
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Liquefaction risk assessment: Lesson learned from a case study

G. Modoni, R.L. Spacagna, L. Paolella, E. Salvatore & A. Rasulo
University of Cassino and Southern Lazio, Cassino, Italy

L. Martelli
Regione Emilia-Romagna, Direzione Generale Cura del Territorio e dell‘Ambiente, Servizio geologico,

sismico e dei suoli, Italy

ABSTRACT: A detailed and comprehensive assessment of risk is the basis to protect commu-
nities and assist decision-making towards the sustainable management of territories. For lique-
faction this process implies to simultaneously investigate seismic hazard, susceptibility of the
subsoil, vulnerability of structures, economic and social relevance of critical infrastructures and
ultimately build a comprehensive multi-level model that considers the interaction among all
aspects. Developing a methodology to achieve this goal is the scope of Liquefact, a EU H2020
project. A case study pervasively affected by liquefaction damages is here studied as a real scale
scenario to identify the main factors of uncertainty. The available data concerning seismic
motion, subsoil and building characteristics, damage and economic loss are used to develop a
methodology aimed at quantifying and reducing uncertainties in the spatial distribution of risk.

1 INTRODUCTION

Although liquefaction is not as dramatic and shocking as other earthquake effects like col-
lapse of structures, landslides and tsunamis, it is similarly harmful for the communities in
terms of economic and social effects. The fact that liquefaction is a secondary hazard in the
context of earthquake-induced losses by no means diminishes its importance, as the extensive
physical damage produced on buildings and lifelines is just a part of the impact and injuries
being aggravated by the prolonged reduced serviceability of the critical infrastructures (Mac-
aulay et al. 2009). The experience of real events has shown that damage usually occurs not
only on the building asset, but also the facilities connected directly or indirectly to the pro-
ductive systems (roads, waterways, electric and communication lines), in this way undermin-
ing for long time the whole social organization and the recovery capacity of the communities.
The above concerns raise the need for involving stakeholders, boards, governmental agen-

cies, regulators, suppliers of services, investors in an unified process aimed at increasing
safety, preparedness and survivability. Awareness of risks, vulnerability and of the capability
to deal with them enables communities to make informed, tactical and strategic decisions. A
comprehensive assessment of risks that correctly estimate the distribution over the territory of
hazard, vulnerability and exposure becomes fundamental to undertake appropriate mitigation
actions and optimize the budget allocation.
The holistic assessment of liquefaction risk at different scales, from single structures to

aggregates, and the improvement of community resilience is the goal of Liquefact, a project
funded by the European Union Horizon 2020, Research and Innovation Programme
(#700748, 2016). Thanks to the spread of geoinformatics, rich spatial databases can be now-
adays created, empirical connections, mechanical based schemes or artificial intelligence tools
can be adopted to connect information and map the results of complex analyses. Liquefaction
risk assessment takes noticeable advantage from the assembly into the same geographically
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information system of data on seismic hazard, geotechnical properties of the subsoil, struc-
tural and functional characteristics of buildings and infrastructures.
There is ample recognition within the experts that case histories, where the above informa-

tion can be conjugated with response observed on site and post-earthquake surveys of damage
can serve to develop, calibrate or validate liquefaction analyses free from the subjective judg-
ment. The present paper illustrates how the above scope is pursued on a small urban aggregate
pointing out on the difficulties, drawbacks and uncertainties related with the assessment.

2 LIQUEFACTION RISK ASSESSMENT

In current practice, liquefaction susceptibility, triggering, and consequences are deterministic-
ally evaluated without explicitly considering the uncertainty related to the various components
of the analysis or the performance metric. However, considering this issue is central as the
knowledge of nearly all factors, ground motion, subsoil and building properties is affected by
aleatory and epistemic uncertainties. Performance-based earthquake engineering offers a
rational and consistent way to consider uncertainty through probabilistic evaluations. For a
generic system with its lifecycle, a risk of any nature can be computed writing the following
convolution integral that convolutes the probability of demand p(D) (Hazard) and the conse-
quent losses connected to the demand P(L|D) (Vulnerability):

PðLÞ ¼

ð

D

PðLnDÞ � pðDÞ ð1Þ

A correct application of eq.1 should separately disclose and quantify the uncertainties on:

• the potentially critical scenarios
• the models describing the response of the system
• the quantification of relevant parameters
• the risk evaluation

For seismic risk, eq.1 can be expressed applying the performance-based earthquake assess-
ment (PEBA) cascade methodology defined by the Pacific Earthquake Engineering Research
(PEER) Center (Cornell & Krawinkler 2000) and depicted in Fig.1.
Eq.1 is transformed as follows where the function p(D) is exploded considering the different

factors defining the cascade phenomenon:

P Lð Þ ¼

ð

IM

ð

EDP

ð

DM

P VDjDMð Þ � p DMjEDPð Þ � p EDPjIMð Þ � p IMð Þ ð2Þ

p(IM) is the probability that a seismic event of intensity measure IM occurs during the life-
cycles of the system, p(EDP|IM) is the density probability of the engineering demand param-
eter (EDP) for the given IM, p(DM|EDP) is the probability that a physical damage occurs on
the structural component of the system for a given EDP and P(VD|DM) is an cumulative

Figure 1. Probabilistic definition of risk assessment (Cornell & Krawinkler 2000).
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probability of the assumed evaluator of the system performance for a given damage DM (Lee
and Mosalam 2006; Moehle 2003; Porter 2003; Comerio 2005; Krawinkler 2005; Mitrani-
Reiser et al. 2006).
‘Considering the sequence of subsystems involved in seismic liquefaction (see Fig.2), the

PEBA methodology can be expressed quantifying the uncertainties on earthquake intensity,
ground motion, structural response, physical damage, and economic or human losses. The
scheme of Fig.2 shows that the above formula can be applied to the whole system or to sub-
systems composed of one or more elements, provided demand and vulnerability are properly
defined. Changing the position of the lines bordering the vulnerable system (on the right
column of the figure), different definitions of hazard and risk are obtained.
In particular, the earthquake can be considered as the primary hazard factor and liquefac-

tion occurs if the soil has specific characteristics, namely a grain size distribution composed of
sand with limited fine content, sufficiently low density and saturation. Therefore, the combin-
ation of earthquake and subsoil response determines the demand for the structure positioned
at the ground level. However, physical damage for the latter can be computed considering the
subsoil-structures as a unique coupled system or evaluating the response of the two compo-
nents separately. In the first case the earthquake intensity measure IM becomes also the engin-
eering demand parameter EDP and the vulnerability function p(DM|EDP) quantifies the
response of the subsoil-structure system for the given seismic input. In the second case, the
soil response provides the demand function p(EDP|IM) for the structure and physical vulner-
ability is computed considering the p(DM|EDP) function for the sole structure. HAZUS code
(FEMA 1998) adopts this second approach considering soil liquefaction in a group of second-
ary hazards called ground failures affecting building assets and infrastructure networks.
Following the sequence depicted by Fig.2, physical damage represents the demand for the

delivery capability of the system whose vulnerability is defined by a function that relates the
loss of serviceability to the different levels of damage. Finally, the latest level of risk assess-
ment concerns the community: it is harmed by the loss of safety and serviceability and risk
can be assessed in terms of deaths, injuries, loss of incomes, damage to cultural and environ-
mental heritage.
The terms of eq.2 can be quantified in different manners, sometimes with probabilistic infer-

ence of statistical observations, sometimes applying theoretical models with stochastically
variable inputs, sometimes with less objective procedures. For instance, it is customary to
express severity of damage in terms of financial losses based on expert judgement, qualitative
estimates or even rules of thumb that make the process unavoidably subjective.
Some of the relations of eq.2 (e.g. p(A|B) with A and B indicating generic variables)

can be established on a deterministic basis (A=f(B)). In this case p(A|B) can be expressed
with a Dirac function, i.e. equal to ∞ for A=f(B) or 0 for A≠f(B). The above issues are
addressed in the next paragraphs looking at the different factors concurring to determine
liquefaction.

Figure 2. Definition of risk assessment for seismic liquefaction.
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3 SEISMIC INPUT

As for any other seismic assessment, the characteristic seismic input at the rigid base can be
retrieved on hazard zonation maps (e.g. www.share-eu.org) that generally provide seismic spectra
for different return periods Tr. Therefore, given a lifecycle of the considered structure, the prob-
ability associated to each event can be computed as function of Tr. Possible amplifications must
then be considered for the specific site, referring to the subsoil types defined in the standards (e.g.
Fardis et al., 2005) and considering maps giving information on the subsoil (e.g. https://earth
quake.usgs.gov/data/vs30/) or, preferably, adopting seismic microzonation studies. Alternatively,
a seismic response analysis can be performed on the site to be studied. Lately, the scenario earth-
quakes can be obtained in terms of response spectra, artificial, recorded or simulated accelero-
grams quantifying IM for each of them. The choice essentially depends on the quality of available
data for subsoil characterization, connected with the extent of the studied area.
One main question arises on the Intensity Measure relevant for liquefaction. Studying the

performance of different IMs on liquefaction versus advanced numerical calculations, Karimi
and Dashti (2017) observed that the evolutionary settlements of structures depend on inten-
sity, duration and frequency content of the ground motion and concluded that cumulative
energy is a more appropriate to represent intensity measure, more than peak variables. They
propose the cumulative absolute velocity (Campbell & Bozorgnia, 2011) as a potential candi-
date as also recently assumed by Bray & Macedo (2017) and Karamitros et al., (2013). Other
authors (e.g. Youd et al., 2002; Youd & Perkins, Bardet et al., 2002; Rauch & Martin, 2000)
combine magnitude, distance from the rupture and peak ground acceleration. Tokimatsu &
Seed (1987) adopt the cyclic stress ratio CSR introduced by Seed & Idriss (1971) corrected
(e.g. Idriss & Boulanger, 2010) for magnitude values.

4 SUBSOIL RESPONSE

The quantification of subsoil response moves along three subsequent steps (e.g. Bird et al.,
2006): determine susceptibility to liquefaction based on qualitative criteria; evaluate the condi-
tions for liquefaction triggering by the scenario earthquake; predict the expected demand for
the structure (ground deformations or other proxies of damage).
The first step is normally accomplished at the geological level, involving larger portions of the

territory and considering broad subsoil classifications like the one proposed by Youd & Perkins
(1978). This criterion emphasizes the depositional environment and age of the deposit observing
that liquefaction susceptibility is rather high for Holocene or more recent (e.g. artificial) deposits,
low or very low for Pleistocene or older ones. A remarkable example is the strong correlation
noticed in Figure 3 between the distributions of paleo-rivers and liquefaction manifestation during
the 2012 seismic sequence in Emilia Romagna. The overlapping is particularly evident between
the municipalities of Sant’Agostino and Mirabello. Historical documents report that the Reno
river was crossing this zone for a period of three hundred years, from the half of fifteenth to the
half of eighteen century, releasing sediments with very high rates (10÷30cm/year).

Once the above conditions are ascertained, the co-existence of paramount factors, i.e. grain
size distribution and water level must be determined at a smaller scale with a more refined
investigation. To estimate triggering, many standards worldwide (e.g. NZGS, 2016; Yasuda e
Ishihawa, 2018; DPC, 2017) adopt relations between in situ soil density and cyclic shear stress
induced by ground shaking. For a given soil profile, the triggering of liquefaction at different
depths is evaluated computing a safety factor (FSL) given by the ratio of the cyclic stress ratio
τ/σ‘v producing liquefaction (CRR) and the one induced by the earthquake (CSR). Robertson
& Wride (1998), Idriss & Boulanger (2010) and Boulanger & Idriss (2015), provide empirical
formulations of the Cyclic Resistance Ratio based on the survey of liquefaction and the results
of common geotechnical in-situ tests (CPT, SPT, Vs profile).
The above relationships are derived deterministically as medians of case history databases.

As such, they are affected by uncertainties arising from the definition of CSR (model uncer-
tainty on the triggering relationship) and from the quality and interpretation of investigation
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(measurement or parameter uncertainty) (Toprak et al. 1999; Cetin et al. 2004). Analyzing a
database of 230 cases,
Idriss & Boulanger (2010) derive the following relation to estimate the conditional probabil-

ity of liquefaction for known values of CSRM=7.5,σ‘=1atm and the standard penetration
resistance corrected for the presence of finer soil N1,60,cs:

PLð N1ð Þ60cs;CSRM ¼ 7:5; σ
0
V ¼ 1atmÞ

¼ �

�
N1ð Þ60cs
14:1

þ
N1ð Þ60cs
126

� �2

�
N1ð Þ60cs
23:6

� �3

þ
N1ð Þ60cs
25:4

� �4

� 2:67� lnðCSRM ¼ 7:5; σ
0
V ¼ 1atmÞ

σln Rð Þ

2

6

4

3

7

5

ð3Þ

The authors find that a standard deviation σln(R) equal to 0.13 correctly represents
variability.
Even considering with probabilistic models the uncertainty associated with the ground-

motion estimation and the likelihood of liquefaction triggering, the above procedures are
affected by other uncertainties related with measurement biases of in situ data (Baecher &
Christian 2003). In spite of a tendency to discipline the execution and interpretation of subsoil
investigation for improving consistency, quality and reliability (e.g. NZGS, 2016), the major
part of data presently available for risk assessment have been obtained in previous times with
out of date standards. An attempt to fill this gap is proposed by Madiai et al. (2016) who per-
formed an experimental study to convert the results of mechanical CPT into equivalent elec-
trical CPT data.
Inconsistency of investigation is one of the major causes of error in interpolating informa-

tion over the areas. Tests performed at mutual distance of few meters may give markedly dif-
ferent estimates of important parameters. Geostatistical tests (Chilès & Delfiner. 2012) are
very helpful to identify singularities, e.g. where experimental results differ too much from the
spatial trend inferred from contiguous investigations, and to quantify uncertainty of the esti-
mate in each position. From the viewpoint of the probabilistic risk assessment, this result
quantifies the reliability of the estimate and the uncertainty associated with the subsoil charac-
terization and provides a criterion to plan optimal campaigns to integrate information.
As an example, Figure 4 shows the map of liquefiable layer thickness over San Carlo Emilia

(Italy), a village struck by severe liquefaction during the 2012 earthquake (see Fig.3). The left

Figure 3. Geological susceptibility criterion (Youd & Perkins 1978) and distribution of liquefaction

damage caused by the 2012 earthquakes in Emilia Romagna (Italy).
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figure reports the map built with all available CPT tests, the right one shows the same map
obtained after removing some inconsistent tests (CPT positions are marked with dots). The
estimate of liquefiable layer is affected by the water table position, that was here taken from a
study of (RER, 2012).
The exam to evaluate consistency/inconsistency is based on the difference between vari-

ables estimated directly from the test and from interpolation of contiguous data. CPT logs
for which this difference exceed 5% and 95% fractile of the error distribution were removed.
This operation slightly modifies the map, but the contour lines that quantify the estimate
error show an improved quality of the information. The remaining error is mainly connected
with the density of information (in the present case, CPTs were mostly performed close to
damaged buildings), and thus a criterion is obtained to select areas where investigation is
more needed.
The effects at ground level are normally predicted (e.g. NZGS 2016; DPC 2017) with indica-

tors of severity that empirically synthesize the paramount factors dictating liquefaction in free
field conditions. They are computed as integral over fixed depths of a function of the safety
factor f(FSL) weighted with a function of depth from the ground level w(z).

INDEX ¼

ð

zmax

f FSLð Þ�w zð Þdz ð4Þ

Table 1 shows a list of the most common indexes. In spite of simplicity that makes these
indicators appealing for an extensive assessment, they suffer the implicit limitation of quanti-
fying the subsoil response with a sum of contributions from all susceptible layers (FSL<1)
located at different depths, ignoring in this way any possible mechanical and hydraulic cross-
interaction between susceptible layers located at different depths (Cubrinovski 2017).
The question can be seen from Figure 5 that shows a coupled hydro-mechanical analysis

carried with the Finite Difference Code FLAC 2D (Itasca 2016) simulating the response of
sand with a non-linear model (PM4Sand by Boulanger & Ziotopoulou 2012) that accounts for
the strain accumulation due to repetitive loading. The simulation inspired by a stratigraphy of
San Carlo reveals that the onset of liquefaction in the lower sandy layer (ru=Δu/σ’vo≈1) pre-
vents the further increase of pore pressure in the upper layers.
This phenomenon affects the reliability of assessment with simplified methods in the case of

multilayered systems and thus a preliminary check is necessary to verify if the schematization
with three layers (base, liquefiable layer and crust) is applicable to the studied case and if
more sophisticated models must be adopted. Millen (2019) propose a test based on CRR to
verify the equivalence of soil profiles derived from CPTU tests with three layers models
described by the combination of depth (Hcrust), thickness (Hliq) and mean CRR of the liquefi-
able layer. This test gives positive results for all CPT performed in San Carlo Emilia, basically
because the liquefiable layer in this case is induced by a continuous depositional event
occurred over a limited time period. Figure 6 shows a view of the three-dimensional model of
San Carlo adopted for the present analysis.

Figure 4. Liquefiable layer thickness over San Carlo Emilia drawn from all CPT tests (a) and after

removing inconsistent data (b). (Contour lines represent the standard deviation of error).
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5 STRUCTURAL DAMAGE

For a given hazard, the physical damage induced by liquefaction on structures and infrastructures
depends on their typology, planimetric extension and capability to adsorb absolute and

Table 1. Severity liquefaction indicators proposed in the literature.

INDEX REFERENCE f (FSL) w(z) Z

LPI Iwasaki, 1978 1� FSL if FSL51

0 if FSL � 1

10� 0:5z Zmin ¼ 0Zmax ¼ 20m

LPIish Maurer, 2014 f1� FSL if FSL � 1 \H1 � m FSLð Þ � 3

0 otherwhise

m FSLð Þ ¼ exp 5
25:56 1�FSLð Þ

� �

� 1

25:56
z

Zmin ¼ H1Zmax ¼ 20m

W Zhang et al.,

2002

εv ¼ εv FSL; qc1Ncsð Þ - Zmin ¼ 0Zmax ¼ max depth

LDI Zhang et al.,

2004

γmax ¼ γmax FSL; qc1Nð Þ - Zmin ¼ 0Zmax523m

LSN van Ballegooy,

2014

εv ¼ εv FSL; qc1Ncsð Þ 1000
z Zmin ¼ 0Zmax ¼ 20m

Figure 5. Numerical analysis of seismic wave propagation through a multi-layered subsoil.

Figure 6. Three-dimensional subsoil model of San Carlo Emilia (green and brown surfaces represent

respectively top and bottom surfaces of the liquefiable layer – the vertical scale is five times larger than

horizontal one).
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differential movements. The estimate of losses is by far more complex than the assessment of
liquefaction occurrence in the subsoil (Bird et al., 2006). Uncertainties basically stem from the fol-
lowing reasons:

• Coupling of liquefaction and ground shaking
• Identify damage mechanisms and define a demand for liquefaction
• Classify damage into levels
• Categorize structure response into homogenous groups

The above concerns become even more relevant and problematic for buildings due to the
larger variety of structural typologies and construction materials adopted worldwide.
The issue of combined ground shaking and liquefaction has been largely debated. More

often buildings that have undergone liquefaction do not exhibit ground shaking damage,
giving the idea that a base isolation could be induced by the liquefied soil on the building.
However, evidences of buildings damaged by both shaking and liquefaction suggest that
severe ground shaking might take place before the groundwater pressure builds up. Bird et al.
(2005) claim that the differential settlement induced by liquefaction on framed buildings
causes a drift of columns additional to that produced by shaking and thus structures previ-
ously affected by shaking are more vulnerable to liquefaction. Following this idea, these
authors propose a cumulative analytical methodology considering permanent shaking deform-
ation as a reduction of the building capacity against liquefaction. The connection between the
two mechanisms is even more evident for masonry structures.
Focusing solely on the effects of liquefaction, a list of possible building damages is provided

by van Ballegooy (2014) together with the threshold movements defining the level of damage.
Differential settlements or horizontal movements dictated by inhomogeneous load distributions
and stratigraphic conditions (e.g. inherent variability of homogeneous subsoil and, moreover,
boundary between liquefied and non-liquefied soils) are recognised among the most critical
causes of damage. Rigid body movements like uniform settlement, tilting and horizontal sliding
may add, increasingly affecting aesthetic, serviceability and, ultimately, stability of buildings.
The relative weight among mechanisms is mainly dictated by the stiffness of the structural
system with a paramount role of its foundation, whether made of isolated footings, continuous
beams or pads, pile reinforcement. A classification of severity levels cumulatively including
shaking and liquefaction has been proposed by Bird et al. (2006). They define four classes of
damage, namely slight, moderate, extensive and complete based on repairability of the building.
However, as pointed out by the same authors, a general applicability of this criterion is affected
by the strong dependency of the fixed limits on the type of structure, on the suitability of build-
ings and foundation to sustain repair works, plus several other factors dictated by the local prac-
tice. van Ballegooy et al. (2014) (Figure 7) distinguishes damage according to the deformation
mechanisms activated on the building and on the extent of settlement. A more general classifica-
tion of damage on buildings of different typology, not just referred to liquefaction, is provided
by Poulos et al. (2001) where a distinction is made among the type of structure (framed,
masonry, bridges) and level of damage. In all cases, predicting the overall kinematics of build-
ings is not easy, moreover for large-scale assessment where geotechnical and structural informa-
tion are largely incomplete. Following a methodology adopted for the serviceability limit state
analysis of foundations under static loads (Grant et al. 1974), differential settlements quantified
by the relative rotation β have been related to the absolute settlements of the building.

Once the equivalence between absolute settlement and distortion is established, it is readily seen
that the classification criteria defined by van Ballegooy (Figure 7) and Poulos (Figure 8.a) lead to
similar limit values of settlements. In both cases, damage is triggered for absolute settlements in
the range 10–50 mm, being severity dependent on the building type. Absolute settlements could
thus be considered as possible Engineering Demand Parameters to estimate damage.
This procedure is experimentally checked against the 2012 earthquake in San Carlo Emilia,

exploiting the available information on subsoil and building characteristics and on the sur-
veyed damage (e.g. Fioravante et al. 2013). Settlements have been computed with a formula
proposed by Karamitros et al. (2013). The formula considers the principal factors dictating
the mechanical response of the foundation: the seismic input is expressed via a cumulated
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energy variable; settlement is proportional to the ratio between applied and limit unit vertical
load. The latter, computed with the classical trinomial formula and as such accounts for
excess pore pressure development, friction ratio of the liquefiable sand, thickness and shear
strength of the crust, size and shape of the foundation and load discharged onto the soil.
The initial friction angle of the sand and shear strength of the crust have been fixed equal to

respectively 30° and 30 kPa, matching the prediction with the formula with the results of numer-
ical simulations performed with a Finite Difference code (the same adopted in Figure 5). To this
aim, a strip foundation having size equal to 10 m carrying a unit load of 50 kPa has been con-
sidered on a three layers models (see Figure 9a) calibrating the soil constitutive models on labora-
tory and site experiments (Fioravante et al., 2013) and varying parametrically the thicknesses of
the crust (from 2 to 12 m), the thickness of the liquefiable layers (from 2 to 8 m) and the seismic
input. The agreement between the two predictions (Figure 9b), proves to be very good for low
settlements, worse for larger settlements basically corresponding to low crust thicknesses.
The formula has been then extensively applied to compute settlements caused on each build-

ing of San Carlo by the May 20th 2012 earthquake (6.1 Mw).
To this aim a database has been created reporting for each building the footprint dimensions,

the number of storeys, thicknesses of crust and liquefiable layers. Relevant issues for calculation
are applied load, foundation type and dimensions. To this aim it is considered that the building
typology is rather homogeneous, being structures mostly made of brick walls with strip founda-
tions. Considering the local practice, an average width of 0.8 m has been assigned to the founda-
tions, assuming that they cover half of the footprint area. The applied unit load is then computed
subdividing uniformly spreading on this area the total load, proportional to the number of floor
and extension of the building. Predicting the damage of each building is out of the scope of the
present work as many relevant information, primarily the structural characteristics of the build-
ings and the mechanical properties of the foundation soil, are unknown and assumed as constant.
However, the map of Figure 10 shows that the analysis captures rather closely the liquefaction
evidences, sand ejecta and ground fissures, noticed at the ground level soon after the earthquakes
Fioravante et al.2013) and the spatial distribution of damaged buildings.

Figure 7. Type and level of damage caused on buildings by liquefaction (van Ballegooy, 2014).

Figure 8. Classification of damage (a. from Poulos et al., 2001), empirical relation between maximum

absolute settlement and angular distortion (b) for shallow and piled foundations (Viggiani et al., 2013).
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The effectiveness of absolute settlements as engineering demand parameter has then been evalu-
ated on a statistical basis, considering the distribution of damaged buildings recorded by the
Emilia Romagna Region. To this end, a catalogue has been created examining the reports of the
investigation carried out immediately after the earthquake and all technical reports produced for
reconstruction purposes. Out of a total of 663 buildings, about 88 suffered structural damage
caused by earthquake. A deeper check has then been made to distinguish on each building the
effects of shaking and liquefactions and to consider only the latter for the present analysis. The
curves expressing the cumulated probability of damage versus the computed absolute settlement ρ
for the different classes of buildings have been then reconstructed with the Bayes theorem:

P Damagejρð Þ ¼
PðρjDamageÞ � P Damageð Þ

P ρð Þ
ð5Þ

The curve reported for all buildings shows a correlation between the two variables proving
that absolute settlement can be assumed as a proxy of damage. The relation becomes even
more evident if a distinction is made based on the age of construction. To this aim, the struc-
tures built before 1954 have been isolated, extracting them from an aerial photograph taken in
that year, and the same probability curves have been computed. This subcategory reveals a
higher percentage of damaged buildings (73 over a total number of 268) possibly due to a
lower quality of the manufacture. According to the report of local engineers, the foundations
of buildings made before world war II basically consisted in a prolongation to a limited depth
of the upper masonry. With time, the new buildings were founded on strips made of reinforced
concrete or at least some reinforcement was added at the base of the strip foundation made
with bricks. For the sake of risk assessment, a more detailed survey of the structural and foun-
dation characteristics of buildings would certainly improve accuracy.

6 CONCLUSIONS

In the present study the uncertainties affecting liquefaction risk assessment are examined on a
case study to understand criticalities and provide a methodology for future guidelines. Quanti-
fying reliability of the assessment is fundamental to understand how the lack of knowledge

Figure 9. Calibration of Karamitros (2013) formula for the case of San Carlo Emilia.

Figure 10. Settlements of buildings computed with Karamitros et al. (2013) formula (a) and damage (b)

after the 2012 May 20th (Mw 6.1) earthquake in San Carlo (Fioravante et al. 2013).
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affects results, to avoid misuses of the outcomes or wrong conclusions. While realistic analyses
are possible at the scale of single building, reproducing with numerical codes structural char-
acteristics, subsoil stratigraphy and geotechnical properties, accuracy drops when faster pro-
cedures based on simpler models and more vague information are implemented at the large-
scale. Aleatoric uncertainties mainly come out from the modelling of subsoil and structures.
The studied example of San Carlo Emilia, that represents a benchmark thanks to the high
density of information collected after the May 2012 earthquakes, proves that uncertainty may
be reduced adding information and interpreting them with appropriate criteria. Geostatistical
analyses of the subsoil investigation are very useful to highlight inconsistent information but,
moreover, to quantify uncertainty and eventually plan integrative investigations as estimates
are dealt as statistical variables (see Fig.4). Although a detailed knowledge of the structural
characteristics of buildings was not possible, the role of construction age is evident, being
damage more concentrated on older buildings (Fig. 11).
Epistemic uncertainties on the subsoil mainly concern the simple three layers schematization

of the subsoil (a base, a liquefiable layer and a crust). The more complex phenomenology of
liquefaction in multilayered soils (see Fig.5) reduces the effectiveness of indicators widely
adopted to indicate hazard. Even though subsoil in the present case was everywhere referable
to this schematization (Fig.6), other remarkable examples (i.e. Cubrinovski et al. 2014) prove
the relevance of this limitation. A crucial issue for the building response is the coupling
between shaking and liquefaction. More often buildings that have suffered liquefaction do not
exhibit ground shaking damage, but few evidences suggest that structures previously damaged
by shaking are more vulnerable to liquefaction. A more complex schematization is necessary
to predict coupled effects (e.g. Millen et al., 2019). In the present paper, this issue has been
neglected and only the damage induced by liquefaction has been considered. This damage in
San Carlo proves to be quite well correlated to the absolute settlements of buildings computed
with a formula proposed by Karamitros et al. (2013) that accounts for the seismic input with a
cumulative energy parameter, for the stratigraphy and mechanical properties of subsoil and
for the main characteristics of the building foundation (size, shape and carried load). The
extensive application of this formula to the village of San Carlo proves that the computed
variable can be assumed as an indicator of the physical damage (EDP).
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