., 2020, 2022). Moreover, boreholes and CPTUs were

also performed for the present study in June 2018 (S500, S501,
CPTU503, CPTU504, see Fig. 2) to extend the subsoil characterization of
the study area.

3.2. Blast test measurements

The blast test experiment consisted of a sequence of controlled det-
onations to induce liquefaction in the natural deposits of the Bondeno
area, previously liquefied in the 2012 earthquake, and to verify the
effectiveness of a ground improvement technique in an adjacent subsoil
treated with rammed aggregate piers (Amoroso et al., 2020, 2022, 2024;
Rollins et al., 2021; Pesci et al., 2022). These two zones, the natural
panel and the improved panel, were thoroughly characterized before the
pier installation and before the blast tests (S11 and CPTU11 for the
natural panel, CPTU01 and S01 for the improved panel, see Fig. 3). A
total of 16 explosive charges, eight of 0.5 kg at 3.5 m and eight of 2.0-kg
charges at 6.5 m in depth within the estimated potentially liquefiable
layer, were detonated sequentially at 1-s intervals around the periphery
of two 10-m-diameter circles at each test panel. Fig. 3 shows the blast
hole soundings through which sand ejecta traveled after blasting (BH11,
BH12, BH14, BH18, BH02, BH03). The monitoring of the blast-induced
liquefaction was also carried out by the installation, inside the blast
circles, of (1) a seismic dilatometer located at 6.1m depth for shear wave
velocity (VS) measurements (SDMT blast, see Fig. 3), and (2) pore
pressure transducers at depths between 4 and 9 m for the data acquisi-
tion of the excess pore pressure ratio (Ru = Δu/σ’v0, where Δu is the
measured excess pore water pressure and σ’v0 is the initial vertical
effective stress prior to the blasts). Sand was also ejected during and
after blasting through the holes of some pore pressure transducers,
namely PPT4, PPT5 and PPT8 (Fig. 3).

3.3. Sampling

Three core holes S01, S11 and S501 (locations shown in Fig. 2),
extending to depths of 15, 6 and 5 m, respectively, have been analyzed
and sampled for the characterization of the depositional elements and
geotechnical parameters. Each core hole has been described in terms of

Fig. 2. Bondeno test site location with in situ geotechnical tests and the 2012 sand boils: (a) geomorphological features from combined LIDAR and satellite image, (b)
surface lithological map of alluvial deposits.
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lithology, grain-size, color, and consistency. A total of 18 sand samples
were selected from the cores (percent of core recovery in coarse-grained
sediments >75 %) for analysis, at intervals of about one sample per
meter.

Sand boils were sampled (nine samples) considering lateral and
vertical grain-size variation. The samples from the largest boils have
been divided into three sub-samples from the lower, middle, and top
portions of the volcano structures (i.e. SBPPT5L, SBPPT5M, SBPPT5U,
and SBBH11B, SBBH11A). Single samples are representative of the
entire vertical sequence of the volcano flank close to the vent. The
sedimentological and stratigraphic interpretation of the test site benefits
from the comparison with the nearby S500 core.

3.4. Grain-size analyses

A total of 27 samples were analyzed using standard techniques:
mechanical sieving for the sandy fraction and hydrometer analysis for
fine-grained sediments. Sand samples, consisting of a few hundred
grams, were washed with dilute H2O2 to remove organic matter, and
then air dried and mechanically sieved for granulometric and compo-
sitional analyses.

Grain-size analyses are reported as granulometric curves, and index
parameters are calculated in terms of: the fines content (FC) is the per-
centage of particles finer than 0.075 mm; D60, D30, and D10 sizes are the
diameters of the 60th, 30th, and 10th percentiles of the granulometric
curve; the coefficient of uniformity U is given by the ratio of D60 to D10,
and the coefficient of curvature C is a function of D30, D60, and D10.
According to the Unified Soil Classification System (USCS classification,
ASTM D-2487-11, 2011, ASTM D2488–09, 2009) the sands character-
ized by U > 6 and 1 < C < 3 are well graded (or poorly sorted).

3.5. Compositional analyses

Petrographic analyses were carried out on 23 sand samples: eleven

samples were collected from core S01, two from core S11, and three
from core S501. Six samples are from sand boils to document the source
layer and compositional variations. The modal analyses of cores were
compared with detrital modes of samples collected from modern rivers
of the area: Po, Secchia, Panaro and Reno rivers (Lugli et al., 2004;
Bruno et al., 2021; Demurtas et al., 2022), and with data from the
Mirabello test site (Fontana et al., 2019). The sand fraction 0.250–0.125
mm was impregnated in epoxy resin under vacuum and processed to
obtain thin sections. Point counting of 300 grains for each thin section
was performed under transmitted-light microscopy according to the
Gazzi-Dickinson method, designed to minimize the dependence of the
analysis on the grain-size. Although all grain components were
analyzed, only those with similar hydraulic behavior (quartz, feldspars,
and lithic fragments: volcanic, metamorphic, and sedimentary) were
considered for provenance analyses. The results of the modal analysis
were plotted in the Q+ F (quartz and feldspar) – L (siliciclastic lithic) – C
(carbonate lithic) ternary diagram.

4. Results

4.1. Stratigraphic cores and cone penetration tests

The geological interpretation of the Bondeno blast test site was based
on the stratigraphic correlation using continuous coring and CPTU
soundings (Fig. 4).

In core S01, from top to bottom, several units were identified:

− an interval reworked by ploughing (0–0.45 m);
− an argillaceous layer with silt intercalations, plant remains and

bioturbation, recording a moist interfluvial depression (0.45–3 m);
− a silt and sandy silt interval with subordinate clay levels and diffuse

pedogenesis alteration, recording a drained interfluvial area (3–3.5
m);

Fig. 3. Plan view of the blast test natural and improved panels with location of (1) boreholes and CPTUs performed before treatment and blasting, (2) seismic
dilatometer (SDMT) acquiring during and after blasting, and (3) blast holes (BH) and pore pressure transducers (PPT) through which sand was ejected to the ground
surface during and after blasting.
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− the middle part of the cores (3.5–11.5 m) is referable to a fluvial
meander and consists of fine and medium-coarse sand, with silty
sand and silt intercalations in its upper portion, with sparse wood
fragments; tractive laminations are locally preserved;

− 50 cm-thick silty interval (11.5–12 m);
− the lower part of the core records synglacial middle alluvial plain

braided river environments and consists of coarse to medium grained
sand (12–14.5 m) and fine silty sand (14.5–15 m).

The same stratigraphy was observed in the nearby core S11.
Two additional cores (S500 and S501, Fig. 4) were analyzed to better

reconstruct the stratigraphic architecture of the area, at 500 m north-
ward and 500 m southward of the test site. The core 501 (Fig. 5) is 5 m
deep and it shows coseismic liquefaction probably associated with the
2012 seismic event. From the top:

− topsoil reworked by ploughing (0–0.45 m);
− brown silty clays with reddish patches, induced by water level

fluctuations, pedogenetic carbonate concretions, organic and peat
lenses (0.45–1.9 m);

− gray sandy silts and silty fine sands with brick fragments (1.9–2.5 m);
gray sandy silts and silty fine sands with dikes of medium-coarse
liquefied sands, indicating the path of the ejecta from beds pre-
served at the bottom of the profile, brick fragments are present at 1.9
m and at 2.3–2.5 m (Fig. 5a), possibly referable to Roman times
settlement;

− gray medium-coarse sands with organic and silty lenses and lique-
faction evidence consisting of flames and fractures filled by ejected
sands (2.5–2.95 m, Fig. 5b);

− gray sandy silts and silty fine sands with injections of medium-coarse
liquefied sands (2.95–3.4 m);

− gray medium-coarse sands with organic lenses (3.40–5 m).

Significant lateral variations in the stratigraphic succession were
observed in the core S500, located 500 m north of the blast area. The
core, 15 m deep, is characterized by:

− a 10 m-thick argillaceous unit of interfluvial depression, with three
layers containing pre-Medieval ceramic fragments. At 10 m depth,
14C dating provides a calibrated age of 6494 years B.P.;

− a 2-m thick layer of gray sandy silt and silty sand;
− the deepest portion is made up of 3 m of gray medium-coarse sands,

probably from synglacial environment.

The results of the CPTU data are in agreement with the stratigraphic
logs, as recently discussed also by Li et al. (2018) for layered soils. For
graphic simplicity, only the cone tip resistance values (qt) are here
depicted (Fig. 4), but the whole of the penetration data was analyzed in
interpreting the profile. The boundary between the late Pleistocene and
the Holocene has been supposed on the base of the available site in-
vestigations (mainly CPTU profiles) and dating.

Based on the in situ geotechnical investigations at the Bondeno site
(Amoroso et al., 2022), the ground water table (GWT) shows minimal

Fig. 4. Integrated stratigraphy from cores and CPTU logs at the Bondeno study area. A detailed description of the lithological intervals and depositional facies
interpretation is provided in the text.
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seasonal variations ranging from 0.5 to 1.5 m below the ground level.
Similar small variations are typical of this sector of the Po plain
including Mirabello (e.g. Amoroso et al., 2017).

Geotechnical investigations were also used to obtain continuous
profiles of the hydraulic conductivity k, by adopting a well-established
CPTU-based empirical approach proposed by Robertson (2010). As
known, the method allows calculating k as a function of the soil behavior
type index Icn, which in turn depends on the dimensionless, stress-
normalized cone resistance Qtn and friction ratio Fr. Recent site inves-
tigation campaigns carried out in testing areas located nearby (e.g.
Bertolini et al., 2022; Tonni et al., 2024) have proved the reliability of
the method in the determination of permeability characteristics of the
Po river basin subsoil, hence the application of the correlations to the
Bondeno sediments.

As a representative example, the profile obtained from interpretation
of CPTU01, adjacent to borehole S01, is provided in Fig. 6a. In the fine
and medium-coarse sand from 3.5 to 11.5 m in depth, the predicted
permeability was found to vary in a rather narrow range between 10− 5

and 10− 4 m/s, with a mean value of log10(k) equal to − 4.24 (corre-
sponding to 5.75⋅10− 5 m/s) and standard deviation σlog10(k) equal to
0.18. Thin intercalations of silty sands and silts, detected in the upper
portion of this soil unit, are instead characterized by values of perme-
ability in the range 1.74⋅10− 6–10− 5 m/s. Below 12 m, estimates of k still
fall in the range 10− 5–10− 4 m/s, though being on average slightly lower
than the values computed in the upper sandy unit. The higher scatter

observed in predictions below 14 m is likely to be attributed to a more
significant content of fine sands and silty fraction.

For useful comparison, CPTU-based estimates of the permeability
obtained for the Mirabello test site are also shown in Fig. 6b. It is worth
mentioning here the significant scatter of the computed values in the soil
layer between 4 and 8 m in depth, whereas an approximately constant
trend can be observed below 8 m. Further details will be provided later
on in this paper.

4.2. Sand boil structures

Following the blast experiment, nine sand blows formed, six within
the natural panel, two near the edge of the improved panel, and one in
between the panels (Fig. 3). Two well-developed sand volcanoes in the
middle of the natural panel are flat cones roughly circular-shaped, with a
maximum width of about 2 m, and a maximum height of 10 cm (Fig. 7).
They consist mostly of medium- to coarse-grained sand levels with a
multiple direct-inverse gradation. Fig. 7b shows the transition from
coarse grains in the basal portion passing to finer and again coarser in
the upper portion. A thin fine-grained veneer, a few mm-thick, may also
occur on top (Fig. 7c). This structure differs from the sand boils
described for the 2012 Emilia earthquake, which consisted of various
laminated sand layers: at least six sand/mud couplets were visible,
indicating repeated fluctuations in the sediment/water flux, possibly
due to multiple opening and closing of the fracture (Fontana et al.,

Fig. 5. Core picture and stratigraphic log of the S501 core and close-up view (A, B) of the interval with evidence of liquefaction (sand-filled fractures and flames).
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Fig. 6. CPTU-based predicted values of permeability for (a) the Bondeno blast test site subsoil and (b) the Mirabello blast test site subsoil.

Fig. 7. Cut sections of sand volcanoes induced by blast showing the internal features with a multiple gradation types and fine-grained veneer. Samples SB PPT5 (a),
(b) and SB BH11 (c).
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2019).
In the peripheral area of the natural panel and in the improved panel,

the ejection products consisted only in small, thin, irregular, discon-
tinuous, sand sheets.

4.3. Grain size analysis

As shown in Fig. 8a, the S01 core samples show a wide grain-size
range, from medium to very fine sands and silty sands. From bottom
to top, the sediment sequence generally starts with silty sand (14.8 m),
overlain by coarser medium sands (12.9–13.5 m). A thin layer of very
fine sandy silt is present at 11.7 m depth, overlain by medium to fine
sand (11.2–5.4 m), which is in turn covered by sandy silt in the topmost

part of the profile. Core S11 (Fig. 8a) is characterized by homogeneous
grain size in the range of medium sands. Core S501 shows the finest
sediments ranging from sandy silts to silty sands. Compared to Mirabello
(Fontana et al., 2019) the Bondeno samples show an overall coarser
grain-size.

As visible in Fig. 8b, the sand blows show a narrower range of grain-
size distribution and are typically medium sand except for sample
SBBH12 from a peripheral smaller volcano, which is finer grained and
less sorted. In the two cases where the deposits have been sub-sampled
vertically, the grain-size curves show a slightly more fine-grained frac-
tion moving from the bottom to the top. A narrowing of the grain-size
range of the sand blows, impoverished in the finer grained portion
with respect to the source layers, was observed also in Mirabello.

Fig. 8. Grain-size distribution curves of samples collected from the boreholes (a) and from the sand ejecta (b) in the Bondeno area. The grain-size colored spectra of
Mirabello cores (a) and sand blows (b) is also shown.
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Table 1
Soil index properties based on grain size distribution curves.

Description Sample Depth
(m)

FC
(%)

D60

(mm)
D30

(mm)
D10

(mm)
U C USCS

Borehole S01 S01_3 3.90 64.44 0.06 0.01 0.00 15.31 0.77 CL
Borehole S01 S01_4 4.95 19.30 0.22 0.23 0.01 17.11 18.87 SM
Borehole S01 S01_5 5.45 19.81 0.33 0.14 0.03 9.71 1.81 SM
Borehole S01 S01_6 6.70 21.99 0.30 0.11 0.02 11.99 1.72 SM
Borehole S01 S01_7 8.80 45.43 0.15 0.04 0.01 14.68 0.96 SM
Borehole S01 S01_8 9.80 21.36 0.37 0.15 0.02 16.32 2.61 SM
Borehole S01 S01_9 11.20 18.32 0.37 0.18 0.03 12.27 3.02 SM
Borehole S01 S01_10 11.70 63.77 0.06 0.01 0.00 13.80 0.66 CL
Borehole S01 S01_11 12.90 9.60 0.44 0.28 0.08 5.39 2.25 SM-SP
Borehole S01 S01_12 13.50 11.49 0.33 0.19 0.07 5.01 1.66 SM-SP
Borehole S01 S01_13 14.80 34.72 0.20 0.06 0.01 18.96 1.57 SM
Borehole S11 S11_2 3.90 27.11 0.43 0.09 0.02 27.95 1.36 SM
Borehole S11 S11_3 4.50 15.83 0.39 0.19 0.04 10.16 2.46 SM
Borehole S11 S11_4 6.00 16.08 0.41 0.24 0.03 14.23 4.95 SM
Borehole S501 S501_1 2.15 66.60 0.07 0.03 0.01 12.31 2.09 CL
Borehole S501 S501_2 2.70 30.74 0.41 0.07 0.01 42.08 1.28 SM
Borehole S501 S501_3 3.15 52.88 0.12 0.02 0.00 25.14 0.73 CL
Borehole S501 S501_4 4.95 55.27 0.12 0.01 0.00 50.91 0.46 CL
Sand boil SBBH11, upper portion
(blast natural panel)

SBBH11A – 14.06 0.38 0.19 0.05 7.37 1.73 SM

Sand boil SBBH11, lower portion (blast natural panel) SBBH11B – 24.53 0.33 0.10 0.03 12.88 1.11 SM
Sand boil SBBH12 (blast natural panel) SBBH12 – 22.93 0.19 0.09 0.04 4.39 1.02 SM
Sand boil PPT4
(blast natural panel) SBPPT4 – 28.34 0.41 0.10 0.01 48.52 2.96 SM

Sand boil PPT5, lower portion
(blast natural panel)

SBPPT5L – 9.03 0.47 0.31 0.09 5.54 2.46 SM-SP

Sand boil PPT5, medium portion
(blast natural panel)

SBPPT5M – 17.62 0.43 0.22 0.04 11.87 3.21 SM

Sand boil PPT5, upper portion
(blast natural panel) SBPPT5U – 12.26 0.42 0.31 0.06 7.42 4.09 SM

Sand boil PPT8
(blast natural panel) SBPPT8 – 6.13 0.52 0.38 0.24 2.22 1.17 SM-SP

Sand boil SBBH02
(blast improved panel)

SBBH02 – 18.42 0.34 0.12 0.05 7.31 0.91 SM

Sand boil SBBH03
(blast improved panel)

SBBH03 – 12.00 0.46 0.31 0.06 7.35 3.18 SM

L.M
inarellietal.
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The index properties (FC, U, C), reported in Table 1 and used for the
USCS classification, indicate that the non-liquefied crust are classified as
silty clays (CL), while the liquefied sands from the boreholes, or
collected as blasting ejecta, are most frequently classified as silty sand
(SM), sometimes as poorly graded sand with silt (SP-SM), with FC

between 10 and 45 %. Index U is typically below 15 and C varies be-
tween 1 and 3. The sand blows are generally cleaner (FC < 13 %) than
the silty sand from cores (FC < 20 %).

Fig. 9. Ternary diagrams showing the petrographic composition of the Bondeno core samples compared with Mirabello. Q: quartz; F: feldspars; L: siliciclastic rock
fragments; C: carbonate rock fragments.

Fig. 10. Ru (PPT6, 5.84 m depth) (a) and Vs (SDMT blast, 6.10 m depth) (b) profiles vs time (Bondeno); comparisons between Ru (c) and Vs (d) vs. time (Bondeno PPT
5.84 m- SDMT blast 6.10 m & Mirabello PPT 7.5 m SDMT 7.25 m).
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4.4. Sand composition

The examined core sands are constantly quartz-feldspar-rich, Q+ F is
comprised from 50 to 70 % of whole sand grains, with higher values
from 9 to 12 m depth and lower contents up-section (Fig. 9). Quartz
consists mainly of single crystal and subordinate polycrystalline grains,
feldspars are plagioclase and minor K-feldspar. Siliciclastic lithics (L)
vary from 12 to 18 % and the shallowest sample of core S501 yields the
maximum value of 23 %. Siliciclastic lithics are dominated by low grade
metamorphic rocks (phyllites and micashist) associated with minor
serpentinite, siltstones and shales. Spars of calcite represent the most
common carbonate grains (C) associated with subordinate micrites.
Carbonate lithics slightly increase in the deepest samples (from 13 to 15
m), where they make up 15 to 17 % of the whole sand sample. Lower
values are observed in the sand up-section (2.5 to 5 m). Other compo-
nents include micas (muscovite, biotite and chlorite) and heavyminerals
(largely garnet), whose abundance is highly variable (up to 24 %).

Samples from sand boils show a quite homogeneous composition
roughly matching that of sands from the deepest part of the cores (13 to
15 m).

By comparing the composition of the examined core sands with
modes of Holocene alluvial sands in the Po alluvial plain (Fontana et al.,
2019; Bruno et al., 2021; Tentori et al., 2022; Minarelli et al., 2022) we
observe an overall affinity with the Po River, as indicated by the relative
abundance of quartz and feldspars and metamorphic detritus. The

relatively higher percentage of carbonate lithics in the deepest samples
(13–15 m) has been previously observed in the late Quaternary Po River
sand bodies as described by Demurtas et al. (2022) in the central sector
of the Po plain.

In core S501 the quartz-feldspar-rich sands of the Po River paleo-
channel are overlain (S501_02) by slightly litharenitic sediments of
Apennine affinity, possibly referable to the Secchia river.

4.5. Blast test shear wave velocity and pore pressure

During the blast, the excess pore pressure ratio Ru values were close
to 1.0, indicating liquefaction in the natural panel from a depth of 4 to 9
m, as detailed by Rollins et al. (2021). In particular, Fig. 10a shows the
Ru vs time curve computed from the PPT6 measurements acquired at
5.84 m depth. A Ru of about 0.9 persisted for 15 to 30 s, and then
dissipated to near equilibrium values in about 4 min. Similarly, the shear
wave velocity VS, recorded in the natural panel during the blast,
approximately at the same depth of PPT6, shows that VS decreased to
about 30 % of its pre-blast value (VS ≈ 49 m/s versus VS ≈ 152 m/s),
recovering its initial value within a few minutes. Blast-induced lique-
faction clearly reduces the vertical effective stress and alters the soil
fabric, thus causing initial loss in soil stiffness (Mitchell and Solymar,
1984). However, the dissipation of the excess pore pressure allows the
soil to reconsolidate into a denser and more stable configuration (Narin
van Court and Mitchell, 1994) characterized by a higher soil stiffness, as

Fig. 11. Stratigraphic sections derived from the correlation of cores, CPT and CPTU logs at Bondeno (a), and Mirabello (b) test sites, showing the liquefaction
source layers.
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also confirmed at the Bondeno trial site by Ru and VS data (Fig. 10a and
b).

5. Discussions

The integrated interpretation of in situ tests (boreholes and CPTUs)
and laboratory analyses performed in the Bondeno area has allowed an
accurate reconstruction of the subsurface stratigraphic architecture to
the depth of 20 m, with the identification of the different sedimentary
bodies, their geometry, sediment grain-size, and composition. The cor-
relation of these data has provided a 2D subsoil section extending
approximately 1 km from NNE to SSW (Fig. 11a). The lower portion of
the section is referable to the Po braided river sands from the Last Glacial
Maximum, partially eroded and reworked by the Holocene meandering
channel system. The main depositional body consists of a 10 m-thick
sand channel-point bar unit, deposited by the Po River during the Ho-
locene and extending laterally for at least 800 m. Sands vary from coarse
to medium grained to silty sands and are quartz-rich in composition. The
meander body is encased into flood plain mud deposits and pass upward
to a thin and laterally-confined body of litharenitic fine-grained silty
sand and sandy silt associated with levee and narrow channel facies of
an Apennine tributary, the Secchia river. The sandy sediments are in
turn covered by an argillaceous crust up to 3 m-thick deposited in a
flood-plain environment.

A quite similar alluvial stratigraphic succession typifies the Mir-
abello study case (Fontana et al., 2019, Fig. 11b) made up of 9 m-thick
sand channel-point bar system of the Po River (quartz-rich, medium to
fine grained sands and silty sands) covering the last glacial fluvial sands.
These deposits are replaced upward by thin (2 m) and laterally confined
bodies of fine-grained silty sand and sandy silt, referable to levee and
narrow channel facies of the Reno River. In the Mirabello case, the sandy
sediments are covered by a thicker, up to 6m, argillaceous crust of flood-
plain depositional environment.

With respect to the source horizon identification, at Bondeno the
liquefaction was induced in medium-coarse sands and silty sands of the
Po River channel and point-bar, below 3 m in depth. As mentioned in
section 4.1, the permeability of this soil unit was found to vary in a
rather narrow interval between 10− 5 and 10− 4 m/s (with a mean value
equal to 5.75⋅10− 5 m/s), with the exception of silty sand and silt in-
tercalations, at times detected between 4 and 6 m, that are typically
characterized by permeability values in the range 1.74⋅10− 6–10− 5 m/s,
i.e. one order of magnitude lower.

On the other hand, in the Mirabello case the ejected liquefied sedi-
ments involved the silty sand and sandy silt of the buried Reno River
levee, from 6 to 8 m in depth. According to CPTU-based estimates,
permeability characteristics of these sediments vary in a rather wide
range (from approximately 10− 9 to 10− 5 m/s), likely as a consequence of
the soil unit heterogeneity, with a computed mean value equal to 4⋅10− 6

m/s.
It is worth observing that in both experiments, the liquefaction

phenomena generated an overall narrowing of the grain-size range of
the sand blows with respect to the source layers.

Based on the measurements acquired at the Bondeno and Mirabello
blast test sites, for similar depths and in natural soil conditions, further
considerations can be carried out. The comparison between the Ru
(Fig. 10c) and VS (Fig. 10d) profiles highlights that the liquefaction
process developed over a shorter time in Bondeno than in Mirabello. In
Mirabello, the Ru dissipation took approximately 20 min and the VS
values got closer to its pre-blast value only about 21 h after the blast.

This different time of water dissipation is largely due to the presence
and features of the argillaceous crust. In detail, at the Mirabello site, the
crust is composed of two different cohesive layers. The upper four me-
ters are strongly argillaceous and classified, according to USCS, as silty
clay (CH) with fines content FC≈ 100 % and plasticity index PI≈ 31–58
%. The lower portion of the crust, between 4 and 6 m, consists of clayey
silt with sand (CL to CH) with FC ≈ 70–80 % and PI = 23–27 %

(Amoroso et al., 2017). Differently, at the Bondeno site, the crust is
homogeneous and composed of a single layer, about 3 m-thick, classified
as silty clay (CL), with lower fines content (FC ≈ 75–92 %), and lower
plasticity (PI ≈ 18–22 %, Amoroso et al., 2022) compared to Mirabello.
Moreover, the sand source layer in Bondeno has an overall coarser grain
size, with FC ≈ 10–45 %, unlike the FC ≈ 25–75 % at the Mirabello site.

6. Final remarks

The research sites of Bondeno and Mirabello with a wide dataset
from 2012 earthquake and full scale experiments allows the following
considerations in the field of the engineering geology:

• The preeminent role in the liquefaction phenomena is played by
subsoil sedimentary stacking pattern, in particular the lateral and
vertical confinement of the sandy bodies, their thickness, and the
presence, thickness and plasticity of an overlaying non-liquefiable
crust;

• The petrographic composition of the sands allows us to discriminate
the studied lithological units. Moreover, based on the compositional
affinity, the petrography of the liquefied sands that ejected to the
surface as sand boils, compared with that of buried sands, provides
an important constraint in the recognition of the source layer. This is
corroborated by the observation that the selective ejection mecha-
nisms do not influence the sand composition, and that erosion or
breakage of the most erodible grains due to the abrasive flow of sand
grains are minor;

• The grain-size alone may not provide precise indications for the
attribution of the source layer due to sorting effects occurring within
dikes and later as the material is extruded. In fact, as observed both
in blast-liquefied sands and in the 2012 earthquake sand boils, the
segregation of the silt-clay fraction, following the generated excess
pore water pressure, produced modifications in grain-size and
generated better sorted sand;

• The delay in the excess pore water pressure dissipation recorded by
the blast-induced liquefaction may be related to: (1) the thicker non-
liquefied crust (≈ 6m atMirabello) compared to the thinner cohesive
top-layer (≈ 3 m) in Bondeno; (2) the different soil plasticity of these
silty-clayey caps; (3) the grain-size and therefore the permeability of
the source layer; (4) the wider size of the permeable fluvial meander
sand body in Bondeno, which more rapidly dissipated the liquefac-
tion overpressure.

All these aspects may explain why the liquefaction phenomena, in
Mirabello, where the source layer is thinner and laterally confined,
lasted longer than in Bondeno, as observed during the blast test exper-
iments. This suggests that liquefaction phenomena induced by the 2012
Emilia seismic sequence, scattered through the epicentral area, likely
had variable durations in the different liquefaction sites according to the
local stratigraphic architecture.
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