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Highlights
¢ Fines content importance for liquefaction assessment
e New fines content correlations from flat dilatometer and geophysical tests
e (Calibration of existing cone penetration test correlations for fines content
e Proposed fines content correlations for the Emilia plain (Ferrara, Italy)

e Integration of punctual and linear investigations for liquefaction assessment

ABSTRACT

The influence of the fines content on the cyclic resistance has been widely studied and the importance
of the determination of this parameter from different geotechnical tests has been underlined for
liquefaction assessments. Geotechnical evidences from local investigations may however not
completely reflect the lateral subsoil variability, which is important for the identification of localized
potential liquefaction phenomena. Geophysical tests can be useful in the imaging of these lateral
variations and related fines content variability. In this study calibration of existing fines content
correlations with piezocone tests are accomplished and new specific correlations are proposed to
assess the fines content both from flat dilatometer and geophysical tests in two liquefied research sites
of the Emilia alluvial plain (Italy), following the 2012 earthquakes. The proposed correlations are
tested in a third site showing the usefulness of the fines content determination for liquefaction

assessment, and its imaging in 1D and 2D profiles.
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1. Introduction

During the latest decades several procedures for liquefaction assessment have been developed (e.g.,
[1], 121, [3], [4], [5], [ 71, [8], [9], [10]). These procedures are based on geotechnical and geophysical
in-situ tests, such as Standard Penetration Test (SPT), Cone Penetration Test (CPT), Flat Dilatometer
test (DMT), Chinese Dynamic Cone Penetration Test (DPT) and shear wave velocity measurements
(Vs). SPT, CPT and Vs procedures already foresee the application of a correction factor for the fines
content (FC) of the soils susceptible to liquefaction. However, as observed ([11]), the fines content
correction applied to the normalized in-situ test parameters using a “blind” FC estimate or a
laboratory-calibrated FC relationship provides high differences into the susceptibility evaluation (e.g.
thickness and depth of the liquefied layer, classification of the site according to the available severity
liquefaction indexes, agreement between liquefaction prediction and liquefaction observations).
Therefore, accurate liquefaction analyses require site-specific FC estimates representative of the
regional geological framework which influnces the soil properties of a specific area.

The FC determination on site is usually non trivial, since it can be performed following detailed
sampling and granulometric analyses, even though this approach does not provide continuous FC
profiles and is significantly expensive and time consuming. Alternatively, the FC can be estimated
by means of empirical correlations with resistance parameters from geotechnical tests. The soil
behaviour type index (Ic), obtainable from CPT tip resistance (qc) and sleeve friction (fs), can be for
example used. The I. parameter is somehow correlated with FC and commonly used in liquefaction
assessments (e.g. [12], [7]). However, there is considerable scatter in the data on which the FC-I.
correlations are based (e.g. [13],[14], [15]). Boulanger and Idriss [7] attributed the large scatter
observed within each dataset to three main factors; (1) lateral and vertical geologic variability
occurring over very short distances; (2) fundamental limitations in the I. parameter when attempting
to categorise a wide group of soil types and (3) uncertainty associated with the influence of soil
plasticity. As the I. parameter is based on correlations with the mechanical behaviour of soils, and
due to inherent soil variability, it is crucial to develop site-specific correlations and fitting parameters,
which can be adjusted to calibrate the empirical FC-I¢ equations to peculiar site conditions (based on
laboratory testing).

Similar shortcomings can be associated to other in-situ tests, such as the flat dilatometer test (DMT),
for which it is possible to estimate soil types using the material index (Ip) according to Marchetti et

al. [16]. As for the I, the Ip is not a grain size distribution index, but it reflects the mechanical
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response of the soil deposits (e.g. [17]) supplementing also to discern free-draining from non-free-
draining layers ([18]). However, no specific FC-DMT correlations are yet available in the
international literature. Geotechnical evidences from the abovementioned punctual investigations
may not identify the lateral subsoil variability, which is important for the identification of localized
potential liquefaction phenomena (e.g. [19]). In this respect, geophysical tests could be crucial for
imaging the lateral variations and for a more comprehensive view of the geological variability at the
study site. Recent studies (e.g. [20], [21], [22]) suggested the use of combined geophysical
measurements of electrical resistivity (R) and shear wave velocity (Vs) for a direct FC determination
through appropriate mixture theories. Goff et al. [23] proposed a new relationship between soil type,
R and Vs. Hayashi et al. [24] developed a second order multivariable polynomial equation from a
least square regression fit of cross-plotted R and VS data to distinguish clays, sands, and gravels.
Recently Takahashi et al [22] proposed a method for profiling the clay content from a R and Vs data
by implementing the unconsolidated sand model and the Glover’s model ([25]). A similar approach
has been adopted by Vagnon et al. [26] and Vagnon et al [27] for obtaining 2D FC sections from
combined R and Vs measurements along river embankments and earth dams.

In this paper both geotechnical (CPT and DMT) and geophysical tests (based on R and Vs) in the
Emilia plain (Ferrara province, Italy) are studied in the aim of developing reliable FC determinations
of the specific study area, strongly affected by liquefaction phenomena following the 2012 seismic
sequence ([28]). Specific correlations at two trial test sites are compared with laboratory evidences
from borehole samples. Particularly, a new devoted correlation is proposed to derive FC from DMT
and analysis of existing approaches to determine FC from geophysical data are evaluated. The
established correlations are then used to image the FC variability in a third test site both along 1D
profiles and 2D sections. In developing the proposed procedure this study took advantage of the rich
dataset and accurate geological, geotechnical and geophysical knowledge available in the Emilia plain
([15]). The combined geotechnical and geophysical approach may be particularly effective in
reconstructing the subsoil configuration of alluvial settings, characterized by high lateral and vertical
variability in sediment type and grain-size. In particular, the FC imaging may allow to identify the
upper non-liquefiable high FC crust covering the lower FC liquefiable layers, representing a pivotal

contribution in reliable liquefaction assessment.

2. Geological setting
The study area is part of the Po plain basin, the syntectonic sedimentary wedge filling the Pliocene—
Pleistocene Apennine foredeep. The structural setting of the Po basin originated in response to the

collision between the Adria microplate and Eurasia during the Cenozoic. High subsidence rates due
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to the tectonic loading, associated with strong sediment input, generated a thick Pliocene-Quaternary
succession ([29]). The basin infill is up to 4 km-thick, and the Quaternary deposits reach a thickness
of 1.5 km.

The study area within the Ferrara plain (Fig. 1) corresponds to the buried frontal portion of the
compressive ramp, and the associated active faults are responsible of the well documented seismic
activity ([30]) which in several cases has induced critical liquefaction phenomena (red dots in Fig.

1), as for the Emilia seismic sequence in 2012 ([28]).

1 1
\S / 11°36'E

®Occhiobello”

65) ® . \wi
20 R A
- ‘@arl@ QS F\ /)“\\Q%
I S’ 11°28°E ;h:y('L'\\ EN
|
N

. pX]
@ Urban centre ;:".‘ Backfill
B

* Sand boils Inorganic
lean clays
___ Liquefaction Inorganic silts
crack and sandy silts
Linear )
— geophysics Silty sands

@ CPTU [SDMT & Borehole @ DH

Fig. 1 Engineering geological map of the outcropping alluvial deposits of the studied area within the
Emilia plain in the Ferrara province (Italy) with evidence of the liquefaction phenomena referable to
the Emilia seismic sequence in 2012 (red dots); in A, B and C details of the studied sites (Mirabello,

Bondeno and San Carlo, respectively) and executed geotechnical and geophysical tests are reported.
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The main drainage, the Po River, interacts with a dense network of transverse tributaries. The river
network continuously shifted laterally as a consequence of climate changes and local tectonic events
([31]). The late evolution of the alluvial system has been traced following the physical evidence of
paleochannels on the alluvial plain surface ([32]), and the provenance composition of buried channel
sands compared with present day rivers ([33], [34]).

The engineering geological map (Fig. 1) was derived from the critical synthesis of the available
seismic microzonation studies, using the geological-technical units defined by SM Working Group
(2015) in agreement with Unified Soil Classification System USCS [35]. This map describes the
surface distribution of the fluvial sediments deposited by the Po and by some Apennine rivers, such
as Reno and Panaro. The study sediments largely consist of mostly inorganic lean clays (CL,
according to the USCS [35]), deposited into moist inter-river depressions. The argillaceous units are
crisscrossed by sinuous silty sandy bodies (SM, according to USCS classification), deposited into
fluvial channels, and potentially subjected to liquefaction phenomena. The Po sandy bodies are
generally coarser and less silty than the Apennine bodies ([15]). The channel bodies are often flanked
by levee deposits, by fluvial crevasse splays, or by the granular infilling of minor river channels (silts
and sandy silts, ML, according to USCS classification).

All the studied sites are characterized by an argillaceous crust, cohesive and not liquefiable, with a
variable thickness ranging from 3 m in the northern site of Bondeno (B in Fig. 1) to 6 m in Mirabello
(A in Fig. 1) and up to 9 m in the southernmost site of San Carlo (C in Fig. 1) ([36], [37]). The
argillaceous crust overlies liquefiable buried silty sands and sandy silts (SM, ML) organized in
vertically stacked channel-belt bodies referable to the Po River (Bondeno, Mirabello) or as thin,
relatively narrow lens-shaped bodies of silty sands and sandy silts with an Apennine signature,
deposited by the Reno River (San Carlo site).

Within this geological context, the geotechnical and geophysical characterization is mainly focused:
1) to provide an estimate of the thickness of the shallower high FC portion of the subsoil, which
corresponds to the non-liquefiable crust (increased thickness of the crust will result in reduced
liquefaction hazard) and 2) to estimate the FC in the underlying sandy silt and silty sand layers to
evidence zones more prone to liquefaction (increased FC in these layer will result in reduced

liquefaction hazard).

3. Methodologies for the fines content estimation
3.1. FC estimates from geotechnical in-situ tests
Site-specific calibrations using laboratory tests are required to provide reliable FC estimations

through correlations with resistance parameters from geotechnical tests, otherwise parametric
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analyses are recommended to evaluate the sensitivity to FC estimates (e.g. [7]). In this study, the
equations proposed by Suzuki et al. [38] (Eq. 1) and Boulanger and Idriss [7] (Eq. 2) as a function of
the soil behaviour type index (I¢) from CPT:
FC=x. ' (2.8 - 129 (1)

FC =80 - (I + Cgc) — 137 (2)
were applied and calibrated using available direct geotechnical investigations (granulometric analyses
on borehole samples).
Both the equations include a correlation coefficient, x. for Suzuki et al. [38] and Crc for Boulanger
and Idriss [7], which takes into account the variability of the datasets used by the authors. The range
of variability of these coefficients is quite wide and, as suggested by the authors, is site-specific. In
particular, xc ranges between 0.5 to 2, while Cgc varies from a minimum value of -0.29 to a maximum
of 0.29. The variability of these coefficients has been therefore analysed for two test sites (A and B
in Fig. 1) within the 2012 Emilia earthquake epicentral area and calibrated to obtain site-specific FC-
correlations with CPT. Moreover, the first fines content correlation starting from DMT results has
been proposed. The proposed FC-DMT equation involves, similarly to CPT, the parameter Ip and a
calibration coefficient to consider the variability of the dataset, which has been obtained from a linear

regression using flat dilatometer and laboratory data of the studied sites.

3.2. FC estimates from geophysical tests
The conceptual workflow adopted for the evaluation of FC from geophysical tests is reported in Fig.
2. The workflow is based on the construction of theoretical R and Vs curves as a function of FC to

which associate the observed experimental data.
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Fig. 2 (a) Theoretical Vs-¢, R-¢ and Vs-R relationship as a function of theoretical FC for a given

depth and superimposed example distribution of field data. (b) Workflow for estimating FC using

multiple geophysical data (modified from Vagnon et al. [27])

In detail:

a) the Glover’s equation ([25]) is adopted to exploit the relationship between soil porosity (¢)

and resistivity (R) considering also the degree of saturation as in the following:
log(1—¢™
%=%-(l—¢)%+}e—t-¢m-% ®
where R is the overall resistivity of the soil, Ry and Ry are respectively the soil grain and fluid
resistivities, m is the cementation factor, q is the saturation index and Sy is the saturation
degree;
b) the Hashin-Shtrikman upper bound model ([39]) is adopted to express Rg as a function of the

constituting grains (mixture of sand and silt/clay):
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where FC is the fines content, Reiay is the clay resistivity and AR is defined as:

1 1

AR = (5)

Rciay  Rsand
where Rsang 1s the resistivity of non-clay particles.
c) Hashin-Shtrikman lower bound ([39]) and the Voigt-Reuss-Hill model ([40]) are adopted to
infer the relationship between soil porosity (¢) and shear wave velocity (Vs), using the

following equations:
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where p is the bulk density of the soil, Gum and Knwm are respectively the shear and bulk moduli of
the soil at the critical porosity, ¢o, n is the coordination number, P is the confining pressure, v is the
Poisson’s ratio of the soil, Gsand and Gelay are respectively the shear moduli of sand and silt/clay
components, and Gy is the shear modulus of the soil grains.

All the constitutive parameters of the above equations can be obtained by in-situ geological and
geotechnical information or assumed based on the wide scientific literature on this topic (such as Relay
and Rgand). Further details about the choice of the constitutive parameters and on the sensitivity
analysis of the above equations can be found in Vagnon et al [27].

By superimposing the measured R and Vs values at a given depth to the theoretical constant FC
curves, it is then possible to obtain the soil FC associating the experimental data to the nearest FC
curve. Specific calibrations are also possible if direct FC estimations are available at a particular site

to compare the results. This approach has been attempted in this study changing the constitutive



206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

parameters to allow the better possible match with available direct geotechnical investigations at the

two calibration sites (A and B in Fig. 1).

4. Geotechnical and geophysical characterization at the calibration sites and site-specific
FC estimates

The sites adopted for the calibration of the proposed procedure refer to Mirabello (Site A in Fig. 1)
and Bondeno (Site B in Fig. 1), two villages located in the province of Ferrara (Italy), strongly
affected by liquefaction phenomena following the 2012 Emilia seismic sequence. These sites have
been studied through numerous research activities, including full-scale blast-induced liquefaction
experiments, to which the data used in this work refer. In particular, the Mirabello test site (Site A in
Fig. 1) was the site of the first Italian blast-induced liquefaction test performed in silty sands. Its
main goal was to study the variation of soil properties before and after the execution of the blast test
sequence ([36], [19]), by performing piezocone (CPTU), seismic dilatometer (SDMT), down-hole
tests (DH) in boreholes, and electrical resitivity tomographies (ERT). On the contrary, the Bondeno
test site (Site B in Fig. 1) was realized to study the effectiveness of rammed aggregate piers towards
liquefaction mitigation in silty sands using explosives, and geotechnical and geophysical tests
(boreholes, CPTU, SDMT, ERT) were performed before and after treatment, and after the blast at
different times ([37], [11], [9]).
The subsoil model of the Mirabello test site can be identified using the available borehole log and
related laboratory tests and the DH and ERT surveys, five CPTUs and five SDMTs performed along
a 2012 liquefaction crack (see Fig. 1). The schematic soil profile with the USCS classification is
reported in the first line of Fig. 3 together with the FC data obtained from laboratory tests ([34]) and
the in-situ soil type indicators, the I from CPTU and the Ip from DMT. Direct measurements from
the site investigations are also reported in the second line of Fig. 3 in terms of the corrected cone
resistance (q¢) from CPTU, the horizontal stress index (Kp) from DMT, the shear wave velocity (Vs)
from DH, and the resistivity (R) from ERT.
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Fig. 3 Soil profiles at the Mirabello test site. First line: schematic soil profile with USCS

classification, fines content (FC) from laboratory tests, soil behaviour type index (I¢) from CPTU,

material index (Ip) from DMT; second line: corrected cone resistance (q¢) from CPTU, horizontal

stress index (Kp) from DMT, shear wave velocity (Vs) from DH, resistivity (R) from ERT.

The measurements highlight a thick non-liquefiable crust in the upper 6 m, characterized by silts and

clays, CH-CL according to USCS classification, with fine content FC = 70-100% and plasticity index

PI = 23-54%. The underlying layers are mainly composed by low plastic-non plastic sandy silts and

silty sands of Apennine (Reno River) provenance, litharenitic in composition, (ML-SM with FC =

25-75%, P1=5-9% between 6 and 8 m depth) and quartz-feldspar-rich Alpine (Po River) provenances
(SM with FC = 20-35%, PI = 0%, below 8 m depth). Fontana et al. (2019) [34] identified the
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litharenitic silty sands with Apennine provenance as the source layer that liquefied in 2012, by
comparing compositional and granulometric analyses on the borehole samples and the sand boils.
This assessment matches well with the CPT and DMT profiles: q; values are limited approximately
between 0.8 and 2 MPa and Kp data varies from about 1.5 to 3 in the Apennine-derived layer, while
both the parameters have a considerable increase in the deeper Alpine-derived sand layers (q: =~ 6-18
MPa, Kp = 3-6).

Coherently with the above results the DH test identifies a first silty clay layer (Vs of about 150 m/s)
3 m thick. Below this layer, a velocity inversion is observed in the clayey silty layer from 4 to 6 m
(Vs of about 120 m/s). Thereafter, a progressive increase in Vs in the Apennine sandy silts and silty
sands and in the underlying Po sandy loams is observed. DH data were obtained at the site by means
of a seismic chain of 8 triaxial (10 Hz) geophones with 1 m spacing, connected to a Geonics - Geode
seismograph. The seismic chain was lowered into the hole with a 2 geophones superposition for
consecutive lowerings. For the acquisitions a 5 kg sledge-hammer striking laterally on a 1.5 m steel
bar was adopted. Source polarity inversion was also used. Data were processed, after first break
picking, both with the interpolation method and with the true interval method following the ASTM
D7400-14 [41] standards and in ISSMGE guidelines ([42]). Good quality data were obtained in most
acquisitions (for more details see [19]) allowing a very reliable soil profile reconstruction.

The Vs results are confirmed by the ERT results. A shallow resistive (resistivity of about 30 Ohm-m)
layer (topsoil and silty clays) 4 m-thick is observed. This layer corresponds to the high-velocity layer
identified by the DH test and is related to the presence of a dry crust at the time of execution of the
tests, due to an arid winter season. A less resistive (resistivity of about 7 Ohm-m) layer is observed
from 4 to 6 m, related to the presence of saturated clayey silts. A noticeable increase in resistivity is
observed between 6 and 8 m in the fluvial Apennine deposits, while the resistivity results
approximately constant in the Po River silty sands. ERT data were acquired with a Syscal — Pro
georesistivitymeter and 72 electrodes at 1 m spacing. A Wenner-Schlumberger acquisition sequence
was adopted with 1287 potential measurements. This sequence allowed a dense spatial distribution
of measuring points combining both lateral and vertical resolution (for more details see [19]).
Experimental data were inverted with Res2DInv ([43]) after filtering of anomalous measurements
(with standard deviations higher than 5%). A very good convergence of the results was obtained from
the inverted resistivity model with a global root mean square error below 2%. The resistivity profile
reported in Fig. 3 was then obtained from the inverted resistivity model by considering the average
resistivity with depth in the zone (within a 1 m radius) where the other geotechnical data were

available (see Fig. 1A). Variability from the average resistivity value span from 7 %, near the surface
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to 1 — 2 % at depth, averaging 3.35%. The relatively higher variability near surface reflects the more
laterally heterogeneous top soil.

At the Bondeno test site the geotechnical model was reconstructed using the two available borehole
logs and the related laboratory tests, four CPTUs, two SDMTs and the ERT. The location of the
surveys is reported in Fig. 1 and covers a wide area, extended about 70 m and largely affected by the
2012 sand ejecta. The summary of the geotechnical and geophysical characterization is reported in
Fig. 4. The reconstructed stratigraphic column is composed by a thin silty-clayey non-liquefiable
crust in the upper 3.5 m depth, namely CL for USCS classification, with FC > 65% and PI1 = 18-22%,
followed by a non-plastic thick sandy and silty-sandy layer with considerable values of FC =~ 25-35%
(SM-SP). According to the liquefaction assessment presented by Amoroso et al. [11] using the
“simplified method” ([1]), the 2012 liquefied deposits can be detected into the upper layer of Po River
silty sands (depth approximately between 3.5 and 12 m), characterized by lower values of resistance
and stiffness. However, as highlighted already by the authors, the fines content correction applied to
the CPT procedure using a “blind” FC estimate or a laboratory-calibrated FC relationship provides
high differences into the susceptibility evaluation, resulting important to provide a site-specific FC
estimate for the 2012 Emilia epicentral area.

Geophysical evidences are in good agreement with geotechnical tests. Results of the SDMT test
identify a first silty-clayey layer (Vs around 100 m/s) about 3 to 4 m thick. Below this layer, a
progressive velocity increase is observed in the thick sandy and silty-sandy layer (Vs from 150 to 250
m/s). SDMT data were obtained at the site with two horizontal geophones (frequency of 28 Hz and
sensitivity of 0.600 V/ips), spaced 0.5 m, for measuring Vs each 0.5 m (Amoroso et al., 2020). A
biaxial inclinometer is also located at the midpoint of the seismic probe to monitor the tilt during the
penetration and to eventually correct Vs measurements. A manual hammer hitting horizontally an
appropriate base is used to generate S-waves at the ground surface. The S-wave source, 10 kg heavy,
is oriented parallel to the receiver axis to increase the sensitivity to the generated shear waves. The
S-wave source, connected to a different external trigger, is usually located at a distance of less than 1
m from the DMT penetrating rods to have the S-waves travel nearly vertical. The seismic signal,
acquired by the geophones, is amplified and digitized at depth. The recording system consists of one
channel for each geophone, having identical phase characteristics and adjustable gain control. Usual
sampling interval of 200 ps is used for S-waves. A similar processing approach than for the DH data
was adopted allowing good quality data and a very reliable soil profile reconstruction.

Generally, very low resistivities were measured at the test site due to anomalous very high electrical
conductivity of the saturating water (above 1300 puS/cm). These high conductivity values strongly

influenced the imaged resistivity data towards lower resistivity values, partially compromising the
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ability of the surveys in detecting stratigraphic changes. Nevertheless, a clear transition is evidenced
in the resistivity profile from the silty-clayey layer in the upper 3.5 m depth (resistivity of about 7
Ohm-m) to the following sandy and silty-sandy layers (resistivity of about 5 Ohm-m). ERT data were
acquired with a Syscal — Pro georesistivitymeter and 64 electrodes at 1 m spacing. A similar Wenner-
Schlumberger acquisition sequence than in the Miralbello site was adopted with 990 potential
measurements, reduced with respect to Mirabello due to the reduced array length. Data were inverted
with the same approach than in the Mirabello site with an even increased convergence (global root
mean square error below 1%). As before the resistivity profile reported in Fig. 4 was then obtained
from the inverted resistivity model considering the average resistivity with depth in the zone (within
a 1 m radius) where the other geotechnical data were available (see Fig. 1B). Variability from the
average resistivity value span in this case from 1.3 %, near the surface to about 0.05 % at depth,
averaging 0.45%. The relatively low variability, reduced with respect to the Mirabello site, reflect the

high fluid conductivity that tend to homogenize the whole resistivity section.
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Fig. 4 Soil profiles at the Bondeno test site. First line: schematic soil profile with USCS classification,
fines content (FC) from laboratory tests, soil behaviour type index (Ic) from CPTU, material index
(Ip) from DMT; second line: corrected cone resistance (q¢) from CPTU, horizontal stress index (Kp)

from DMT, shear wave velocity (Vs) from SDMT, resistivity (R) from ERT.

4.1. Calibration of FC estimates
The x¢ (Eq. 1, [38]) and Crc (Eq. 2, [7]) coefficients have been calibrated using the FC values obtained

by laboratory tests and the available CPTU data at the Mirabello and Bondeno test sites. In order to
obtain a single I value to associate to the laboratory FC, I was averaged at + 0.1 m with respect to
the depth of the analysed sample. The plot of the entire I.-FC dataset shows a high variability of the

Crc values mostly in the 0.00 to 0.40 range and in the 1 to 4 range for the x. coefficient, as reported
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in Figs. 5a and 5b. The best fitting of the Crc and x. values (red curves in Figs. 5a and 5b) reports a
positive value of Crc = 0.19 for [7] and the upper bound of the [38] formulation equal to xc = 2.
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Fig. 5 FC estimates using in-situ tests at the Mirabello and Bondeno test sites: (a) calibration of the
Ic-FC chart by [7]; (b) calibration of the I.-FC chart by [38]; (¢) Ip-FC chart proposed in this study
based on DMT data.

The availability of flat dilatometer data have allowed to propose the first correlation between the
material index (Ip) and the fines content. During the DMT soundings, the measurements were
collected every 0.2 m, therefore the Ip was averaged at + 0.2 m with respect to the sample depth. The
coupling of the DMT and laboratory data has provided the following linear regression (red line in
Fig. 5¢):

FC=xp (=31 - Ip + 91) (11)
Upper and lower bounds in the correlation can be detected using a coefficient named xp that varies
from 0.5 to 2 (dashed lines in Fig. 5c). Furthermore, in all the plots of Fig. 5, dot vertical lines have
been added according to the soil type thresholds identified by I. and Ip, which may be useful in
additional refinements of calibration for indirect FC estimates obtained in further investigations in
these areas.
The application of the calibrated coefficients to single CPTU and DMT at the research sites allowed
to compare the site-specific FC predictions with the FC laboratory measurements. Analogously to
geotechnical tests, the procedure described in Section 3.2 was used for forecasting FC from
geophysical surveys.
Fig. 6 plots the FC estimates by CPTU and DMT for the Mirabello and Bondeno test sites, together
with the FC estimates from the geophysical tests and available laboratory data. The indirect FC
estimates (from geotechnical and geophysical tests) are reasonably in good agreement with the
laboratory FC data points. For both the sites the sharp vertical variations between clays/silts and silty

sands, at about 6 m at the Mirabello site and 3 m at the Bondeno site, are satisfactorily reproduced by
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all the adopted indirect methodologies. Results based on the geophysical tests at the Mirabello test
site appear to show a shallower thickness of the clay layer apparently in accordance with some
laboratory FC estimates. Both the DMT and geophysical estimates appear to show a reduced FC in
the upper portion of the cohesive crust where laboratory data are limited. Within the underlying sandy
silt/silty sand layers, the proposed correlations show a greater variability which is also displayed in
the laboratory FC estimates. Particularly at the Bondeno site results based on the geophysical tests
seem to diverge from the ones from the geotechnical tests below about 6 m depth. This behaviour can
be related to the higher subsoil variability (laboratory FC varying between 10 to 50 % below 5 m
depth) and therefore to the more localized nature of geotechnical testing with respect to the
geophysical ones. Indeed, also the different estimates from geotechnical testing are less in agreement
in this test site. However, this effect can be also partially related to the high fluid conductivity at the

Bondeno test site which can partially drive the geophysical estimates to higher FC.
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Fig. 6 Comparison between FC profiles at the Mirabello and Bondeno test sites: laboratory data (FC
LAB), estimates using CPT relationships with xc =2 ([38]) and Crc = 0.19 ([7]), new FC predictions
by DMT and geophysical surveys (ERT and Vs from DH or SDMT).

Regarding CPT predictions, the assumed Sukuki et al. [38] coefficient (x. = 2) provides a FC profile
that fits better to the laboratory data than using the site-specific Boulanger and Idriss [7] coefficient
(Crc = 0.19). This is also confirmed by comparing the overall standard deviation (SD) of the FC

predictions with respect to the laboratory measurements:



385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

— \/Z(FCCPTN_ FCLAB)Z (12)

Where FCcpris the FC prediction obtained by CPT correlations, FCrag is the FC value measured in

SD

the laboratory and N the total number of measurements. At both the test sites, the SD based the Suzuki
et al. [38] estimate (25% in Mirabello and 17% in Bondeno) is lower than that the one obtained using
the Boulanger and Idriss [7] equation (31% in Mirabello and 21% in Bondeno) allowing an overall
better agreement with the laboratory data.

The comparison between the FC measurements and predictions from the newly proposed DMT
correlation (Fig. 5) seems to perform better in the silty sandy layer, where the number of laboratory
samples is considerably higher, compared to the upper cohesive crusts (few available samples). The
average SD for the DMT correlation is 23% in Mirabello and 24% in Bondeno, therefore of the same
order of the CPT correlations.

The FC profile estimated from geophysical surveys is also in reasonably good agreement with
laboratory measurements, highlighting the potentialities of the proposed methodology for a
preliminary screening of the potentially liquefiable soil and upper cohesive crust. The average SD for

the geophysical correlation at both the sites is 32% in Mirabello and 22% in Bondeno.

5. Application of the calibrated correlations at the San Carlo test site.

The correlations described in the previous sections have been used to forecast the FC variability in
the third site of San Carlo (Site C, Fig. 1) both along 1D profiles (geotechnical correlations) and 2D
sections (geophysical correlation). As shown in Fig. 1, both ERT and MASW2D surveys were
performed along the direction where the 2012 sand boils occurred at the site, while two SDMTs and
one CPTU were carried at the border of the same alignment.

Both the geophysical surveys have the same length (106.5 m) and acquisition spacing (electrodes and
geophones 1.5 m-spaced) to guarantee a perfect overlap of the results and good compromise between
the depth of investigation (DOI) and the data coverage. ERT data at this site were obtained following
similar approaches than in the calibration sites. Particularly the same appraoch adopted at the
Mirabello site was used for data acquisition (Syscal — Pro georesistivitymeter and 72 electrodes at 1
m spacing with same Wenner-Schlumberger acquisition sequence with 1287 quadrupole). Also data
processing and inversion was similar with a very good convergence (global root mean square error
below 1%). As already mentioned this sequence allowed a dense spatial distribution of measuring
points combining both lateral and vertical resolution with a resulting resolution of about 0.5 m both
in the vertical and horizontal direction.

The seismic data were instead analysed with a specific procedure for the analysis of Rayleigh wave

fundamental mode dispersion curves ([45], [46]) to allow the reconstruction of a 2D Vs section. This
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approach is based on the use of a direct Wavelength-Depth transform of experimental dispersion
curves and does not require a formal solution of the inverse problem. This transform has been
obtained considering the similitude between the weighted average Vs profile and the dispersion curve
and represents the surface waves skin depth for increasing wavelengths. Further detail on the way in
which this transform was obtained and can be applied for “D Vs section reconstruction can be found
in Anjom et al. [47]. In this same paper a study on the uncertainty analysis of this approach was also
reported showing that minor and uniform uncertainties (less than 10 per cent in most regions) can be

obtained.
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Fig. 7 Geophysical tests executed at the San Carlo test site (Site C, Fig. 1) with superimposed
stratigraphic interpretation: a) ERT and b) MASW2D.
Using the calibrated methodologies described in sections 3 and 4, the 2D imaging of FC for the San
Carlo test site has been evaluated from the geophysical data and the 1D FC profiles obtained from
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available geotechnical tests (Fig. 8). The colour scale adopted for the FC representation is similar to
the one used for the stratigraphic profiles of the calibration sites (see Figs. 3 and 4) to allow a direct

comparison.

ERT results (Fig. 7a) are in good agreement with the attended stratigraphic scheme in the area
reporting: a shallow layer of topsoil with quite high resistivity (ranging between 60 and 100 Ohm-m)
which can be related to the extremely arid conditions during the measurements, till the depth of 2 m;
below a more conductive layer (resistivity lower than 10 Ohm-m) of clays and silts, with a variable
thickness of 4-7 m and a resistive layer (ranging between 20 and 30 Ohm-'m) of sandy silts. Within
this last layer local increases in resistivity are imaged reflecting the local presence of silty sands. The
interface between the clayey and sandy silty/silty sandy deposits is not horizontal but exhibits
elongated resistivity anomalies, which might be correlated with liquefaction effects occurred during
the 2012 earthquake. It must be however considered that due to the presence of the low resistivity
clay layer a reduction in sensitivity is observed in the final inverted model below about 7 m depth.
This effect still allows to consider very reliable the imaging of the interface between the clayey and
sandy silty/silty sandy deposits but less certain the resistivity values below this interface.

A similar setting emerges from the seismic tests at the site (Fig. 7b). Below a shallow low-velocity
(Vs lower than 100 m/s) layer of clays and silts, a progressive increase in Vs is observed, due to the
passage to sandy silts and silty sands. This last transition is better evidenced in the seismic data with
respect to the resistivity data which conversely have higher resolution in the identification of the
shallow topsoil. Similarly to the ERT section the transition from clayey and sandy silty/silty sandy
deposits is not horizontal but exhibits localized anomalies in which portions of soil with Vs values up
to 120 m/s are mixed (particularly at 45 and 80 m progressives) in a more homogeneous clayey layer
with average Vs lower than 100 m/s. In particular, at 80 m progressive, it is clearly visible the material
uplift up to the surface potentially correlated to the observed liquefaction phenomena in the same

portion of the profile (see Fig. 1).
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Fig. 8. Imaging of the FC from geotechnical and geophysical data at the San Carlo test site (Site C,
Fig. 2).

From these results it can be observed that, even if the punctual 1D tests are not in the same position
of the 2D section for logistic constrain, a similar site setting emerges from all the surveys. The
argillaceous cohesive and not liquefiable crust (CL, CH) can be estimated to be about 8 to 10 m thick
from geotechnical tests and about 5 to 8 m thick from geophysical tests. These last tests evidence also
a significant lateral variability of the crust thickness (higher in the NE portion of the 2D profile) with
also relevant oscillations within the profile. In general, the proposed FC screening from the
geophysical data appear to be satisfactory, with the great advantage with respect to the punctual
geotechnical information of estimating the parameter variations along a wider portion of the site and
therefore providing relevant information for the estimation of susceptibility to liquefaction. With
respect to the geotechnical tests, the geophysical estimates report a less thick portion of the subsoil
with FC > 80 % and a less marked interface with the underlying sandy silt and silty sand with a FC
transition and lateral variability. The geological setting emerging from the geophysical data appears
to be coherent with respect to the presence at the site of widespread liquefaction phenomena. The
combination of the geotechnical and geophysical tests has permitted to reconstruct the geometry and
thickness of the fluvial channel sandy body that originated the liquefaction in 2012. This body appears
oriented perpendicularly with respect to the 2012 liquefaction alignment and to the geophysical tests.
The maximum thickness of the sandy body appears to be comprised between the 55 and 90
progressives, with a sharp lateral closure north-eastward in correspondence of the SDMT18 test (Fig.

6).
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6. Conclusions

Specific fines content (FC) procedures, based on geotechnical and geophysical data, have been
proposed for more proper liquefaction hazard estimations in the alluvial Emilia plain (Italy) affected
by the 2012 seismic sequence. These methodologies are based on CPT or DMT or electrical resistivity
and shear wave velocity measurements.

Specifically, a new and firstly proposed correlation between FC and DMT data has been developed
and calibrated, increasing the potentiality of the DMT tests and its applicability in the study area. The
paper shows the potentiality of the CPT and DMT cost-effective procedures in the definition of the
FC vertical profile (1D imaging), supported by independent laboratory FC estimates at the calibration
sites.

The linear geophysical surveys allowed to obtain 2D imaging of the fines content, able to distinguish
the upper non-liquefiable high FC crust and the underlying lower FC sandy silty/silty sandy layers.
Moreover these techniques provided a reasonable subsoil reconstruction of alluvial succession,
highlighting geometrical variability and grain-size. This approach, calibrated at the study sites, has
provided relevant information for the estimation of liquefaction susceptibility along 2D profiles, and
significant advantage with respect to the punctual estimation carried out by the geotechnical tests.
The integration of punctual and linear investigations has also supported the reconstruction of the

geometry and thickness of the 2012 liquefied deposits.
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