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Introduction

The delineation of areas prone to liquefaction, the evaluation of their liquefaction potential and
their detailed mapping represent crucial issues for mitigating the liquefaction risk and especially for
minimizing or even avoiding the occurrence of structural damages at buildings. In the last decade,
seismic microzonation studies including quantitative assessment of liquefaction hazard became a
major task for urban areas or for areas planned for new buildings and/or infrastructures. Indeed, this
has revealed an outstanding problem, for example, after the New Zealand, Canterbury 2010-1011
earthquake sequence, which started with the Darfield event in September 2010 (M,, = 7.1), followed
during 2011 by other three major shocks close to Christchurch ranging from 5.9 to 6.3 (Tonkin and
Taylor, 2010a; 2010b; 2013; Cubrinovski et al., 2011; Orense et al., 2011; Wotherspoon et al., 2012;
O'Rourke et al., 2014).

In order to evaluate the liquefaction potential at a site and to compile liquefaction hazard maps,
several approaches have been proposed in the past. The most widely applied is based on the
Liquefaction Potential Index (LPI in the following), developed by Iwasaki et al. (1978). In addition,
following the Christchurch seismic events and especially due to the widespread liquefaction that has
occurred, a huge amount of in-situ tests have been performed in the broader epicentral area therefore
allowing to propose a new approach referred to as the Liquefaction Severity Number (LSN in the
following; Tonkin and Taylor, 2013; van Ballegooy et al., 2014).

Recently, also the eastern sector of the Po plain, northern Italy, suffered diffuse and important
liquefaction phenomena as a consequence of the May 20, and secondarily the May 29, 2012
earthquakes (Figure 1b; e.g. Caputo and Papathanassiou, 2012; Papathanassiou et al., 2012; Di Manna
et al., 2012; Emergeo WG, 2013). Both magnitude (respectively M,, = 6.1 and 6.0; e.g. Pondrelli et al.,
2012) and focal depth (respectively, 6.3 and 10.2 km; http://iside.rm.ingv.it/) were comparable at least
with the 2011 Christchurch events. Also in this case, several aftershocks up to M,, = 5.5 followed. Due
to the similar dynamics of the two seismic sequences, as well as the general geological-stratigraphic
setting of both epicentral areas characterized by alluvial plains with a flat morphology and a subsoil
consisting of recent and poorly consolidated fluvial deposits, in this note we apply the two above
mentioned parameters (LPI and LSN) to the Italian case study and correlate the obtained numerical
results with the observed liquefaction phenomena. We additionally compare the estimated values with
the existing classifications. At this regard it is worth of note that for the first time after it has been
proposed, the LSN classification will be tested in an earthquake-induced liquefaction case based on a

new dataset.
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Seismotectonis of the epicentral area

The causative faults of the two mainshocks of the May 2012 Emilia sequence are two segments
belonging to the Ferrara Arc, which represents the frontal most portion of the buried Northern
Apennines fold-and-thrust belt (CNR, 1992; Figure 1a). As a first order feature of the continental
accretionary wedge, it has a total length of more than 100 km. However, its internal geometry is
particularly complex and highly segmented, where individual segments are commonly 10-30 km-long
and characterized by different degrees of overstepping and overlapping geometries (Pieri and Groppi,
1981; Bigi et al., 1982; Boccaletti et al., 2004; Bonini et al., 2014). The latter aspect is critical in
determining the occurrence of soft or hard segment boundaries.

All these faults are seismogenic or at least capable of producing moderate-to-strong earthquakes
depending on the possibility of a co-seismic linkage with the nearby segment(s). In any case, faulting
along the Ferrara Arc is typically blind. As a consequence, during co-seismic reactivation the
topographic surface is broadly deformed by a typical bulge associated with the fault-propagation
folding process occurring at depth. Depending on the size of the fault, its dip-angle and the minimum
depth of the sliding surface tip, the uplifted area has commonly an elliptical shape 10-30 km-long by
5-15 km-wide and a maximum vertical displacement of some tens of centimeters. The DINSAR
technique applied to the Emilia sequence has clearly documented this phenomenon (e.g. Bignami et
al., 2012; Salvi et al., 2012).

The repeating of similar ‘areal morphogenic earthquakes' (sensu Caputo, 2005) during Late
Quaternary locally caused cumulative effects in the otherwise flat morphology of the region.
Depending on the energetic balance of single streams draining the alluvial plain, even small altimetric
and gradient changes could generate river avulsions and diversions with the consequent abandonment
of entire, several kilometers long, fluvial reaches and the shifting of the flooding events to different
areas. These (palaeo)geographic changes are well reflected in the morphology of the region (MURST,
1997) where a careful inspection of the hydrographic network allowed to highlight the presence of
several such drainage anomalies (e.g. Burrato et al., 2003; 2012).

Due to the overwhelming regional scale subsidence affecting the Po Plain and the resulting high-
rate sedimentary aggradation (Bartolini et al., 1996), the above mentioned local uplifts and the
following lateral mobility of the hydrographic network force the sedimentary architecture thus
producing important stratigraphic variations. These quite evident in the deeper geology (Pieri and
Groppi, 1981; Boccaletti et al., 2004; Ghielmi et al., 2010), but they could be also recognized within
the shallow deposits (e.g. Calabrese et al., 2012).

As a matter of fact, due to the persistence during the Holocene and even in historical times of this
highly dynamic evolution (Bondesan, 1989), the present-day topography shows local altimetric
differences up to several meters, while the shallow lithostratigraphic succession, say the first 10-20 m,

is characterized by a complex 3D distribution of deposits and, of particular interest for the present
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research, of the sandy and/or silty bodies. This complexity is also evident from a hydrogeological
point of view, because the occurrence of isolated or, in contrast, connected sandy bodies may generate
different acquifer systems characterized by semi-confined or confined conditions, commonly referred
to as A0 and Al, respectively, in the regional hydrogeological literature (e.g. Rapti-Caputo and
Martinelli, 2009; Molinari et al., 2007). As a consequence, the water content and the pore-pressure
may also vary in space and time due to variable porosity and the related permeability distribution.

We will see in the following chapter that these sedimentary variations are crucial for explaining
the occurrence or not of liquefaction phenomena at short distances even at sites with similar

morphology and affected by the same ground acceleration.

The May 20 event

Seismic aspects

The strong ground motion generated by the May 20 earthquake induced severe structural damages
to historical buildings, industries, farmhouses and ceramics warehouses. According to Galli et al.
(2012) the macroseismic intensity scale was characterized by a maximum of VII (MCS) between
Mirandola and San Felice sul Panaro and two distinct submaxima of VI-VII at Finale Emilia and San
Carlo. The same authors locate accordingly the macroseismic epicentre closer to Finale Emilia. In
general, residential houses suffered low-grade damage and very rare partial collapses and destructions
due to their low vulnerability.

Based on the ESI-07 scale (Michetti et al., 2007) a maximum environmental effects intensity of
VIII was recognized in the area of San Carlo (Caputo and Papathanassiou, 2012; Di Manna et al.,
2012). The concentration of environmental effects, mainly associated with liquefaction phenomena,
likely explains the cluster of damages and the attributed macroseismic intensity of VI-VII MCS at San
Carlo.

Regarding the generated strong ground motion, a PGA value of 0.26 g for the horizontal
component and 0.31 g for the vertical one was recorded at the station of Mirandola (MRN; Figure 1b),
which is located at ca. 15 km distance from the May 20 instrumental epicenter (Bozzoni et al., 2012;

http://itaca.mi.ingv.it).

Liquefaction-induced deformation

As previously described, the investigated area is characterized by the presence of paleoriverbeds,
out-flow channels and fans of the main Apennines streams crossing the area during he Holocene,
which mostly controlled the distribution of the observed liquefaction phenomena. Similar scenarios
have been generated in comparable alluvial settings for example in concomitance of the 1990 Luzon
Philippines, the 2007 Niigaten Chuetsu-oki Japan and the 2010 Darfield New Zealand (Wotherspoon

et al., 2012) earthquakes, showing that this type of geological and geomorphological setting is



©CO~NOOOTA~AWNPE

favourable to earthquake-induced surface ruptures and liquefaction phenomena.

For the aims of this paper, dedicated to compute the liquefaction potential indexes (LPI and LSN)
and correlate them with the concomitant occurrence, or not, of liquefaction phenomena at the surface,
we focus on two selected urban areas: Sant'/Agostino and San Carlo, in the eastern epicentral sector,
and Mirandola, on the western side; Figure 1b). Although the two areas have similar epicentral
distances, the former experienced widespread liquefaction phenomena, like sand boils and ground
fissures with ejection of silty sand-water mixtures and lateral spreading, while the western epicentral
area generally did not, with only few exceptions.

In the eastern case study, the May 20 mainshock triggered locally important damages to lifelines
(e.g. broken pipelines; Figure 2a), paved roads (e.g. decametric long cracks with opening up to several
cm; Figure 2b) or buildings (e.g. cracking due to differential settlement; Figure 2c¢) (e.g.
Papathanassiou et al., 2012; Emergeo WG, 2013). Furthermore, earthquake-induced lateral spreading
phenomena were reported in San Carlo and along the whole Sant'/Agostino to Mirabello urban
alignment (Figure 1b), inducing irrecoverable damages (Figure 2d) to houses built at the top of an
abandoned natural levee (see previous section). At this regard, the topography of the natural levees
though only few meters-higher than the surrounding alluvial plain played a crucial role, synergic with
the co-seismic shaking and the liquefaction, in generating the clustering of the observed damage (Di
Manna et al., 2012).

A peculiarity of the region is also the presence of numerous large-diamater (ca. 1.5 m) water wells
5-10 m-deep generally connected with the first semi-confined acquifer (A0). Accordingly, during the
main shock the ejection of large amounts of liquefied silty-sandy material was locally enhanced within
courtyards of the residential buildings (Figure 3). This phenomenon generally caused the complete
loss of functionality of the wells that sometimes remained completely filled by sand (Papathanassiou
et al., 2012), but also induced small size settlement of the nearby residential buildings as a
consequence of ground loss (Figure 4).

Along the Sant'Agostino, San Carlo and Mirabello urban alignment, important ground ruptures
tens of meters-long, with opening up to 20-30 cm and vertical offsets between the two blocks of 15-20
cm were also observed in the free field (i.e. affecting ploughed or natural soil; Figure 5). Fractures
were commonly aligned parallel to the levee and locally formed overstepping and overlapping sets
with a cumulative length of several hundred meters. In most cases, sandy material was ejected through
these cracks (Figure 5b). Across one of such fracture systems a 50 m-long and 8 m-deep
palaeoseismological trench has been excavated allowing to directly observe and log in detail the
stratigraphy of the palaeo levee as well as the several subvertical dikes and other liquefaction
associated features, like palaeo-slumps, graben structures and mixed-up sandy-silty layers (Caputo et
al., 2012a; 2012b). The results of trenching document the occurrence of palaeoliquefaction phenomena
likely associated with the 1570 Ferrara earthquake.

During the post-seismic field survey, we also sampled ejected material for estimating their
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granulometric distribution and Atterberg limits (analyses carried out at the Laboratory of Engineering
Geology and Hydrogeology of the Department of Geology, Aristotle University of Thessaloniki). The
majority of the ejecta are classified as SM with non-plastic fine particles, and SP-SM, while the fines
content varied from 6% to 12% for the SP-SM and from 20% to 34% for the SM (Papathanassiou et
al., 2012).

During the same field survey, we also carried out short interviews with the villagers. The
information we got is that most of the sandy material within the urban areas of Mirabello, San Carlo
and Sant'Agostino was ejected through large diameter water wells starting roughly at the same time of
the mainshock. However, in the first seconds/minutes just clear water was outpured and only
afterwards it was mixed with silt-sand.

Furthermore, buckling phenomena were locally observed in Mirabello at the base of the levee
slope (Figure 6), where contractional features formed due to the differential lateral sliding of building
moving downslope on an inclined (even with few degrees) liquefied level (e.g. Pizzi and Scisciani,
2012). Similar phenomena have also been documented after the Cephalonia, Greece 2014 (Valkaniotis
et al., 2014) and Great East Japan 2011 (e.g. Yasuda et al., 2012) earthquakes.

In some cases, when liquefied material during its upward migration encountered a top layer which
was resistant enough to impede fracturing but not plastic deformation, say for example a pavement,
local bulging structures formed (Figure 7).

As concerns the investigated western sector (e.g. Mirandola area), it is noteworthy that though at a
similar epicentral distance, only few liquefaction manifestations were reported, including scattered
water-sand ejections and liquefaction-induced ground disruptions (Figure 1b). Ground loss due to sand
ejecta induced a settlement of about 6 cm in a residential house.

As concerns the liquefaction occurrences that were reported outside of the eastern sector of the
meizoseismal zone (Sant’Agostino-San Carlo-Mirabello), Di Manna et al. (2012) report that in the
area of San Felice sul Panaro the most common and frequently observed effects in urban areas were
the ejection of sand from water wells. For example, these effects were mapped (e.g. Emergeo WG,
2013) in the area between the stadium and the railway station.

Liquefaction phenomena have also been reported in the Cavezzo village within and near the main
canal while few isolated liquefaction surface evidences were mapped around the Medolla village
(Emergeo WG, 2013). In addition, liquefaction manifestations were also reported by Di Manna et al.
(2012) and Emergeo WG (2013) to the northwest of Mirabello and near Scortichino (Obici locality),
Burana, San Martino Spino, Bondeno where the dominant type of liquefaction-induced ground

disruption was reported to be fractures with sand ejection (Figure 1b).
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Quantitative assessment of the liquefaction potential

Data collection

Following the earthquake, a systematic search and collection of all available geognostic
information has been carried out in the broader epicentral area by the Servizio Geologico, Sismico e
dei Suoli of the Emilia Romagna Region for improving and enriching the already existing database
(http://ambiente.regione.emilia-romagna.it/geologia/cartografia/webgis-banchedati/). We contributed
to this work particularly for the two areas investigated in this paper. Collected data consist of different
typologies from water wells, with or without carrot, to several kinds of penetration tests. For the aims
of this paper we considered only piezocone penetration (CPTu), seismic cones (SCPTu) and electrical
cone penetration tests (CPTe) in order to maintain the uniformity in our dataset mainly regarding the
intervals of measurements. These techniques indeed allow to define with a good accuracy the
geotechnical characteristics of the subsoil, say at least the first 20 m, and particularly to calculate the
liquefaction potential (LPI and LSN) at the site.

In order to correlate the numerical results (see following section) with the occurrence or not of
liquefaction phenomena in concomitance with the May 20 earthquake, we selected only the test sites
for which we have a sure evidence (either positive or negative) of liquefaction-induced ground
disruption. Accordingly, we selected 2 CPTe and 47 CPTu and 11 SCPTu most of which have been
carried out in the months following the earthquake specifically for seismic microzonation purposes.
The selected tests are shown in the maps of Figures 8 and 9, while in Table 1 all relevant information
is reported.

For each site, we obtained a simplified stratigraphy of the subsoil based on the interpretation of
recorded values of tip resistance and sleeve friction ratio to a soil type behaviour index (Ic) vertical
profile. The classification of soil units follows the normalized CPT soil behaviour type chart, proposed
by Robertson and Wride (1998) that provides a guide to soil behavior. Therefore, rather than a purely
lithological meaning, the obtained units bear a geotechnical information which is a mixture of grain-
size distribution and follow generally similar classification of susceptibility to soil liquefaction. In
particular, the units referred to as i) sand, ii) sand mixture, iii) silt mixture and iv) clay, correspond to
i) clean sand-to-silty sand, ii) silty sand-to-sandy silt, iii) clayey silt-to-silty clay and iv) clay, soils
units, respectively.

As concerns the water level depth necessary to calculate the pore pressure profile, the value
measured during the drilling was taken into account. All these quantitative analyses were performed
using the CLiq software (ver. 1.7.6.34; www.geologismiki.gr).

In Figure 10, are two representative lithostratigraphic profiles for the two investigated areas
documenting the lateral variability which characterizes the subsoil from the decameter to the kilometer

scale. Indeed, sandy and/or slity sandy layers could vary both in depth from the surface as well as in
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thickness, merging with other layers or laterally disappering. Similar geological sections have been

presented by Calabrese et al. (2012).

Sites specific acceleration

For the quantitative assessment of the liquefaction potential, the ground acceleration at the site
represents an important parameter. As far as the two study areas fall within the epicentral zone (i.e.
near field) where a strong gradient generally occurs due to geometric and anelastic attenuations, it
would be not correct to assume a unique acceleration value for all the dataset. Indeed, the distances of
the selected sites from the instrumental epicenter fall in the range 10-17 km for the Mirandola area and
12-16 km for the Sant'Agostino area (Figures 1b and 8).

In order to obtain the acceleration value in correspondence of each geotechnical measurement site
we considered a ground motion probability equation (GMPE). Among the several such empirical
relations proposed in the literature, we selected that proposed by Bindi et al. (2011) because i) it is
specifically based on the Italian strong motion database ITACA (Luzi et al., 2008; Pacor et al., 2011;
http://itaca.mi.ingv.it), ii) it takes into account the style of faulting and iii) it is certainly the most
updated one for Italy. The validity of the applied GMPE is in the moment magnitude range 4.0-6.9 and
for distances up to 200 km therefore including our dataset parameters.

The PGA estimated with the Bindi et al. (2011) GMPE represents the geometrical mean of the
two horizontal components. In order to calculate the acceleration at each site, we considered a scalar
moment magnitude of 6.1 (Pondrelli et al., 2012) and a hypocentral depth of 7.0 km (Cesca et al.,
2013). For estimating the Joyner-Boore distance, R;g, required in the calculation of the GMPE, we
applied an empirical relationship between R;z and the epicentral distance (Montaldo et al., 2005).
Taking into account that all GMPEs including the one we used (Bindi et al., 2011) assume a radial
coseismic rupture and hence a radial distribution of the seismic energy (viz. ground acceleration),
while the May 20 event was characterized by a strong directivity towards ESE of the rupture
propagation (Ganas et al., 2012; Pezzo et al., 2013), for the epicentral location we assumed the vertical
projection of the slip plane centroid (Cesca et al., 2013; Ganas et al., 2012; Pezzo et al., 2013), which
assured a more realistic distribution of the acceleration especially in the near-field.

According to the information on the shear wave velocity in the first 30 m obtained from the
available SCPTUs and following the EC8 (CEN, 2003), all sites were characterized as class C soil (i.e.
with a vg in the range 180-360 m/s). The acceleration values for each site calculated on the basis of
the Bindi et al. (2011)'s GMPE are reported in Table 1 and represented in Figure 11.

The two horizontal accelerations recorded at the Mirandola station (MRN) during the May 20
event, which represents the only available value in the seismic near-field (i.e. within a distance
comparable to the fault's dimensions), perfectly fit the value we estimated using the Bindi et al. (2011)
GMPE (Figure 11). Several other stations, though located in the far-field, have recorded PGA values,

which mainly fall within the standard deviation curves of the used GMPE for class C.
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Evaluating the liquefaction potential

In order to evaluate the liquefaction potential of a soil element, the factor of safety against
liquefaction (Fs) should be computed using the widely applied stress-based approach, the so called
'simplified procedure’, initially proposed by Seed and Idriss (1985) and modified by Youd et al.
(2001). Nowadays, most of the studies dealing with liquefaction, follow one or more of the approaches
proposed by Seed et al. (2003), Cetin et al. (2004) or Idriss and Boulanger (2008). However, these
procedures allow to infer only the behaviour of a single uniform soil layer.

In the present research, for the evaluation of factor of safety, we apply the Idriss and Boulanger
(2008) stress-based approach, which compares the earthquake-induced cyclic stress ratio (CSR) with
the cyclic resistance ratio of the soil (CRR). Additionally in order to take into account the fines content
in the absence of site-specific laboratory test data, we followed the Roberston and Wride (1998)
approach. This also allows to maintain the consistency with the procedure followed by Tonkin and
Taylor (2013) for the development of LSN methodology. As above mentioned, the groundwater level
entering the calculation of the factor of safety was recorded during the drilling and listed in Table 1
(meters from the ground surface).

For the computation of the liquefaction potential on the vertical of multiple layers, other
approaches should be applied as the one originally proposed by Iwasaki et al. (1978; LPI) which
provides a single value characterizing the performance of the whole soil column. As above mentioned,
Tonkin and Taylor (2013) have recently developed a new approach for assessing the type of damaging
effects of shallow liquefaction on structures (LSN). It is worth mentioning that both methods require
numerical information provided by in-situ tests, though the former method (LPI) was formulated based
on values obtained from SPT, while the latter (LSN) by data provided by CPT.

Liquefation Potential Index, LPI
As concerns the LPI, the obtained value is proportional to the thickness of the liquefiable layer, to

the thickness of the non-liquefiable (cap) layer and to Fs
LPI = ['F -w(z)dz [1]

where F=1-Fs, for Fs<1,and F =0, for Fs > 1; w(z) = 10 - 0.5-z, with z representing the depth from
the surface in meters. The integration depth (h) is commonly limited to 20 m. The parameter Fs
represents the ratio between CRR and CSR. Iwasaki et al. (1978) discriminated some threshold values
for the LPI based on the severity of liquefaction-induced damages observed during earthquakes and
proposed that the liquefaction failure potential should be characterized as 'low" at sites where 0 < LPI <
5, 'high" where LPI is in the range 5-15 and 'very high' above 15.

Sonmez (2003) developed a modified scale by adding a threshold value of 1.2 instead of 1 for the

calculation of Fs and introduced two new categories of liquefaction failure potential by distinguishing
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between 0 and 2 (‘'non liguefiable’) and 2 to 5 (‘'moderate’). Papathanassiou (2008) proposed an LPI-
based probabilistic approach for the evaluation of liquefaction-surface evidences and by taking into
account a cut-off value of 50% probability he also defined a threshold value of LPI = 14 for
discriminating the cases of liquefaction manifestation from the non-liquefaction. The above
classifications have been developed exclusively using SPT data, while the one proposed by
Papathanassiou (2008) took additionally into account the susceptibility to liquefaction criteria
proposed by Seed et al. (2003) for the classification of the soil layers. Juang et al. (2008) suggest that
the two threshold values (5 and 15) assumed in the lwasaki criterion are likely not universally
applicable.

An important confirmation of the Iwasaki et al. (1978) classification was provided by Toprak and
Holzer (2003) which compared LPI values with the liquefaction-induced failures of several
earthquakes, but obtained from CPTs instead of SPTs. They concluded that sand boils likely occur
where LPI > 5 and lateral spreading phenomena will occur where LPI > 12. They also suggest that LPI
> 5 can be used as a threshold for the surface manifestation of liquefaction. Furthermore, Lee et al.
(2004) by applying the Robertson and Wride (1998) method in order to determine the factor of safety,
suggest that liquefaction risk is 'high' for sites with LPI > 21 and 'low' for sites with LPI < 13. Juang et
al. (2008) computed LPI with the concept of probability of surface manifestation of liquefaction (Pg)
and recommended the following classification of risk for surface manifestation of liquefaction;
‘extremely low' when Pg < 0.1, 'low' for 0.1 < Pg < 0.3, 'medium' when 0.3 < Pg < 0.7, 'high' when 0.7
< Pg < 0.9 and 'extremely high' for Pg > 0.9. In addition, Juang et al. (2008) concluded that the LPI
scale should be rigorously re-calibrated anytime a component model of the LPI procedure is modified,
while the discrepancy between the existing calibrations proposed by several authors as briefly
reviewed above may be also due to different types of considered liquefiable layers, e.g. clear sand or
silty sands and sandy silts. For a comprehensive description of the LPI and the relevant procedures, the
reader is referred to Holzer (2008) and Juang et al. (2008).

Liquefation Severity Number, LSN

The LSN is a new parameter developed by Tonkin and Taylor (2013) to reflect the more damaging
effects of shallow liquefaction and should be considered as a probabilistic measure indicating risk
(Tonkin and Taylor, 2013). The LSN could be considered as an extension of the philosophy at the
basis of the LPI and represents an alternative method for assessing the response of structures to
liquefaction. The LSN rating represents the intensity of liquefaction by using volumetric densification
strain as a proxy (e,), with depth weighting by a hyperbolic (1/z) rather than a linear reduction (van
Ballegooy et al., 2012). According to Tonkin and Taylor (2013), the LSN is higher for liquefying soils
closer to the ground surface in comparison to liquefying layers at depth. The equation that should be

used for computing the LSN is:
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LSN =1000- johe?vaz 2]

where the volumetric densification strain in the subject layer, e,, is estimated by the approach
proposed by Zhang et al. (2002) and z is the depth from the surface to the layer of interest in meters.
As in equation [1], the integration depth is commonly posed equal to 20 m because the contribution of
the underlying layers would be negligeable.

Based on the observed land damages caused by Christchurch 2010-2011 earthquakes (Tonkin and
Taylor, 2010a; 2010b; 2013; Cubrinovski et al., 2011; Orense et al., 2011; Wotherspoon et al., 2012;
O'Rourke et al., 2014) and the results provided by thousands CPTs performed in the epicentral area,
Tonkin and Taylor (2013) developed a first classification of LSN associating 'little-to-no expression of
liquefaction' to 0 < LSN <10, 'minor expression of liquefaction and sand boils' to 10 < LSN < 20,
'moderate-to-severe expression of liquefaction and likely settlement’ when 20 < LSN < 30 and 'major
expression of liquefaction, damage to ground surface and severe settlement of structures’ when 30 <
LSN < 40. Finally for LSN values greater than 50, 'severe damage and widespread evidence of
liquefaction at the surface' is reported. For a comprehensive description of the LSN approach, the
reader is referred to Tonkin and Taylor (2013) and van Ballegooy et al. (2014).

Comparison between liquefaction potential and observed phenomena

In order to correlate the liquefaction potential to the occurrence or not of liquefaction
manifestations triggered by the May 20, 2012 Emilia earthquake, we systematically calculated the LPI
and LSN values for as many as possible in-situ tests drilled in the two investigated areas. It should be
pointed out that the two epicentral areas, Sant’ Agostino and San Carlo, to the east, and Mirandola, to
the west, were selected due to the availability of several tests and the fact that the locations of
liquefaction manifestations were accurately documented by several post-earthquake field reports
(Papathanassiou et al., 2012; Emergeo WG, 2013; Regione Emilia-Romagna, personal
communication; Unilnsubria, personal communication; Figure 1b).

Although in these reports liquefaction observations are commonly associated with point
coordinates, the actual occurrence of the phenomenon at depth is obviously much wider and for this
reason we realistically considered liquefaction zones around the observed manifestations following the
procedure applied by O’Rourke et al. (2014). For the correlation purpose of this paper, all in-situ tests
falling within these zones were included in the 'liquefied' subset. On the other hand, the identification
of 'non-liquefied' areas is a more subtle issue, since it is common during post-earthquake field surveys
to emphasize and report mainly the liquefaction occurrences instead of mapping areas without
secondary effects. Consequently, for our correlation analysis we selected in-situ tests only from areas
for which we were absolutely sure that no liquefaction phenomena were triggered by the May 20

earthquake. In so doing, if the number of sites statistically analyzed was reduced compared to the in-
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situ tests available for the two epicentral areas, the reliability and the accuracy of the results have
certainly benefitted. Tests drilled within 'liquefied' and 'not-liquefied' zones are indicated in Table 1.

In summary, a total of 60 in-situ tests were selected (23 and 37 in the western and eastern study
areas, respectively) of which 23 drilled in 'liquefied’ zones and 37 in 'non-liquefied' zones (Table 1). In
Figures 8 and 9, are represented the maps of the two investigated areas with the obtained LPI and LSN
values, respectively, as well as the liquefied zones.

For the 'liquefied' zones, the values of the LPI range from 6.9 to 27.6 and the values of the LSN
from 7.5 to 25.7 (Table 1). In contrast, for the 'non-liquefied' zones the values are commonly smaller
than 10 for both LPI and LSN, with only few exceptions.

As above mentioned, the obtained values of the LSN have been separated in two subsets based on
their correlation with liquefied or not-liquefied zones as observed in the field after the earthquake.
Their statistical distribution is graphically shown in Figure 12. Although the present research
represents the first attempt after the Christchurch case study of applying the LSN methodology and
correlating the calculated values to the occurrences of liquefaction, our results are in good agreement
with the classification proposed by Tonkin and Taylor (2013), which propose a threshold value of 10.
Indeed, in the liquefied and non-liquefied subsets the 77.3% and 83.3% of the data have a value
respectively greater or smaller than the threshold of 10 (Figure 12).

As concerns the statistical distribution of the LPI (Figure 12), several threshold values have been
proposed in the literature for separating potentially liquefiable conditions from not liquefiable ones.
For example, the value of 5 as proposed by lwasaki et al. (1978), Toprak and Holzer (2003) and
Sonmez (2003), clearly does not justify our results as far as 36.2% of the non-liquefied sites have an
LPI value greater than 5. In contrast, if we assume a threshold of LP1 = 13 or 14 as proposed by Lee et
al. (2004) and Papathanassiou (2008), respectively, almost all non-liquefied sites are characterized by
smaller calculated values (97.3%). Moreover, 86.4% and 72.8%, of the in-situ tests drilled where
liquefaction was triggered provides an LPI value which is higher than the threshold of Lee et al.
(2004) and Papathanassiou (2008), respectively.

Concluding remarks

The 20" May, 2012 earthquake that occurred in Emilia Romagna, northern ltaly triggered
widespread liquefaction phenomena in the epicentral area. The most impressive liquefaction surface
evidences were documented in a zone including the urban areas of Sant’Agostino, San Carlo and
Mirabello. Few weeks after the event, several boreholes with in-situ tests were drilled in the epicentral
area providing crucial information regarding the geotechnical characteristics of the subsoil layers. This
information has been systematically collected and analyzed in order to evaluate the liquefaction
potential in these sites by computing the LPI and LSN values.

Initially, the liquefaction potential of the soil layers encountered in these boreholes, defined as
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factor of safety, was evaluated using the Idriss and Boulanger (2008) simplified procedure, while the
estimation of fines content was achieved by applying Robertson and Wride (1998) method.
Afterwards, since reliable and accurate field observations of liquefaction-induced failures exist and
data provided by CPTu and SCPTu are available, the outcome of the evaluation of liquefaction
potential parameters, e.g. LPI and LSN, has been correlated to the occurrence or not of liquefaction
and compared with the existing relevant classifications. It is thus believed that the outcome of this
comparison could provide a useful feedback regarding the LPI and, for the first time, of the LSN
approaches.

From the comparison, we conclude that the computed LSN values are in agreement with the
proposed classification of Tonkin and Taylor (2013). In particular, regarding the liquefied sites, it was
found that most of the LSN values are higher than 10 (77.3%), the threshold between the little-to-no
expression of liquefaction and minor expression of liquefaction. Even more robust from a statistical
point of view is the percentage of tests drilled in no-liquefied zones and characterized by LSN < 10
(83.3%).

However, taking into account the amount of ejecta observed, it would be expected that the LSN
values in liquefied zones should be higher. This apparent discrepancy may be explained by the fact
that the upward moving of liquefied sandy material was facilitated by the presence of wells in almost
every courtyard of San Carlo (Figure 3). Without the existence of these wells it is not sure that the
same amount of sandy material would have been able to penetrate the crust layer and reach the
surface.

Another possible cause of the large number of liquefaction occurrences in the eastern investigated
area of San Carlo-Sant'Agostino, could be correlated to the fact that the potentially liquefiable sandy
bodies in the first 5-30 m-depth generally represent semiconfined-to-confined acquifers (Figure 10). It
is noteworthy that within the broader epicentral area, some boreholes equipped with probes for water
level monitoring (sampling frequency of 1 hour), have recorded an abrupt increase of the piezometric
surface up to 1.6 m. Two of the boreholes (Fe-80 and Fe-81) exploit both the semi-confined (AO) and
the first confined (A1) acquifer systems, while the well Mo-80 only acquifer Al (see Figure 1b for
wells location). Considering the exponential decay of the water level back to 'normal’ conditions, the
epicentral distance of the instrumented boreholes and the fact that the first measurement was carried
out 'only' 57 minutes after the main shock (Marcaccio and Martinelli, 2012; ARPA-RER database,
Marcaccio M. personal communication), it is reasonable to assume a much greater co-seismic
piezometric anomaly within the meizoseismal area. A strong transient overpressure is also supported
by our field observations and several original witnesses. For example, in San Carlo (44°48'15.39"N,
11°24'35.14"E) a water-sand mixture was ejected up to 2 m above ground surface (Caputo and
Papathanassiou, 2012). Taking into account that local water depth before the earthquake was
approximately 6 m and the ejected material density is obviously greater than water, a rough

overpressure of about 1 bar (0.1 MPa) could be estimated.
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It is worth to recall that regarding the pore pressure, which is a parameter included in the
calculation of both LPI and LSN values, we followed the standard procedure by assuming the values
measured during the drilling, that is when the water pressure was in 'normal’ interseismic conditions.
As a consequence, the hydraulic anomaly generated in the shallow sandy bodies during the May 20
shaking has been not included in our calculations, but it has certainly influenced the geotechnical
behaviour of the drilled sites by enhancing the liquefaction process and hence the distribution of sand-
water mixture surface ejections.

Another issue that arises is that the LSN classification has been formulated using the Robertson
and Wride (1998) approach for the estimation of fines content, an approach that has been characterized
as not conservative by Idriss and Boulanger (2008). Therefore, the proposed boundaries of the classes
should be further investigated by applying approaches that include the fines content directly obtained
from laboratory tests (e.g. Idriss and Boulanger, 2008).

The correlation of the computed LPI values with the existing classifications of lwasaki et al.
(1978), Sonmez (2003) and Toprak and Holzer (2003) are not in agreement since 36% of non-
liquefied sites had LPI values higher than 5, a value that have been used as the threshold for the very
unlikely or low risk liquefaction sites. However, this outcome is in agreement with LPI classifications
and the relevant threshold values proposed by Lee et al. (2004) and Papathanassiou (2008) (13 and 14,
respectively) as far as 97% of non-liquefied sites are characterized by smaller calculated values, while
86.4% and 72.8% (respectively for the two threshold values) of the in-situ tests drilled within the
liquefied zones have higher LPI values.

As a final comment, the present research and our results show that the use of both LPI and LSN
could likely improve the outcomes of microzonation studies allowing to better characterise the

liquefaction hazard of urban areas.
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n RER code latitude longitude \;V:;fer PGA Ilqzl:)e:éed LPI LSN
1 1840900053 44°52'02" 11°00'03" 4.90 0.19 N 0.2 0.0
2 184090U054 44°52'01" 11°00'03" 4.90 0.19 N 0.3 0.0
3 184090U055 44°51'35" 11°02'08" 3.40 0.23 N 1.2 0.6
4 1840500015 44°54'12" 11°02'38" 4.20 0.22 N 1.3 0.3
5 1840500016 44°54'13" 11°02'38" 4.20 0.22 N 2.7 15
6 1840500017 44°54'54" 11°02'39" 2.65 0.22 N 1.6 1.2
7 1840500018 44°54'54" 11°02'39" 3.45 0.22 N 24 15
8 184090B003 44°53'19" 11°03'19" 4.45 0.25 N 33 0.8
9 1840900052 44°53'55" 11°03'45" 2.50 0.25 N 4.9 2.3
10 1840900051 44°53'55" 11°03'47" 2.50 0.25 N 5.5 33
11 1840900046 44°53'39" 11°03'59" 4.30 0.26 N 5.5 0.4
12 184010E002 44°57'05" 11°04'02" 2.20 0.21 N 0.8 0.6
13 184010E001 44°57'06" 11°04'02" 2.20 0.21 N 1.0 0.5
14 184090U050 44°53'30" 11°04'14" 3.20 0.27 N 2.0 1.6
15 1840900049 44°53'31" 11°04'14" 3.25 0.27 N 2.4 1.4
16 1840900047 44°53'30" 11°04'15" 4.20 0.27 N 5.2 3.2
17 1840900048 44°53'30" 11°04'15" 3.70 0.27 N 6.3 3.2
18 184090B004 44°52'47" 11°04'44" 5.72 0.29 N 1.7 0.2
19 MI_01 44°57'33" 11°05'18" 1.00 0.22 N 16.1 4.8
20 CPTU2 44°53'47" 11°05'44" 1.40 0.31 Y 25.7 20.7
21 CPTU1 44°53'47" 11°05'46" 1.40 0.31 Y 18.9 14.4
22 MI_02 44°53'36" 11°06'44" 1.00 0.34 N 6.4 9.7
23 184060U001 44°54'14" 11°06'51" 3.80 0.31 N 10.6 5.5
24 203010U509 44°47'06" 11°21'06" 1.90 0.72 N 133 8.7
25 203010U013 44°47'30" 11°22'26" 2.00 0.69 N 18.9 11.7
26 203010U009 44°47'33" 11°22'29" 1.00 0.69 N 20.0 115
27 1851300006 44°48'52" 11°22'47" 3.00 0.73 N 15 2.1
28 2030100005 44°4720" 11°22'47" 2.40 0.66 Y 19.1 9.6
29 203010U006 44°47'18" 11°22'49" 2.40 0.65 Y 12.6 7.5
30 2030100001 44°47'37" 11°23'16" 4.00 0.65 Y 13.9 16.9
31 2030100002 44°47'40" 11°23'16" 4.90 0.65 Y 155 17.1
32 185130U505 44°48'13" 11°24'25" 5.00 0.60 Y 9.0 12.2
33 185130U506 44°48'16" 11°24'29" 4.84 0.60 Y 16.6 18.1
34 185130B502 44°4820" 11°24'29" 3.00 0.60 Y 25.4 25.7
35 185130B995 44°48'15" 11°24'31" 2.00 0.60 Y 8.4 15.1
36 185130U507 44°48'16" 11°24'32" 5.16 0.60 Y 135 15.2
37 185130B501 44°48'13" 11°24'33" 3.00 0.59 Y 15.6 15.9
38 185130U509 44°4820" 11°24'36" 2.37 0.59 N 4.6 8.9
39 1851300508 44°48'17" 11°24'36" 4.22 0.59 Y 8.2 11.2
40 1851308503 44°48'18" 11°24'36" 3.00 0.59 Y 27.6 25.7
41 185130B996 44°48'13" 11°24'37" 1.40 0.59 Y 19.5 16.6
42 185130U510 44°4821" 11°24'41" 5.23 0.59 N 6.0 8.6



http://ees.elsevier.com/engeo/download.aspx?id=298994&guid=804d02af-ac8f-4342-ac96-807d426a71e2&scheme=1

43 185130B504 44°48'27" 11°24'43" 3.00 0.59 Y 25.8 234
44 185130U511 44°48'23" 11°24'44" 4.65 0.59 N 6.6 8.8
45 185130U512 44°48'25" 11°24'50" 4.40 0.58 Y 9.7 13.6
46 185130B999 44°48'25" 11°24'51" 5.40 0.58 Y 11.9 15.2
47 185130U513 44°48'26" 11°24'52" 4.18 0.58 Y 20.3 21.0
48 185130B998 44°48'26" 11°24'53" 4.00 0.58 Y 14.7 19.7
49 185130U514 44°48'26" 11°24'56" 4.55 0.58 Y 19.7 20.3
50 1851300022 44°48'40" 11°24'58" 1.80 0.58 N 10.7 7.0
51 185140U005 44°48'31" 11°25'15" 4.90 0.56 N 0.0 0.0
52 185140B001 44°48'17" 11°25'24" 2.00 0.54 N 8.9 16.5
53 1851400003 44°48'19" 11°2527" 3.60 0.54 N 0.8 0.9
54 185140U004 44°48'20" 11°25'29" 3.30 0.54 N 0.2 0.8
55 1851400002 44°48'08" 11°25'35" 2.30 0.53 N 9.9 7.8
56 203020U099 44°47'51" 11°25'47" 1.80 0.51 N 7.9 6.9
57 2030200098 44°47'52" 11°25'50" 1.90 0.50 N 0.6 1.7
58 2030200097 44°47'54" 11°25'54" 2.05 0.50 N 4.6 10.5
59 203020U096 44°47'57" 11°26'13" 1.60 0.48 Y 6.9 13.9
60 203020U095 44°47'58" 11°26'13" 4.50 0.48 Y 9.0 13.6

LPI and LSN values calculated for the test sites (last two columns). The number in the
first column is used in Figure 12, while the test code in the database of the Regione Emilia-
Romagna (http://ambiente.regione.emilia-romagna.it/geologia/cartografia/webgis-
banchedati/) is reported in the second column. Water table is in meters below ground surface.
Peak ground acceleration (PGA) as percentage of gravity (see text for discussion). Test sites

drilled within liquefied (Y) and not-liquefied (N) zones are indicated.
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Figure captions

Figure captions

Figure 1: a) Tectonic sketch map of the buried Ferrara Arc and location of the May 2012
epicentral area. All marked faults are blind. The box indicates the enlarged map of Figure
b. b) Epicentral area showing the liquefaction manifestations observed during post-event
field surveys (Caputo and Papathanassiou, 2012; Papathanassiou et al., 2012; Di Manna et
al., 2012; Emergeo WG, 2013). The stars indicate the instrumental epicentres of the May
20 (M,, = 6.1) and May 29 (M,, = 6.0) events (Pondrelli et al., 2012; Massa et al., 2013),
the hexagons represent the corresponding macroseismic epicentres (Galli et al., 2012),
while the square is the surface projection of the slip plane centroid (Ganas et al., 2012;
Cesca et al., 2013; Pezzo et al., 2013). Continuous and dashed gray-scale contours
represent the slip planes proposed by Ganas et al. (2012) and Pezzo et al. (2013),
respectively. The triangle represents the Mirandola seismographic station (MRN)
belonging to the national network, while the rhombs are the boreholes for the acquifers
monitoring. The two black boxes indicate the investigated areas represented in Figures 8
and 9.

Figure 2: Examples of damages produced by the May 20, 2012 earthquake. a) broken
pipelines; b) paved roads; c) buildings with cracking due to differential settlement; d)
lateral spreading.

Figure 3: Examples of large-diameter water wells which locally enhanced the sand ejection

during shaking and liquefaction of the sandy acquifer bodies.

Figure 4: Examples of ground loss due to liquefaction and consequent settlement of the

builduings.

Figure 5: Examples of ground ruptures induced by lateral spreading phenomena occurring on
top of an abandoned levee between San Carlo and Sant'Agostino. Fractures are several
meters-long, arranged in complex overlapping and overstepping sets, characterized by
horizontal opening up to 20 cm, sometimes by vertical displacements of 10-15 cm and

locally by sand ejection.

Figure 6: Example of an incipient buckling process affecting the top layer(s) and due to

differential horizontal movements triggered by lateral spreading phenomena.



Figure 7: Examples of bulging phenomena caused by the failed attempt of sand ejection due

to the presence of a strong cap layer.

Figure 8: The LPI values calculated for the two investigated epicentral areas of Mirandola (a)

and Sant'/Agostino (b). See Figure 1b for locations.

Figure 9: The LSN values calculated for the two investigated epicentral areas of Mirandola (a)
and Sant'/Agostino (b). See Figure 1b for locations.

Figure 10: Representative sections across San Carlo (a) and Mirandola (b) areas based on
penetrometric tests and cores. Note the strong lateral lithological variations occurring in
the shallow subsoil and the different distribution of the sandy bodies in the subsoil of the
two investigated areas. Legend: 1) silt and silt-clay (alluvial plain deposits from
Apennines rivers); 2) silt-sand (proximal levee deposits); 3) main sandy bodies (channel
deposits); 4) clay (marsh deposits) with peat lenses (a); 5) medium-corase sand (alluvial
plain deposits of Po River). A0 and Al indicate the semi-confined and the first confined

acquifers, respectively (Rapti-Caputo and Martinelli, 2009; Molinari et al., 2007).

Figure 11: The PGA calculated as a function of the focal distance based on the GMPE
proposed by Bindi et al. (2011; dashed curves are the +c). Rhombs and triangles represent
the test sites of the eastern and western epicentral areas, respectively. The circles indicate
the PGA value measured during the May 20 mainshock at the several stations belonging to
the Italian seismographic network (itaca.mi.ingv.it, last visited July 25, 2014). The record
at the Mirandola station (MRN), which is the only one in the seismic near-field, is in

perfect agreement with the predicted value.

Figure 12: Top: cumulative distribution of the LPI and LSN within the investigated areas.
Squares and triangles correspond to penetration tests drilled in ‘non-liquefied' and
'liquefied' zones, respectively, as observed in the field after the earthquake. The vertical
dashed lines represent the different thresholds discussed in the text. Bottom: comparison
between the LPI and LSN values calculated for the test sites. Numbers in abscissa

correspond to Table 1 (first column)



