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Abstract: This paper illustrates the results of site investigations and liquefaction analyses at the Pagliare di
Sassa site (PSS), carried out as part of a 37 level Seismic Microzonation study of the western portion of
L’Aquila Municipality territory (central Italy). The PSS was investigated by boreholes, geotechnical in-situ tests
and geophysical surveys. The subsoil model of the PSS, defined based on the available geological and
geotechnical data, is characterized by features potentially predisposing to liquefaction, such as shallow sand
levels and groundwater table close to the ground surface. The liquefaction potential has been investigated
using simplified methods based on different in-situ test results (CPTU, DMT, Vs). The Pagliare di Sassa pilot
study has provided a useful contribution in the evaluation of the liquefaction potential of soils within the area
involved by the Seismic Microzonation study, aiming to correctly plan the use of the territory with respect to
the seismic risk.

1. Introduction

The Seismic Microzonation studies consist of the identification of microzones characterized by homogeneous
response to seismic ground shaking which are classified as stable zones, vulnerable zones prone to local
seismic amplification effects, and unstable zones. For the latter zones, the prevailing effects are due to
permanent deformations, mainly surface faulting, landslides, and soil liquefaction.

L’Aquila Municipality territory (central ltaly) is characterized by (i) medium-high seismicity, by (ii) near-source
events as represented by the 2009 L’Aquila earthquake (M, =6.1), and by (iii) medium-field historical events
with considerable magnitudes (Mw = 6.7-7.0). Moreover, liquefaction evidence observed during the 2009
L’Aquila earthquake (Monaco and Amoroso 2019), or palecliquefaction features found in Holocene deposits,
were recognized at various sites. One paleoliquefaction site is located close to the Pagliare di Sassa site
(PSS), which is included in a recent 3 level Seismic Microzonation study of the western portion of L’Aquila
Municipality territory (Tallini et al. 2023, 2024).

Geological information and geotechnical data available from previous investigations have indicated that the
PSS is characterized by features potentially predisposing to liquefaction, such as shallow sand levels and
water table close to the ground surface. For this reason, the PSS was selected as a representative site for a
pilot study aiming to evaluate the liquefaction potential of soils within the area involved by the Seismic
Microzonation study, with the objective to safely plan the use of the territory and to support decision-making
strategies for the reduction of the seismic risk at large scale.
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The PSS was recently investigated by boreholes, geotechnical in-situ tests and geophysical surveys, as
illustrated in the paper after a general description of the geological setting of the area. The results of
liguefaction analyses carried out using simplified methods based on different in-situ tests are illustrated and
commented in the following.

2. Geological setting

The geological framework of central ltaly is caused by the overlap of two main stages: the Neogene
contractional orogenic stage during which the Apennine chain was built up and the subsequent Pliocene-
Quaternary post-orogenic stage. During this second stage, SW- and S-dipping extensional faults generated
complex graben or semi-graben corresponding geomorphologically to the intermontane basins scattered in
central Italy. They were filled up by coarse- and fine-grained detrital deposits, such as conglomerates, breccia,
sand and pelite, sedimented chiefly in lacustrine, slope and alluvial environments (Carminati et al. 2010,
Cavinato and De Celles 1999, Cosentino et al. 2017). Furthermore, many of these extensional faults are
seismogenic and responsible for the present-day and historical seismicity even producing earthquakes with
maximum expected magnitudes up to 6.5-7 (Boncio et al. 2004, Galadini and Galli 2000).

The study area is placed within L’Aquila-Scoppito basin (BAS) which is representative of the aforementioned
intermontane basins (Nocentini et al. 2017, Figure 1). It is characterized by a notable seismic hazard, as
showed by the recent near-source April 6, 2009 M, = 6.1 L’Aquila earthquake. BAS is an E-W trending
asymmetrical graben, bordered to the North by the S-dipping normal Mt. Pettino Fault, that is the master and
active fault of BAS, and to the South by the antithetic Sassa Fault (SF) (Figure 1) (Durante et al. 2017).
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Figure 1. Local geological map by Nocentini et al. (2017) (top) and representative section (bottom) of
Pagliare di Sassa (PSS) study site area. COL: colluvial deposit; TLS: slope deposit; LDS: landslide deposit;
ATF: alluvial deposit; COL, TLS, LDS and ATF belong to the Aterno R. Synthem (Holocene); FVS: alluvial
terraced deposit, Fosso Vetoio Synthem (Upper Pleistocene); FGS: braided fluvial and alluvial fan deposit,
Fosso Genzano Synthem (Middle Pleistocene); MDS: floodplain alluvial deposit, Madonna della Strada
Synthem (Calabrian); CCF: alluvial fan & debris flow deposit, Colle Cantaro-Cave Formation (Gelasian-upper
Piacenzian); UAP: synorogenic terrigenous unit (sandstone & claystone) (Upper Miocene); CRP: detrital
limestone (Middle-Lower Miocene); SLB: Meso-Cenozoic slope to basin carbonate units; SF: Pagliare di
Sassa Fault.
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Starting from the upper Pliocene, BAS was filled up by mainly alluvial, slope and colluvial deposits laying
through an erosion surface onto the Upper Miocene sandstone and claystone and Meso-Cenozoic carbonate
rocks. The most recent BAS deposits (ATF Synthem) are represented by slope and colluvial deposits bordering
the base of the surrounding reliefs and by the recent alluvial deposits of the Aterno River and its tributaries.

It is noteworthy that, even if the recent April 6, 2009 M, =6.1 L’Aquila earthquake did not trigger liquefaction
phenomena in BAS, the seismological, geological, and hydrogeological elements lead to believe that their
formation could be possible.

3. The Pagliare di Sassa site (PSS)
3.1. Site description

The Pagliare di Sassa site (PSS) is located in the western portion of the L’Aquila Municipality territory. After
the April 6, 2009 L’Aquila earthquake, the PSS was one of the 19 sites selected for the construction of new
seismically isolated buildings for temporary housing of homeless people (C.A.S.E. Project).

The PSS falls within the alluvial deposit of the Aterno R. plain (ATF Synthem in Figure 1) consisting of medium-
to fine-grained, well-sorted, sub- to well-rounded, loose sandy gravel beds, alternating with levee medium sand
and silty sand layers, passing to overbank clayey silts with sometimes a remarkable organic content.

As part of the Microzonation Study, the PSS was considered eligible for more in-depth investigation, due to
the presence of conditions potentially predisposing to liquefaction (i.e., presence of sand levels, relatively
shallow groundwater table). However, as already mentioned, no evidence of liquefaction was reported at the
PSS during the 2009 L’'Aquila earthquake.

3.2. Site investigations

A site investigation campaign at the PSS was specifically planned and carried out in September 2020, aiming
to obtain data for liquefaction assessment. This campaign (Figure 2) included one continuous core borehole
(PSS-BH) to a depth of 20 m b.g.l., one piezocone penetration test (PSS-CPTU) to 10.70 m depth b.g.l., and
one seismic dilatometer test (PSS-SDMT) to 9.80 m depth with measurements of the shear wave velocity Vs
every 0.50 m. Both the CPTU and the SDMT soundings were stopped at depths where the maximum push
capacity of the penetrometer rig was reached.
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Figure 2. Location of recent and previous investigations carried out at the PSS and its surroundings.
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Results were also available from previous investigations carried out in the area surrounding the PSS in the
aftermath of the 2009 L'Aquila earthquake, as part of first-emergency surveys promoted by the Italian
Department of Civil Protection for the selection and characterization of the C.A.S.E. Project sites (MS-AQ
Working Group 2010). These investigations included one borehole (S17) to a depth of 30 m b.g.l. with standard
penetration tests (SPT) and retrieval of two undisturbed samples subsequently subjected to laboratory tests,
one Down-Hole test to 30 m depth in the same borehole, and five CPTU soundings (CPTU1 — CPTUS5) to
depths ranging between 10.60 m and 14 m b.g.l.. Additional borehole data from independent investigations
carried out in the area (S15, S18) were also available. The location of the recent and previous investigations
carried out at the PSS and its surroundings is shown in Figure 2.

The stratigraphic log of the borehole PSS-BH (Figure 3a) shows an alternation of predominantly sandy layers
and clayey to clayey-sandy layers with some intercalation of gravel in clayey matrix, down to the maximum
investigated depth of 20 m. These lithologies refer to the Holocene alluvial deposit of the ATF Synthem. The
alluvial deposit of the borehole PSS-BH presumably lays upon the sand and pelite deposit of the MDS
Synthem, which in turn lays upon the calcareous conglomerate and breccia of CCF formation and the Upper
Miocene sandstone and claystone, the last two corresponding to the seismic bedrock (Nocentini et al. 2017,
Figure 1). Standard penetration tests (SPT) were performed in the borehole PSS-BH at depths of 5.60 m, 9.00
m and 13.50 m. The SPT blowcounts are shown in Figure 3a, along with pocket penetrometer measurements.
Two undisturbed samples were taken at depths of 5.00-5.60 m and 8.50-9.00 m, respectively. Figures 3b and
3c show the corresponding soil type description inferred from CPTU and DMT interpretation in the upper 10-
11 m, as represented by the depth profiles of the Soil Behavior Type Index /. obtained from PSS-CPTU and
of the material index Ip (according to Marchetti 1980) obtained from PSS-SDMT, respectively.
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Figure 3. Stratigraphic log of borehole PSS-BH (a) and depth profiles of Soil Behavior Type Index I, from
PSS-CPTU (b) and material index Ip from PSS-SDMT (c).
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During the site investigation (September 2020) the groundwater table was found at a depth of about 5.50 m
from the ground surface, as measured in an open standpipe piezometer installed in the borehole PSS-BH.

4. Liquefaction assessment by simplified methods
4.1. Procedure

Liquefaction analyses at the PSS were carried out by use of methods developed in the framework of the
“simplified procedure” introduced by Seed and Idriss (1971). This procedure is based on the comparison, at
any depth, of the seismic demand on a soil layer generated by the earthquake (cyclic stress ratio CSR) and
the capacity of the soil to resist liquefaction (cyclic resistance ratio CRR). When CSR is greater than CRR,
liquefaction may occur.

The liquefaction safety factor F. in free field conditions at each depth was calculated as:
CRR _CRR,,_, IMSF
CSR CSR

where CRRu-75 is the cyclic resistance ratio for a reference magnitude M, = 7.5 (conventionally adopted in
the simplified procedure), and MSF is a magnitude scaling factor.

F, = (1)

The “integral” liquefaction susceptibility at each test location was evaluated by means of the liquefaction
potential index /. (lwasaki et al. 1982), defined as:

z=20m
I,= [ F(2)0n(2)dz (2)

z=0

where z is the depth below the ground surface (in m), w(z) = 10 — 0.5 z is a depth weighting factor, and the
function F(z) depends on the safety factor F calculated at each depth (F=1—-F, if F,.<1, F=0if FL>1).

At the PSS the in-situ tests (CPTU and SDMT) used to evaluate CRR and F; did not reach the depth of 20 m,
required to calculate /. according to Eq. (2). Therefore I, was calculated down to the maximum investigated
depth of about 10 m assuming that below this depth, where the probe penetration stopped, the soils could be
reasonably considered as “non liquefiable”, as confirmed by the PSS-BH borehole log (Figure 3a).

4.2. Scenario earthquake and evaluation of the cyclic stress ratio

According to the simplified procedure, the evaluation of the cyclic stress ratio (CSR) requires the determination
of the maximum horizontal acceleration (amax) induced by the earthquake at the ground surface. The moment
magnitude (M) of the earthquake is also needed to calculate the magnitude scaling factor (MSF). The criteria
adopted for selecting the scenario earthquake and estimating the related parameters for liquefaction
assessment are consistent with the scope of the Seismic Microzonation study including the PSS area.

The maximum horizontal acceleration (amax) at the surface was evaluated based on the indications provided
by the Italian building code (NTC 2018). The basic seismic hazard parameters are also available from the
MPS04-S1 seismic hazard model platform (http://essel-gis.mi.ingv.it). For the liquefaction analyses, a
scenario earthquake with a return period Tr = 475 years was considered, representative of the life-safety limit
state (SLV) for ordinary structures and associated with a 10% probability of exceedance in 50 years. Assuming
this scenario earthquake, the maximum horizontal acceleration (ag) on outcropping rock (soil type A: Vs> 800
m/s) for flat or gently sloping ground (topographic category T1) was estimated as ag = 0.261 g. The peak
ground acceleration (amax) Was then evaluated by multiplying ag by the amplification coefficient S=Ss- St
calculated for the PSS in accordance with NTC (2018). The stratigraphic amplification coefficient Ss was
evaluated assuming ground type C (equivalent shear wave velocity Vseq ranging from 180 m/s to 360 m/s),
based on the Vs measured at the PSS. The topographic amplification coefficient Srwas assumed equal to 1,
considering that the ground surface at the PSS is gently sloping. Based on the above assumptions, the peak
ground acceleration was assumed equal to amax = 0.347 g.

The moment magnitude (M,) was evaluated as the maximum magnitude (Mwmax) associated to the
seismogenic zone including the study area, in accordance with one of the criteria provided by current national
guidelines for liquefaction assessment in Seismic Microzonation studies (LQ 2018). Therefore M, was
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assumed equal to Muwmax= 7.06, i.e., the maximum magnitude associated to the seismogenic zone including
L’Aquila Municipality.

The groundwater table was assumed at a depth of 5.50 m b.g.l., as indicated by piezometer measurements
carried out in September 2020.

4.3. Evaluation of the cyclic resistance ratio

The cyclic resistance ratio (CRR) was estimated by use of empirical methods based on soil parameters
obtained from different in-situ tests, in particular:

« based on CPTU results, according to Boulanger and Idriss (2014), using as an index parameter the
corrected cone resistance (qeines);

« based on SPT results, according to Boulanger and Idriss (2014), using as an index parameter the
corrected blowcount ((N1)socs);

* based on Vs measurements, according to Andrus and Stokoe (2000) and Kayen et al. (2013), using as
an index parameter the overburden-stress corrected shear wave velocity Vsi;

* based on DMT results, according to Robertson (2012), Marchetti (2016) and Chiaradonna and Monaco
(2022), using as an index parameter the horizontal stress index Kp defined by Marchetti (1980);

* based on the combined use of DMT (Kp) and CPT (qgc1ncs) results, according to Marchetti (2016).

In the CPT-, SPT- and Vs-based methods, the magnitude scaling factors MSF were evaluated according to
the specific formulations proposed by the authors of each method. In the DMT-based methods, CSR at each
depth and MSF were calculated according to Idriss and Boulanger (2008).

Differently from methods based on other tests, which include correction factors to take into account the effect
of the fines content (FC), the DMT-based methods currently available are valid only for clean sands (at present
the FC correction for the CRR-Kp correlation is under study).

4.4. Results and comments

Figure 4 summarizes the results of the liquefaction analyses based on the CPTU and SDMT data obtained
from the 2020 site investigation. In particular, Figure 4 shows the depth profiles of: (1) the parameter indicative
of soil type, i.e., the Soil Behavior Type Index /. obtained from CPTU (Figure 4a) or the material index Ip
obtained from DMT (Figures 4b and 4c); (2) the parameter used in each case for evaluating CRR, i.e., the
corrected cone resistance gcines obtained from CPTU (Figure 4a), the overburden stress-corrected shear wave
velocity Vsi calculated from Vs (Figure 4b) or the horizontal stress index Kp (Figure 4c) obtained from SDMT;
(3) CSR compared to CRR; 4) the liquefaction safety factor F;; (5) the liquefaction potential index .

The analysis based on CPTU data (Figure 4a) shows that liquefaction (F. < 1) may occur in predominantly
sandy layers at depths between about 5.50 m to 10.50 m. The corresponding value of the liquefaction potential
index /. is equal to 6.5, denoting a “high risk” condition. On the other hand, the analyses based on SDMT data,
both Vs-based (Figure 4b) and Kp-based (Figure 4c) methods, in substantial agreement with each other, show
possible occurrence of liquefaction (F. < 1) in layers of limited thickness at depths between about 5.50 m and
6.60 m. The corresponding values of the liquefaction potential index /. calculated with the different methods
based on Vs and Kp do not exceed 1.3 and 1.8, respectively, denoting a “low risk” condition.

It is noted in Figure 4 that simplified methods for liquefaction assessment based on different in-situ tests
provided different estimates of the liquefaction risk, ranging from “low” to “high”. The highest /. was obtained
using the method based on CPTU data (Boulanger and Idriss 2014), while the lowest /. was provided by the
methods based on Vs (Andrus and Stokoe 2000, Kayen et al. 2013). The methods based on DMT (Robertson
2012, Marchetti 2016, Chiaradonna and Monaco 2022) and on the combined use of DMT and CPT (Marchetti
2016) provided very similar /. values, slightly higher than those obtained by the Vs-based methods.

The method based on SPT data (Boulanger and Idriss 2014) also indicated liquefaction occurrence (F.<1) at
the depths of 5.60 m and 9 m (blowcounts in Figure 3a). However for the SPT-based analysis the liquefaction
index /. was not calculated as considered not to be representative over the entire borehole depth, due to the
limited amount of SPT data at isolated test depths.
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Figure 4. Results of liquefaction analyses based on (a) corrected cone resistance qeines from PSS-CPTU, (b)
corrected shear wave velocity Vsi from PSS-SDMT, and (c) horizontal stress index Kp from PSS-SDMT.
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The discrepancy in liquefaction risk predictions provided by different test methods has been previously
observed in cases where both CPTU, DMT and Vs data were available (e.g., Monaco et al. 2016). However,
the use of “redundant” correlations for a more reliable estimate of the liquefaction risk using simplified methods
is generally recommended. Among others, Robertson and Wride (1998) recommended to estimate CRR by
more than one method for medium- to high-risk projects, while CRR from CPT-only (preferred to SPT) may be
adequate for low-risk, small-scale projects. Youd et al. (2001) recommended that, whenever possible, two or
more tests should be used. Idriss and Boulanger (2004) warned that using a number of in-situ tests should be
the basis for standard practice, and the allure of relying on a single approach (e.g., CPT-only) should be
avoided.

One possible source of unconsistency of results could be related to the different way in which the influence of
the fines content (FC) is taken into account in the various methods. At the PSS, in the CPTU-based analysis
(Boulanger and Idriss 2014) the FC effect was estimated from CPTU data and incorporated in the calculation.
In the Vs-based analysis (Andrus and Stokoe 2000, Kayen et al. 2013), in absence of specific information from
laboratory tests, FC was cautelatively estimated based on the borehole log. On the other hand, the DMT-
based methods (Robertson 2012, Marchetti 2016, Chiaradonna and Monaco 2022) are valid for clean sand,
without any correction for FC, hence the estimated values of /. are presumably realistic in clean sands, but
could be overestimated in silty sands and sandy silts.

The results obtained based on data from the 2020 site investigation have been substantially confirmed by
additional analyses based on data from the previous CPTUs carried out in the area (CPTU1 — CPTU 5 in
Figure 2) using the method by Boulanger and Idriss (2014). The liquefaction potential index /. was found to
range from values as low as 0.7 (CPTU2) and 1.2 (CPTU3) associated to “low” liquefaction risk, up to a
maximum value of 7.7 (CPTUS5) denoting “high” risk, with intermediate values of 2.6 (CPTU4) and 4.1 (CPTU1)
related to a “moderate” risk condition. These results suggest that the liquefaction risk assessment in the PSS
area is also possibly affected by local variability of soil conditions.

5. Conclusions

The Pagliare di Sassa (PSS) case study has provided a useful contribution for the assessment of the
liquefaction risk within the area involved by the 3 level Seismic Microzonation study in the western portion of
L’Aquila Municipality, aiming to safely plan the use of the territory and to support decision-making strategies
for the reduction of the seismic risk at large scale.

Liquefaction analyses carried out at the PSS by simplified methods based on different in-situ testing techniques
(CPTU, DMT, Vs), even though with some discrepancy in the results, have pointed out that the liquefaction
risk in this area cannot be ignored. These results confirm earlier predictions based on the available geological
information and previous geotechnical investigation data, which had identified at the PSS soil conditions
potentially predisposing to liquefaction (shallow sand layers, water table close to ground surface), thus
addressing the selection of the PSS as a representative pilot site for liquefaction assessment in the area
involved by the Seismic Microzonation study.

Further research, based on numerical analyses according to the equivalent linear and nonlinear approaches,
is ongoing to investigate in-depth the liquefaction potential of the site.
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