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1. Introduction 

Earthquake-induced soil liquefaction is consi-
dered one of the most serious consequences of a 
seismic sequence causing severe damages to the bu-
ilt environment. During some major earthquakes 
(Anchorage, 1964; Niigata, 1964; Kobe, 1995; Ko-
caeli, 1999; Christchurch, 2010-2011; Palu, 2018; 
among others), the effects of soil liquefaction in 
some areas were catastrophic, with settlements and 
horizontal displacements large enough to lead to 
the loss of functionality and of operative state of 
many buildings or constructed facilities. An accu-
rate assessment of liquefaction hazard (evaluation 
of soil susceptibility, assessment of the liquefaction 
potential for susceptible soils, and prediction of the 
effects) is therefore essential to protect life and sa-
fety, to reduce seismic risk of existing structures in 
a cost-effective manner, and to guide post-earthqua-
ke recovery actions. 

Despite the experimental research efforts spent 
in the last decades to explain and understand the 
factors ruling earthquake induced liquefaction, fur-
ther progress remains to be made in the evaluation of lique-
faction hazard [KRAMER and GREENFIELD, 2019]. This 
statement comes from the evidence that in some 
recent major earthquakes (e.g., New Zealand, 2010-
2011; Palu, 2018), liquefaction induced effects on 
the built environment were in some cases much 
more severe than it could be expected by referring 
to the simplified procedures adopted in practice 
for the assessment of liquefaction hazard [CUBRI-
NOVSKI et al., 2019]. 

In their 3rd Ishihara Lecture, DOBRY and ABDOUN 
[2015] stated that the misprediction of liquefaction 
effects is mainly caused by the current state-of-prac-
tice that continues to be largely empirical, using cor-
relations based on field observations documented in 
liquefaction case histories and neglecting some rele-
vant aspects that play a role in the severity of lique-
faction induced effects. Moreover, the current data-
bases are also unbalanced, being more populated 
with cases where liquefaction occurred than with ca-
ses in which susceptible soils have not liquefied, in-
cluding only a few well documented soil-structure in-
teraction effects case histories. 

Therefore, going through the main steps taken 
in current practice and suggested by national and in-
ternational regulations for the assessment of lique-
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faction hazard, the paper highlights what at the mo-
ment seem to be the most relevant aspects omitted 
or oversimplified in the current procedures. The 
aim of the paper is then to show the direction in 
which research is going or should be going to over-
come the uncertainties related to the predictive ca-
pabilities of the current liquefaction assessment pro-
cedures adopted in practice. In this respect, it shows 
experimental evidences and theoretical considera-
tions, and try to highlight the critical aspects to be 
considered. 

2. Some insights into the mechanisms

Saturated sandy deposits subjected to cyclic un-
drained loading can be potentially affected by th-
ree different mechanisms: flow liquefaction, cyclic 
liquefaction and cyclic mobility [ROBERTSON and 
WRIDE, 1998]. In all these mechanisms the genera-
tion of excess pore water pressure ∆u, due to the 
contractive response of sandy soil at small strain, is 
the triggering factor. Flow liquefaction is an insta-
bility phenomenon occurring only in loose granu-
lar soils in presence of a static driving force (slo-
ping ground condition). Cyclic mobility and cyclic 
liquefaction can occur during undrained cyclic lo-
ading in a much broader range of soils and site 
conditions than flow liquefaction: the combination 
of initial soil conditions (strain softening or har-
dening soil behaviour) and cyclic loading (shear 
stress reversal or not, duration of the cyclic loads) 
rules the rate of pore pressure generation and ac-
cumulated shear strains. If the effective stresses in 
the soil element reach zero with horizontal or gen-
tly sloping ground conditions, cyclic liquefaction 
can take place and large deformations will even-
tually result. If, on the contrary, the pre-existing 
static stress state is such that, for the applied cyclic 

action, there is no shear stress reversal, the spheri-
cal stress components cannot become zero. Then, 
cyclic mobility with limited deformations will oc-
cur. This paper refers only to cyclic liquefaction 
(from now on simply named liquefaction), which is 
the mechanism most commonly observed during 
the major seismic events. 

The term “earthquake-induced liquefaction” has 
therefore been traditionally used to describe a phe-
nomenon associated with a rapid temporary reduc-
tion of soil shear strength and stiffness due to the 
generation of excess pore water pressure in satura-
ted cohesionless soils during an earthquake. The ba-
sic mechanisms ruling soil liquefaction phenome-
non and the factors affecting liquefaction suscepti-
bility (e.g., density, confining stress, soil grading, fi-
ne content, soil plasticity, loading path, OCR, degree 
of saturation) have been deeply investigated in the 
last decades observing the stress-strain behavior and 
pore-pressure generation (Fig.1) in sandy specimens 
through cyclic undrained laboratory tests [SEED and 
LEE, 1966; SILVER et al., 1976; SILVER et al., 1980; ISHIHA-
RA, 1985; TOKI et al., 1986; ISHIHARA and KOSEKI, 1989; 
THEVANAYAGAM and MARTIN, 2002; MELE et al., 2018; 
MELE et al., 2019C]. 

At the laboratory scale, the earthquake sha-
king is usually represented by an harmonic loading 
path (Fig.1a) and the applied load is quantified via 
the cyclic stress ratio CSR that is, for a simple shear 
test, the ratio of the maximum applied shear stress 
to the initial effective normal stress (CSR=τ/σ’v). 
The applied CSR for which liquefaction is attained 
in a number of cycles, usually verified at conventio-
nal stress (pore pressure ratio ru=∆u/σ’v, Fig. 1b) or 
strain amplitude (γDA, εDA) thresholds, identifies the 
soil resistance to earthquake-induced liquefaction 
(Cyclic Resistance Ratio, CRR).

The key point in the prevision of liquefaction 
triggering and its effects on the built environment 

Fig. 1 – Undrained cyclic simple shear test: a) harmonic one-directional loading path τ(t) and b) stress-strain τ-γ hysteresis 
loop and excess pore water pressure ∆u versus the applied number of cycles [MELE et al., 2019c].
Fig. 1 – Prova di taglio semplice ciclico non drenata con percorso di carico (t) armonico uni-direzionale a): cicli di isteresi - e 
sovrappressioni interstiziali ∆u al variare del numero di cicli di carico b) [MELE et al., 2019c].

a) b)



25

LUGLIO - SETTEMBRE 2020

SOIL LIQUEFACTION: FROM MECHANISMS TO EFFECTS ON THE BUILT ENVIRONMENT

is the correct estimate of the excess pore water pres-
sure ∆u within the soil and its dissipation after the 
earthquake. Even though the widely adopted semi-
empirical pore water pressure generation models ha-
ve been developed using data from laboratory un-
drained cyclic tests on reconstituted specimens [SEED 
et al., 1975; DOBRY et al., 1985; BOOKER et al., 1976; BYR-
NE, 1991], the ongoing experimental researches to-
gether with some new field evidences provided new 
insights regarding the in situ pore pressure genera-
tion, highlighting the relevance of some important 
aspects necessarily very simplified or neglected at the 
laboratory scale. 

2.1. Seismic demand

Due to the well-known complexity of seismic 
loading (multidirectional propagation, wide ran-

ge of frequencies, change in frequency content af-
ter liquefaction triggering, Fig. 2a), the resulting 
particle trajectory measured in a generic horizon-
tal plane during an earthquake is very complex 
(Fig. 2b). 

Among the laboratory devices usually adopted 
to evaluate the soil resistance to earthquake indu-
ced liquefaction (triaxial cell, simple shear and hol-
low cylinder torsional shear cell), the simple shear 
apparatus has been traditionally chosen as the clo-
sest configuration to model the plane strain condi-
tion and the rotation of the principal axes during 
the seismic shaking. In this device, the seismic de-
mand is converted in a simple uniform 1D cyclic lo-
ad superimposed in the same direction of the static 
initial shear stress: this scheme reproduces the uni-
directional mode of shaking of a soil volume due 
to the upward propagation of shear waves. It is evi-
dent (Fig. 2) that, even if the vertical component 

Fig. 2 – Time histories of the horizontal components of acceleration and normalized Stockwell spectrogram of the 2011 
Tohoku earthquake a) recorded at the IBR014 site [KRAMER and GREENFIELD, 2019]; horizontal ground acceleration of the 
first mainshock of 2012 Emilia Romagna Region seismic sequence b) [LOMBARDI and BHATTACHARYA, 2014].
Fig. 2 – Storie temporali delle componenti orizzontali di accelerazione e spettrogramma normalizzato di Stockwell relativi al terremoto di 
Tohoku del 2011 a) registrato al sito IBR014 [KRAMER and GREENFIELD, 2019]; accelerazione orizzontale dell’evento principale relativo 
alla sequenza sismica del 2012 in Emilia Romagna b) [LOMBARDI e BHATTACHARYA, 2014].

Fig. 3 – Undrained cyclic simple shear test in multi-directional device a) and idealized loading paths (bi-directional linear 
(1); oval/circular (2); doubly circular (3)) for level ground or sloping ground condition b).
Fig. 3 – Prova di taglio semplice ciclico non drenata nell’ apparecchiatura multi-direzionale a) e possibili percorsi di carico (lineare bi-
direzionale (1); ellittico/circolare (2); doppiamente circolare (3)) nel caso di piano campagna orizzontale o inclinato b).

a)

a)

b)

b)
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of seismic shaking is usually neglected, it is very dif-
ficult to consider a simple harmonic one-directio-
nal cyclic load as the representative seismic loading 
condition.

Starting from the pioneering work of ISHIHARA 
and YAMAZAKI [1980], many experimental studies 
have been recently developed adopting “multi-di-
rectional simple shear devices”, in which a variety 
of stress paths (e.g. linear, oval/circular or dou-
bly circular, Fig. 3b) can be obtained by applying 
two independent shear stress paths on the hori-
zontal plane, eventually superimposed on a sta-
tic driving shear stress (level ground or sloping 
ground, Fig. 3). 

The findings of these experimental studies 
[ISHIHARA and YAMAZAKI, 1980; BOULANGER and SEED, 
1995; KAMMERER et al., 2004; LI et al., 2016] hi-
ghlighted that the liquefaction resistance of soils 
under 2D shaking conditions (e.g., in a oval stress 
path with an aperture ratio AR=τs/τl≠0 in Fig. 4a) 
is lower than in 1D condition (aperture ratio AR=0 
in Fig. 4a). This is due to the different pore pres-
sure generation within the specimen, that is more 
rapidly in 2D shaking condition because of the ro-
tation of stresses in the horizontal plane aids parti-
cle rearrangement. Furthermore, the comparison 
between some tests with the same oval stress loa-

ding path (Fig. 4b), shows that the generation of 
excess pore pressure is strictly connected to both 
the amplitude of the secondary cyclic shear stress 
(i.e., AR values) and the deviation between the sta-
tic initial shear stress and the highest cyclic loading 
direction. 

The experimental evidences raised from tests 
carried out in multi-directional advanced devi-
ces have therefore emphasized the limits of the 
semi-empirical pore pressure prediction models 
[SEED et al., 1975; DOBRY et al., 1985; BOOKER et al., 
1976; BYRNE, 1991], generally adopted in loosely 
coupled dynamic analyses (§. 3.2) to evaluate the 
excess pore water pressure. These models are in-
deed based on the results of traditional tests per-
formed under one-dimensional shaking and, as a 
consequence, could be not representative of the 
pore pressure generation under different - more 
realistic - shaking condition. On this point the re-
search is ongoing and the advanced plasticity con-
stitutive models (i.e., SaniSand, DAFALIAS and MAN-
ZARI, 2004), that potentially have the basic requi-
rement and formulation to simulate the soil re-
sponse under complex stress paths [SEIDALINOV et 
al., 2017], are becoming increasingly helpful in 
validating more realistic pore pressure generation 
models. 

a) b)

Fig. 4 – Results of cyclic tests carried in bi-directional simple shear apparatuses obtained by applying oval loading paths [KAM-
MERER et al., 2004]: cyclic resistance curves for specimens loaded in level ground condition a) and maximum pore pressure 
ratio ru and shear strains γ measured on specimens loaded in sloping ground condition b).
Fig. 4 – Risultati di prove cicliche condotte in apparecchiature di taglio semplice bi-direzionale applicando un percorso di carico ellittico 
[KAMMERER et al., 2004]: curve di resistenza ciclica ottenute da prove in condizione di piano campagna orizzontale a) e massimo rapporto 
di sovrappressione interstiziale ru e deformazioni di taglio  misurate su provini in condizione di piano campagna inclinato b).



27

LUGLIO - SETTEMBRE 2020

SOIL LIQUEFACTION: FROM MECHANISMS TO EFFECTS ON THE BUILT ENVIRONMENT

2.2. Liquefaction Triggering 

The liquefaction triggering criteria are commonly 
based, at the laboratory scale, on a threshold defined 
in terms of either excess pore-pressure (ru) or strain 
amplitude (εDA, γDA). ISHIHARA [1993] suggested for 
stress criterion a threshold of ru equal to about 0.90, 
and for strain criterion two different thresholds in 
double amplitude equal to 5% and 7.5%, respectively 
for triaxial (εDA) and simple shear tests (γDA). 

The two criteria generally give the same results 
in loose clean sands and level ground condition, 
where the excess pore pressure is immediately ac-
companied by accumulation of large shear strains. 
Conversely, it was observed that in denser sands 
or gravelly soils [WU et al., 2004; FLORA et al., 2012; 
FLORA and LIRER, 2013] the two criteria general-
ly give different results. In addition, for silty sand 
and sandy silts (generally named “intermediate 
soils”) the fines content affects the pore pressure 
build up and the attained threshold too [ISHIHA-
RA, 1993].

To overcome this drawback two more recent 
triggering parameters, that involve both the cycli-
cally induced stresses and strains, can be adopted: 
the apparent viscosity η (slope of the stress-strain ra-
te hysteresis loop in a generic loading cycle) and 
energy dissipated per unit volume Es (area bounded by 
the stress-strain hysteresis loop in a generic loading 
cycle). 

Starting from the basic concept that when lique-
faction occurs the state of soil switches from that of a 
solid to that of a viscous non-Newtonian fluid, CHEN 
et al. [2006] introduced the apparent viscosity  for a 
generic loading cycle i, as:

  (1)

where τmax and τmin are the maximum and mini-
mum values of the applied cyclic shear stress and 

 and  are the maximum and minimum she-
ar strain rates (Fig. 5a). 

For loading cycles far from liquefaction trigge-
ring, the soil is in a solid state and the initial value 
of  (0) is quite constant (Fig. 5b). After that, the 
pore water pressure starts to increase and a “transi-
tion phase” can be identified where the apparent vi-
scosity suddenly decreases. At the end of the transi-
tion phase, the liquefaction fully develops (ru ≈ 0.90) 
and the complete change of state leads to a collapse 
of the apparent viscosity to a minimum value. In this 
phase (=fluid), a rapid loss of the soil strength and 
stiffness occurs and the liquefied soil behaves as a 
pseudo-plastic fluid. 

As an example, the results of cyclic triaxial tests 
carried out on sandy specimens [LIRER and MELE, 
2019] have been plotted in Figure 6a in terms of ap-
parent viscosity decay law –Ncyc: as previously men-
tioned,  decreases as the pore pressure ratio ru in-
creases and it is worth noting that ru=0.90 is attained 
exactly in correspondence of the maximum gradient 
of the curvature ∆/ (Fig. 6b). By plotting the re-
sults of many tests carried out on specimens of sandy 
(Fig.7a) and gravelly soils (Fig. 7b) with different ini-
tial state conditions, it can be observed that for each 
soil a clear relationship exists between the normali-
zed apparent viscosity η/η0 and the pore pressure ra-
tio ru. This highlights the relevance of η as physically 
based parameter for the identification of the lique-
faction triggering.

Fig. 5 – Example of the stress-strain rate hysteresis loops in the first six loading cycles Ncyc a) and sketch of the apparent vi-
scosity decay law and pore pressure ratio build up during cyclic undrained loading b) [LIRER and MELE, 2019].
Fig. 5 – Esempio di cicli di isteresi tensione-velocità di deformazione nei primi sei cicli di carico Ncyc a) e legge di decadimento della viscosità 
apparente in funzione dell’ incremento del rapporto di sovrappressione interstiziale durante i cicli di carico b) [LIRER e MELE, 2019].

a) b)
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The experimental apparent viscosity decay 
laws may be a useful tool in the constitutive mo-
dels of fluids mechanic to simulate the behaviour 
of liquefied soils [CHEN et al., 2006]. Such models 
have been already adopted by some researchers 
to simulate large deformation phenomena as la-
teral spreading or drag forces induced on structu-
res by liquefied soils [HWANG et al. 2006; CHEN and 
LIU, 2011]. 

As mentioned above, the dissipated energy per 
unit volume (Es) or specific deviatoric energy, can be 
adopted as a triggering criterion too. MELE [2020], 
by the processing of many cyclic tests (triaxial and 
simple shear tests) on different liquefiable sandy 
soils (0<FC(%)<20 and 36<Dr (%)<78), observed 
that a small amount of Es is accumulated during 
the earlier stages of loading, with a sharp increase 
(Fig. 8a, MELE et al., 2018b) of this quantity being 
measured as soil approaches liquefaction. 

The specific deviatoric energy to liquefaction 
(Es,liq) or capacity of the soil is therefore: 

  (2a)

  (2b)

where Dcyc is the area bounded by the stress-strain 
hysteresis loop during each cyclic loading - q-εs in a 
triaxial test or τ-γ in a simple shear tests - and Nliq is 
the number of cycles for the liquefaction attainment 
according to stress or strain criteria. 

As verified by many experimental studies [FI-
GUEROA et al., 1994; DIEF and FIGUEROA 2007; BAZIAR 
and SHARAFI, 2011; POLITO et al., 2013; KOKUSHO, 2013; 
AZEITEIRO et al., 2017; MELE et al., 2019B], the norma-
lized specific deviatoric energy to liquefaction Es,liq/
σ’m (where σ’m is the mean effective stress) depends 
negligibly on relative density, fines content, applied 
load pattern (harmonic or irregular) and type of 
tests (simple shear or triaxial test): as a consequen-
ce, in the energy based framework the soil capaci-
ty is generally bounded in a very small range (0.006 

Fig. 6 – Results of cyclic undrained triaxial tests in terms of η - Ncyc - ru a) and ∆η/η - ru b) [LIRER and MELE, 2019].
Fig. 6 – Risultati di prove triassiali cicliche non drenate in termini di  - Ncyc - ru a) e / - ru b) [LIRER e MELE, 2019].

Fig. 7 – Normalized apparent viscosity η/η0 versus ru for reconstituted specimens of Sant’Agostino sand a) and undisturbed 
specimens of Messina gravels b) and average best fitting curves [LIRER and MELE, 2019].
Fig. 7 – Variazione della viscosità apparente normalizzata /0 con ru per provini ricostituiti della sabbia di Sant’Agostino a) e per 
provini indisturbati della ghiaia di Messina b) e curve interpretative medie [LIRER e MELE, 2019].

a)

a)

b)

b)



29

LUGLIO - SETTEMBRE 2020

SOIL LIQUEFACTION: FROM MECHANISMS TO EFFECTS ON THE BUILT ENVIRONMENT

<Es,liq/σ’m<0.018, Fig. 9). Owing to that, the lower 
value of Es,liq/σ’m (i.e. Es,liq/σ’m = 0.006, Fig. 9) can 
be generically assumed as the capacity of the soil in a 
liquefaction potential assessment (§3.3). 

The further interesting aspect is that, as previously 
shown for the apparent viscosity, for a given soil the 
normalized dissipated energy Es/σ’m is closely corre-
lated to the induced excess pore water pressure: it was 
experimentally observed that a unique relationship 
between Es/σ’m and ru exists and it is independent of 
the applied shear stress amplitude CSR and soil initial 
density Dr (e.g. Pieve di Cento sand in Fig. 8b). 

Recent experimental studies [MELE et al., 2018; 
MELE et al., 2019b; MELE and FLORA, 2019], devoted to 
the analysis of liquefaction resistance of unsaturated 
soils, have shown that the specific deviatoric energy 
is strongly affected by the degree of saturation Sr and 
the soil capacity Es,liq/’m increases as Sr decreases 
(Fig. 10a). The authors quantified this dependence 
by introducing a new state parameter: the volumetric 
specific energy needed to reach liquefaction (Ev,liq). 
This parameter affects the cyclic undrained response 
of unsaturated sandy soils and expresses the work of 
deformation done by the three components existing 
in an unsaturated soil: soil skeleton, water and air (E
v,liq=Ev,sk,liq+Ew,liq+Eair,liq). For sake of brevity the for-
mulas for computing the three components are not 
reported in the present paper, but they can be found 
in MELE et al. [2018]. 

The role of the volumetric specific energy on 
the cyclic behaviour of unsaturated soil can be 
observed in figure 10b, where the data of figure 
10a have been plotted in a new normalized pla-
ne Es/σ’m⋅f(Ev,liq) – N/Nliq, where the function 
f(Ev,liq) is defined as: 

  (3)

where pa is the atmospheric pressure, introduced to 
make the equation (3) dimensionless and  and  
are two material dependent calibration parameters. 

It can be noted that the introduction of the new 
parameter f(Ev,liq) has considerably reduced the dif-
ferences observed in figure 10a and, as shown in fi-
gure 10b, Es,liq/σ’m⋅f(Ev,liq) varies in a limited range 
(0.0035 - 0.0080). 

All these interesting experimental outcomes ha-
ve encouraged the development of some energy-ba-

Fig. 8 – Cumulative value of Es as a function of the number of loading cycles Ncyc a), and normalized specific deviatoric ener-
gy Es/σ’m versus ru measured for Pieve di Cento sand specimens tested in simple shear apparatus b).
Fig. 8 – Variazione del valore cumulato di Es col numero di cicli di carico Ncyc a) e risultati sperimentali di prove di taglio semplice ciclico 
in termini di energia deviatorica specifica normalizzata Es/’m in funzione di ru per la sabbia di Pieve di Cento b).

a) b)

Fig. 9 – Normalized dissipated energy to cause liquefac-
tion as a function of number of cycles Nliq: experimental 
results of triaxial tests carried out by the authors on diffe-
rent saturated sandy soils applying sinusoidal waveforms 
(black cross symbols), superimposed to the ones obtained 
from POLITO et al. [2013] for different loading paths (regu-
lar and irregular).
Fig. 9 – Energia dissipata normalizzata a liquefazione in 
funzione del numero di cicli Nliq: risultati sperimentali di prove 
triassiali condotte dagli autori su diversi terreni applicando 
forme d’onda sinusoidali (indicate con simboli neri a croce), 
confrontate con quelle di POLITO et al. [2013] per diverse forme 
d’onda (regolari e irregolari).
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sed pore pressure models [BERRIL and DAVIS 1985; 
GREEN et al., 2000; POLITO et al., 2013; KOKUSHO, 2013] 
also implemented in 1D codes suitable for effective 
stress dynamic analyses according to the ‘loosely cou-
pled’ approach. The energy based pore pressure ge-
neration models are now considered a valid alterna-
tive to the best known semi-empirical pore pressu-
re prediction models [SEED et al., 1975; DOBRY et al., 
1985; BOOKER et al., 1976; BYRNE, 1991], because they 
have not convert the earthquake motion in an equi-
valent number of uniform cycles, thus also resolving 
the uncertainties described in § 2.1. 

2.3. Effect of fines content in intermediate soils 

An accurate liquefaction hazard assessment starts 
from the evaluation of soil susceptibility that consists 
on the correct identification of the soil layers pre-
sent at a site potentially vulnerable to earthquake-in-
duced liquefaction. While it is now recognised that 
clean sands are potentially liquefiable soils, there ha-
ve been some issues regarding the dynamic beha-
viour of the so-called “intermediate” soils: sandy silts, 
silts, silty and clayey sands. 

Several experimental evidences and liquefaction 
field case histories (Kocaeli, 1999; Christchurch, 
2010-2011; Emilia Romagna, 2012) showed that the 
intermediate soils can be subjected to liquefaction 
phenomenon, as well. As shown by several authors 
[ANDREWS and MARTIN, 2000; VANNUCCHI et al., 2012; 
FACCIORUSSO et al., 2019], for these soils the poten-
tial for earthquake-induced liquefaction is gover-
ned by the overall soil grading (uniformly-graded or 
gap-graded), the characteristics and the amount of 
the finer particles (FC: percentage of particles with 
diameter finer than 0.075 mm). However, although 

numerous experimental evidences have shown that 
soils with more than 10 or 15% clay-sized fines can 
liquefy, it is now recognised that the amount of FC 
is less important than its plasticity [BRAY et al., 2001; 
SANCIO et al., 2003; SEED et al., 2003]. Generally spea-
king [SEED et al., 2003], soil liquefaction appears to 
occur in low plasticity silty and clayey sands as well as 
in low plasticity silty clays (PI ≤12%, and LL ≤ 37%). 

When the fine content and plasticity are 
unknown, their susceptibility to earthquake-induced 
liquefaction generally is empirically estimated with 
CPT-based procedures [ROBERTSON, 1990; ROBERTSON  
and WRIDE, 1998] via the well-known soil behaviour 
type index Ic. However many authors [ADREWS and 
MARTIN, 2000; BOULANGER and IDRISS, 2016; FACCIORUS-
SO et al., 2019] highlighted the large uncertainty in 
the Ic-FC correlation (Fig. 11) and then the difficulty 

a) b)

Fig. 10 – Results of cyclic triaxial undrained tests carried out on saturated and unsaturated specimens plotted in terms of nor-
malized dissipated energy (Es/σ’un) versus N/Nliq a) and (Es/(σ’un·f(Ev,liq)) versus N/Nliq b). The effective stresses of unsa-
turated soils have been computed through the equation of BISHOP and BLIGHT [1963].
Fig. 10 – Risultati di prove triassiali cicliche non drenate condotte su provini saturi e parzialmente saturi in termini di energia dissipata 
normalizzata (Es/’un) con N/Nliq a) e (Es/(’un·f(Ev,liq)) con N/Nliq b). Le tensioni efficaci dei terreni parzialmente saturi sono state calco-
late con l’equazione di BISHOP e BLIGHT [1963].

Fig. 11 – Data sets and suggested relationships between Ic 
and FC [BOULANGER and IDRISS, 2016].
Fig. 11 – Dati sperimentali e correlazioni proposte in letteratura 
tra Ic e FC [BOULANGER e IDRISS, 2016].
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to identify the soil layers susceptible to liquefaction 
when intermediate soils are involved. For such a re-
ason, in order to avoid a misevaluation of the lique-
faction potential, a direct measurement of the fines 
content and the plasticity index is highly recommen-
ded. 

2.4. “System response” in layered deposits 

As demonstrated by recent empirical eviden-
ces in major earthquakes [CUBRINOVSKI et al., 2018], 
when the assessment of the liquefaction hazard re-
fers to a layered deposit made of liquefiable and un-
liquefiable soil layers, the liquefaction triggering is 
strongly affected by the complex interaction betwe-
en layers, named “system response”. 

In the case of the 2010-2011 seismic sequences 
in New Zealand, it was observed that sites with very 
similar characteristics of the critical liquefiable lay-
ers (depth and thickness, Ic and qc1Ncs) responded 
differently: YY sites liquefied in both major seismic 
sequences, while NN sites did not liquefy in any of 
them. The simplified methods for the liquefaction 
potential assessment had not able to predict and ju-
stify such differences. To investigate more rigorously 
the YY and NN sites response, fully coupled 1D effec-
tive stress dynamic analyses were performed adop-
ting 1D representative soil column models [CUBRI-
NOVSKI et al., 2018]. The results (Fig. 12) showed the 
existence of an unplanned cross-interaction betwe-
en different liquefiable and non-liquefiable layers, 
that worked in opposite direction. In vertically conti-
nuous liquefiable soil layers (YY sites) a rapid lique-
faction of the shallow critical layer happened due to 

the additional excess of pore water pressure caused 
by the seepage action of the upward water flow from 
the underline layer (6m<z<10m, Fig. 12a), that did 
not liquefy. In highly interbedded deposits (NN si-
tes), the “base isolation” given by the deeper lique-
fied layers (8.5m<z<10m, Fig. 12b) modified the sei-
smic demand in the above layer (4m<z<8.5m, Fig. 
12b), mitigating the liquefaction manifestation. 

3. Liquefaction potential assessment 

3.1. Simplified procedures

In engineering practice, the evaluation of the 
potential for the occurrence of liquefaction is usual-
ly done by means of simplified approaches in which, 
at each depth, a safety factor against liquefaction in 
free field condition FSliq is computed by comparing 
the “seismic demand” generated by the earthqua-
ke and the “soil capacity” to resist liquefaction. The 
three different approaches, stress-based, strain-ba-
sed and energy-based, differ in the chosen parame-
ter to identify soil capacity and earthquake demand 
(Fig. 13). 

The dominant approach is the stress-based one, 
in which the safety factors FSliq is equal to the cyclic 
shear stress ratio required to attain liquefaction 
(CRR) divided by the earthquake induced cyclic 
shear stress (CSR). In this approach, the irregular 
seismic demand is grossly represented with a har-
monic loading condition where the equivalent she-
ar stress intensity and the number of cycles have to 
be defined. CSR is usually computed - for a given 
seismic scenario Mw and amax- according to the well-

YY-sites  a) NN-sites  b)
Fig. 12 – Results of 1D effective stress dynamic analyses [CUBRINOVSKI et al., 2018]: excess pore water pressure with depth for 
YY-sites a) and NN-sites b). The sketches on the right-hand side of both figures illustrate the sequence of mechanisms that 
have been activated during the seismic sequence.
Fig. 12 – Risultati di analisi dinamiche 1D in tensioni efficaci [CUBRINOVSKI et al., 2018]: profili dell’incremento delle sovrappressioni in-
terstiziali ∆u nel tempo per i YY a) e NN-siti b). Gli schemi sul lato destro della figura illustrano la sequenza dei meccanismi che sono avve-
nuti durante l’evento sismico.
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known SEED and IDRISS formulation [1971] or by a 
1D ground seismic response analysis in total stres-
ses. Soil capacity to resist earthquake induced lique-
faction CRR is estimated via the several empirical 
correlations developed from in situ tests [SEED and 
IDRISS, 1971; ANDRUS and STOKOE; 2000; IDRISS and 
BOULANGER, 2006] or, rarely, using laboratory cyclic 
tests results (via the cyclic resistance curve CRR-
Nliq). Among the available empirical correlations, 
the SPT and CPT deterministic based ones are the 
most reliable because they are supported by large 
case history databases [YOUD and IDRISS, 2001; FINN 
et al., 2002; SEED et al., 2003; BOULANGER and IDRISS, 
2016] and have been improved over the years in 
order to take into account the well-known effects 
of the fines content [YOUD et al., 2001; SEED et al., 
2003; BOULANGER and IDRISS, 2014]. These correla-
tions have no formal probabilistic basis, and so pro-
vide no insight regarding either uncertainty or pro-
bability of liquefaction. Efforts in the development 
of similar, but formally probabilistic, correlations 
have been published by a number of researchers 
[YOUD and NOBEL 1997; JUANG et al., 2002; CETIN et 
al., 2004; MOSS, 2006; IDRISS and BOULANGER, 2008]
with the aim to include uncertainties in liquefac-
tion triggering models, in the representative in situ 
measurements and in the seismic hazard. 

Recently the research is focusing on the energy-
based approach as an alternative method of lique-
faction assessment: in this approach, both the sei-
smic demand and the liquefaction resistance are ex-
pressed in terms of energy. As previously mentioned, 
the use of the dissipated deviatoric energy Es (§. 2.2) 
offers a number of advantages: it is related to both 
cyclic stresses and strains, is independent of the ap-
plied load pattern (random or harmonic), and it is 
strictly related to the induced excess pore pressure. 
The awareness that the energy required to liquefac-
tion triggering is independent of the stress history 

has become the main advantage of the energy appro-
ach, because it does not need to convert the seismic 
input motion in an equivalent number of uniform 
loading cycles. 

While the soil capacity can be easily computed 
by laboratory tests, the key point in the energy-based 
approach is the properly computation of the energy 
demand. Because of the large variability of the pre-
diction given by empirical relationships proposed in 
literature [JAFARIAN et al., 2011; KOKUSHO and SUZUKI, 
2011; KOKUSHO, 2013], the upward energy demand 
should be more properly computed via an equiva-
lent site response analysis. 

The limits of all simplified methods are that 
the effect of pore pressure generation on seismic 
demand is ignored (change in frequency content, 
§ 2.1) and the liquefaction triggering safety factor 
FSliq, and the consequent strains, are estimated in-
dependently for each liquefiable layer neglecting 
the possible interaction among different layers. As 
previously shown (§ 2.4), for highly interbedded de-
posits, neglecting the “system response” can lead 
to a wrong assessment of liquefaction effects at the 
ground surface. 

3.2. Dynamic methods

Liquefaction potential assessment can also be 
done via “dynamic” methods in which the prediction 
of pore water pressure generation is done within 
a seismic site response framework for a specified 
earthquake input motion. These methods require 
more efforts in terms of experimental and numeri-
cal resources as well as in term of complexity of the 
adopted soil constitutive models. 

The “decoupled ” approach is the simplest method, 
suggested by several guidelines and design standards 
[KOESTER et al., 1999; AGI, 2005; USBR, 2015 USBR 

Fig. 13 – Simplified methods for the assessment of liquefaction potential: stress-based, strain-based and energy-based appro-
aches.
Fig. 13 – Metodi semplificati per la valutazione del potenziale di liquefazione: approcci tensionali, deformativi ed energetici.
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2015] and sometimes implemented in numerical co-
des (e.g., Quake/W, GEO-SLOPE International Ltd 
2013): in this approach excess pore water pressu-
re u is computed by applying semi-empirical rela-
tionships [SEED et al., 1975; DOBRY et al., 1985] to the 
results of seismic response analyses in total stresses. 

In the more advanced “coupled” approaches, the 
non-linear dynamic analysis in effective stresses is 
carried out by using either simplified or advanced 
soil constitutive models. In this group, two further 
distinct approaches can be identified:
– the “loosely coupled” approach that predicts u by 

adopting pore pressure generation models used 
in combination with constitutive models in total 
stresses (e.g., pore pressures prediction based on 
accumulated strains or stresses);

– the “fully coupled” approach uses an advanced 
constitutive model to predict both the stress-
strain and the pore-pressure response of the soil. 
Some of the most adopted (stress, strain or ener-

gy based) pore pressure generation models [SEED et 
al. 1975; BOOKER et al., 1976; DOBRY et al., 1985; GRE-
EN et al., 2000] have been implemented in 1D co-
des suitable for effective stress dynamic analyses 
according to the ‘loosely coupled’ approach (e.g., 
DESRA-2, LEE et al., 1978; D-MOD2000, MATASOVIC 
and ORDONEZ, 2000; DEEPSOIL, HASHASH et al. 2016; 
MEI et al. 2019). 

More recently CHIARADONNA et al. [2018] applied 
the endochronic theory to express the pore pres-
sure build-up as a function of a single variable cal-
led “damage parameter”, which can be computed 
from cyclic tests data and irregular loading paths. 
The proposed pore water pressure model has been 
implemented in the 1D non-linear code SCOSSA 
[TROPEANO et al., 2016; 2019], in which the soil co-
lumn is modelled as a system of consistent lamped 
masses connected by viscous dampers and springs 
with hysteretic non-linear behaviour. The stiffness 
of the springs is a function of the current effecti-
ve stress state and, consequently, of the excess pore 
water pressure induced by seismic action through 
the relationship proposed by MATASOVIC and VUCE-
TIC [1993].

Finally, following the ‘fully coupled’ approach, 
various non-linear elasto-plastic soil constitutive mo-
dels have been developed by several researchers 
[PREVOST, 1985; BEATY and BYRNE, 1998; CUBRINOVSKI 
and ISHIHARA, 1998, ELGAMAL et al., 2002; DAFALIAS and 
MANZARI, 2004; BOULANGER and ZIOTOPOULOU, 2015] 
to predict the stress-strain and pore pressure respon-
ses within the soil. Although widespread in research 
[RAMIREZ et al., 2018], the use of these advanced con-
stitutive models in geotechnical engineering practi-
ce is currently limited because most of them requi-
re a rigorous calibration of a relatively large number 
of parameters and detailed site-specific soil proper-
ties, often not available. Nevertheless, some models 

have been recently developed with the specific goal 
of capturing the broad range of responses through 
a relatively easy calibration (e.g., BOULANGER and ZIO-
TOPOULOU, 2013).

3.3. Comparison between simplified energy-based appro-
ach and dynamic analysis for Pieve di Cento site

The potentiality of the simplified energy-based 
approach in liquefaction potential assessment has 
been proved for a site located in Pieve di Cento 
(Emilia Romagna Region, Italy) which was chosen 
as a test site to verify the effectiveness of some mi-
tigation techniques (horizontal drainage and indu-
ced partially saturation) in the European project 
LIQUEFACT [FLORA et al., 2019]. The stratigraphy 
profile and the corresponding soil behaviour type 
index Ic [ROBERTSON and WRIDE, 1998] a re shown in 
figure 14a [CHIARADONNA et al., 2020]. Based on all 
the information gained from in situ and laborato-
ry investigation, it was observed that the liquefia-
ble layer is the one located between 2.8 and 6.0 m 
from the ground surface (grey silty sand GSS, with 
5%<FC<12%). The critical layer includes a thin 
clayey layer (30 cm) identified at a depth of 4.2 
from the ground surface. The water table is located 
at a depth of 1.8m.

The liquefaction potential has been evaluated 
with an energy-based approach, quantifying the soil 
capacity by means of cyclic simple shear tests (Fig. 
8b). The seismic demand has been computed via a 
1D site response analysis with the code EERA [BAR-
DET et al., 2000], adopting soils properties calibrated 
on laboratory tests results and an input motion com-
patible with the elastic acceleration response spec-
trum prescribed by the Italian Building code (NTC-
2018) for a return period of 475 years. The conside-
red motion has been convolved to the depth of 10 m 
and then applied as an inside motion at the base of 
the soil column (Fig. 14) as detailed in Chiaradonna 
et al. [2020]. 

The energy seismic demand at each depth has 
been computed as the sum of the areas of stress-
strain loops carried out from the site response 
analysis (Fig. 14b). As an example, the normali-
zed seismic demand (Es/σ’m) computed at a depth 
z=5.20 m has been compared with the soil capacity 
in figure 14c, suggesting that this layer is potentially 
liquefiable (FSliq<1). 

Within the energy framework, the knowledge of 
the seismic demand Es/’m at each depth (Fig. 15a), 
allows the quantification of the corresponding indu-
ced excess pore pressure ratio by means of the expe-
rimental relationship between Es/’m – ru previously 
shown (lower bound, Fig. 8b). It can be noted (Fig. 
15b) that the pore pressure ratio predicted by the 
energy based simplified approach is in a very good 
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agreement with the prevision given by the more ac-
curate dynamic analysis (code SCOSSA, TROPEANO et 
al., 2019). 

This example confirms the large potentiality of 
the energy based approach that, if the seismic ener-
gy demand and the Es/’m – ru relationship are ade-
quately estimated, is able to both assess the liquefac-
tion triggering and to compute the induced excess 
pore water pressure within the soil. 

4. Liquefaction hazard maps 

In the last years, in many countries over the 
world, there has been an increasing necessity to de-
velop microzonation maps of liquefaction induced 
hazard in order to manage the associated risk for 
the built environment. Even if liquefaction is trig-
gered in a single layer at a given depth (FSliq<1), 
the severity of liquefaction manifestation is indeed 
strictly correlated to the depth and thickness of 
the liquefied layer, and the constructed facilities 
located at the ground surface. 

Although a variety of ground failures may occur 
due to earthquake-induced liquefaction, in the sta-
te of practice the liquefaction hazard maps are ba-
sed on single “cumulative” parameters (e.g. Non-li-
quefiable Crust HISH; Liquefaction Potential Index 
LPI, Calculated Settlements Indicator Sv1D, Lique-
faction Severity Number LSN), that should predict 

the performance of the whole soil column and the 
effects of liquefaction at the ground surface. If lique-
faction damage indicators are well-calibrated and 
effective, they represent the severity of liquefaction 
and should be sufficiently correlated to the obser-
ved land and structures damage datasets. As will be 
described in the next section, in order to improve 
such a correlation, in the last years the research is 
focusing on improving some of the most adopted 
worldwide indicators or developing new ones. 

4.1. Liquefaction damage indicators

The first damage indicator was introduced by 
the pioneering work of ISHIHARA [1985], where he hi-
ghlighted the beneficial role of the upper non-lique-
fiable layer crust in mitigating the damage effects of 
liquefaction at the ground surface. 

The vulnerability of sites to liquefaction effects was 
also considered by IWASAKI et al. [1978] that introduced 
a Liquefaction Potential Index (LPI) which represents 
a measure of the vulnerability of sites with a single va-
lue, ranging between 0 (very low risk) and values over 
than 15 (very high risk, Fig. 16), computed as:

  (4)

where  is the depth in meters, while and  are, respec-
tively:

a)

b)

c)

Fig. 14 – Pieve di Cento site: soil profile from CPT test results a), stress-strain cycles carried out by means of 1D site response 
analysis b) and capacity and demand at a depth z=5.2m c).
Fig. 14 – Sito di Pieve di Cento: profilo stratigrafico desunto da prove CPT a), esempio di cicli tensione-deformazione ottenuti dalla analisi 
1D di risposta sismica locale b) e confronto tra la capacità in termini energetici e la domanda sismica alla profondità di z=5.2m c).
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  (5a)

  (5b)

where FSliq is the safety factor computed in free field 
condition by the simplified stress-based procedures 
using geotechnical in situ tests [IDRISS and BOULAN-
GER, 2006].

The LPI index integrates the safety factors of 
all the liquefiable layers in the first 20 m of depth, 
weighted for a depth weighting factor W(z) line-
arly decreasing with depth. Although LPI is widely 
used in practice, equation (4) completely neglects 
the contribution to damage of the layers with safe-
ty factors just slightly higher than 1, and this is an 
un-conservative assumption. Over the years, modi-
fications to LPI have been propo  sed by several  au-
thors [SONMEZ, 2003; SONMEZ and GOKCEOGLU, 2005; 
MAURER et al., 2015; RASHIDIAN and GILLINS, 2018], 
even though the original version is the most used 
in practice and suggested in many national stan-
dards. 

Following the concept introduced in the settle-
ment indicator defined by ZHANG et al. [2002], after 
the 2010-2011 Canterbury seismic sequence (New 
Zealand), the Liquefaction Severity Number (LSN) 
has been proposed by TONKIN and TAYLOR [2013]:

  (6)

where εv is the free field soil volumetric strain due to 
the post-earthquake consolidation [ISHIHARA and YO-
SMINE, 1992] of a single layer, and z is its depth from 
the ground surface. LSN ranges between 0 (little or 

no effects at the ground surface) to values higher 
then 40 (severe effects, Fig. 16). 

LSN takes into account the contribution of non-
liquefied (FSliq≥1) layers too (without any depth 
restrictions), giving much greater weight to lique-
fied shallow layers. The major drawback of LSN is 
that the calculation of εv based on empirical charts 
- which correlate εv to the stress based safety factor 
against liquefaction FSliq and soil relative density - 
developed by ISHIHARA and YOSMINE [1992] by means 
of laboratory tests on clean sands.

A wide sensitivity study of both indicators LPI 
and LSN has been done [VAN BALLEGOOY et al., 2014] 
after the 2010-2011 New Zealand earthquakes, in 
the areas in which the liquefaction induced land 
damage datasets have been mapped (Fig. 16). The 
effectiveness of both indicators is strictly connected 
with the amplitude of in situ tests database used for 
their calibration [VAN BALLEGOOY et al., 2014; PAPA-
THANASSIOU et al., 2015]: for the New Zealand case, 
in which more than 1200 CPT tests were available 
across Christchurch, it can be noted that there is a 
fairly good correlation with land damages for both 
parameters, with a slight more consistent correla-
tion for LSN parameter with the defined damage 
classes (Fig.16b). 

By observing field evidence of liquefied and non 
liquefied sites in Emila Romagna Region (Italy) af-
ter the 2012 seismic sequence, some discrepancy was 
observed for the computed LPI and LSN values and 
the observed liquefaction surface manifestations. 
As a consequence, PAPATHANASSIOU et al. [2015] pro-
posed to develop microzonation maps of the lique-
faction hazard combining the LPI and LSN values 
(Fig. 17c), rather than applying them alone. 

a) b)

Fig. 15 – Pieve di Cento site: assessment of the liquefaction potential by using an energy based approach a) and comparison 
between ru values computed with the experimental relationship between Es/σ’m – ru (Fig. 8b) and predicted by an effective 
stress dynamic analysis b) [SCOSSA, TROPEANO et al., 2019].
Fig. 15 – Sito di Pieve di Cento: valutazione del potenziale di liquefazione con l’approccio energetico a) e confronti tra i valori di ru ricavati dalla 
relazione sperimentale Es/’m – ru (Fig. 8b) e quelli ottenuti con un’analisi dinamica in tensioni efficaci b) [SCOSSA, TROPEANO et al., 2019].
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4.2. A new liquefaction damage indicator - IAM

Recently a new physically based index of liquefac-
tion damage vulnerability has been proposed [DI LU-
DOVICO et al., 2019; CHIARADONNA et al., 2020], starting 
from the concept that the severity of liquefaction ef-
fects at the ground surface is due to the amount of 
seismically induced excess pore water pressure ∆u in 
the shallow liquefiable layers. The pore pressure bu-
ild-up is indeed responsible for the shear induced 
settlements in undrained conditions (soil stiffness 
reduction during shaking), and the cause of volu-
metric induced settlement after earthquake shaking 
(consolidation phenomenon). 

The new indicator (Induced dAMage parameter- 
IAM) is proportional to the settlements given by the 
volumetric deformations caused by the re-consolida-
tion phenomenon after the end of the seismic sha-
king (wc,FF) as follows: 

  (7)

where zmin and zmax are, respectively, the minimum 
and maximum depths of the uppermost potentially 
liquefiable soil layer (Fig. 18), identified by means of 

CPTs tests results (i.e., via the soil behaviour type in-
dex Ic, [ROBERTSON, 2009]). 

The advantage of this new indicator is that it can 
be easily computed in a simplified way through the 
analytical relationships that link ru and the free field 
(stress-based) safety factor FSliq - as the ones propo-
sed by CHIARADONNA and FLORA [2020] (Fig. 19) – 
avoiding the more complex calculation by means of 
a dynamic analysis in effective stresses. 

The effectiveness of the new indicator has been 
proved by means of a sensitivity study [CHIARADONNA 
et al., 2020] for the reference site of Pieve di Cen-
to, considering the stratigraphy profile previously 
shown (Fig. 14a) and five different seismic scenario 
with a return period TR equal to 50, 72, 140, 475, 
2475 years. For each shaking intensity, seven recor-
dings of seismic events have been selected by adop-
ting site-specific selection criteria: moment magni-
tude, epicentral distance, compatibility with the tar-
get spectrum prescribed by the Italian Building code 
NTC 2018 in the range of periods 0 ÷ 0.9 s. All the se-
lected recordings have been also scaled to the target 
value of PGA expected for each considered hazard 
level according to the NTC2018 and the scaling fac-
tor (SF) has been restricted to be less than 4. 

For all the seismic events, the free field stress-ba-
sed safety factor at each layer has been computed by 

Fig. 16 – Correlation between liquefaction-induced land damage observations across Christchurch after the 2010-2011 sei-
smic events and cumulative vulnerability indexes LPI and LSN (modified after van BALLEGOOY et al., 2014).
Fig. 16 – Studio di sensitività degli indici di vulnerabilità LPI e LSN ai danni indotti dalla liquefazione nel territorio di Christchurch dopo 
gli eventi sismici del 2010-2011 (modificato da van BALLEGOOY et al., 2014).
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adopting the seismic demand (CSR) quantified by 
means of a 1D seismic response analysis in total stres-
ses, neglecting liquefaction effects. 

The new cumulative index IAM (computed by 
means of the ru-FSliq correlations, Fig.19) and the 
LSN indicator (computed by means of the εv-FSliq 
correlations, given by ZHANG et al. [2002]) have be-
en calculated and plotted in figure 20 versus the ma-
ximum acceleration at the ground surface amax,sup 
predicted by the 1D seismic response analysis. A go-
od agreement among the two indicators can be no-
ted, confirming the potential of IAM as alternative 
indicator of the severity of liquefaction effects ad 
the ground surface. 

An interesting aspect regarding the new indica-
tor is that, if the uppermost layer is fully liquefied 
(ru=1), the expression of IAM simplified and beco-
mes:

  (8)

where IAM,g represents the highest possible value of 
IAM (ru=1 in all the shallow liquefiable layer).

The simplified index IAM,g (the subscript ‘g’ indi-
cates that it is also a geometrical parameter) can be 
easily calculated from CPTs tests results (i.e., by me-
ans of the soil behaviour type index Ic), and could be 
adopted for a preliminary conservative assessment of 
the liquefaction risk at large scale. 

A first tentative to produce liquefaction hazard 
maps by adopting the new indicators IAM,g has done 
for the municipality of San Carlo [DI LUDOVICO et al., 
2019; CHIARADONNA et al. 2020], where after the 2012 
Emilia Romagna earthquake, widespread liquefac-
tion phenomena affected buildings and infrastruc-
tures (Fig. 21). 

The calculation of IAM,g has been carried out 
via the processing of a large database of CPT tests, 
assuming that the 20th May 2012 seismic event in-
duced the full liquefaction of the potentially lique-
fiable shallow layer (ru=1). By superimposing the 

Fig. 17 – Cumulative vulnerability indexes LPI a) and LSN b) with relative damage ranges, and their correlation with lique-
faction phenomena observed after the 2012 Emilia Romagna earthquake c) [PAPATHANASSIOU et al., 2015].
Fig. 17 – Indici di vulnerabilità LPI a) e LSN b) con relative scale di intensità, e loro correlazione con le evidenze rilevate in Emilia Roma-
gna dopo gli eventi sismici del 2012 c) [PAPATHANASSIOU et al., 2015].

Fig. 18 – Liquefaction damage indicator IAM: minimum 
and maximum depths (zmin and zmax) of the uppermost 
saturated, potentially liquefiable, soil layer.
Fig. 18 – Indicatore dei danni indotti dalla liquefazione, IAM: 
profondità minima e massima (zmin and zmax) dello strato saturo 
superficiale potenzialmente suscettibile alla liquefazione.

a)

b)

c)



RIVISTA ITALIANA DI GEOTECNICA

38 LIRER - CHIARADONNA - MELE

spatial distribution of IAM,g values on the geologi-
cal maps (Fig. 21), it can be noted that higher IAM,g 
values are placed along the paleo-channel of the 
Reno River, where most of the damaged buildings 
are also observed. 

Even though the preliminary results of the ef-
fectiveness of IAM as an indicator of liquefaction 
induced damage seem to be very promising, the 
research is ongoing to deeply analyse (in subsoil 
conditions different from the ones of Emilia Ro-
magna Region) the pros and cons of such cumu-
lative index in comparison with the other ones 
usually adopted in practice (referring essentially 
to LSN).

4.3. Assessment of structure vulnerability 

Structures (buildings, bridges, dams, roads) vul-
nerability to liquefaction effects is a key component 
in liquefaction hazard assessment for planning pre 
and post disaster strategies and policies in urban are-
as. Figure 22 schematically shows the damages com-
monly detected on masonry buildings, due to iner-
tial forces on the superstructure and liquefaction-in-
duced damages (diagonal cracks due to foundation 
settlements).

Structures vulnerability can be represented by 
fragility curves which relate the probability for a 
structure of exceeding a specific damage level to the 
intensity measure of the liquefaction effects in that 
area (e.g., using a cumulative liquefaction indicator 
or expected ground displacements). Depending on 
damage data resources, fragility curves can be gene-
rated either empirically, on the basis of observed da-
mage data from past earthquakes, or analytically, ba-
sed on the results of numerical analyses carried out 
introducing probabilistic distributions for some of 
the most relevant variables (i.e., seismic demand, soil 
type, structure features). 

Empirical fragility curves have been produced 
by DI LUDOVICO et al. [2020] using damage data of 
masonry buildings collected in the municipalities 
of San Carlo and Mirabello after the 2012 Emilia 
Romagna earthquakes. Five damage grades (DG) 
have been assumed based on the European Ma-
croseismic Scale EMS-98, accounting for the level 
and extension of the damage of the vertical compo-
nents of the buildings. The damage grades have be-
en subsequently correlated to the new cumulative 
indicator IAM,g (§ 4.2): the empirical fragility curves 
(Fig. 23) showed that the new indicator is well rela-
ted to the liquefaction effects at the ground surfa-

Fig. 19 – Relationships between the free field pore pressure ratio ru,ff and the liquefaction stress based safety factor FSliq,ff  

proposed by CHIARADONNA and FLORA [2020] for liquefiable soils with two different values of fine content FC.
Fig. 19 – Relazioni tra il rapporto di sovrappressione interstiziale in condizioni di campo libero ru,ff e il coefficiente di sicurezza a liquefazione 
FSliq,ff  proposto da CHIARADONNA e FLORA [2020] per terreni liquefacibili con due diversi valori del contenuto di fine FC.

Fig. 20 – Pieve di Cento site: IAM and LSN values plotted 
versus the maximum expected acceleration at the surface 
amax,sup [CHIARADONNA et al., 2020].
Fig. 20 – Sito di Pieve di Cento: valori di IAM e LSN diagram-
mati in funzione dell’accelerazione massima attesa in superficie 
amax,sup [CHIARADONNA et al., 2020].
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Fig. 21 – Inhabited centre of San Carlo: IAM,g values superimposed to the liquefaction evidences [CHIARADONNA et al., 
2020]. Proposed classes of severity of the effects of the liquefaction expected at the ground level: low (IAM<0.1), moderate 
(0.1<IAM<0.25), extensive (0.25<IAM<1.0), severe (IAM>1.0).
Fig. 21 – Centro abitato di San Carlo: valori di IAM,g confrontati con le evidenze di liquefazione [CHIARADONNA et al., 2020]. Classi di 
severità degli effetti di liquefazione attesi al piano campagna: bassi (IAM<0.1), moderati (0.1<IAM<0.25), estesi (0.25<IAM<1.0), gravi 
(IAM>1.0).

Fig. 22 – Example of damages observed in the case of: no liquefaction a); early liquefaction activation b); combined inertial 
and liquefaction effects c) [DI LUDOVICO et al., 2020].
Fig. 22 – Esempio dei danni osservabili sugli edifici in caso di assenza di liquefazione a) o innesco della liquefazione in differenti momenti 
dell’evento sismico b), c) [DI LUDOVICO et al., 2020].

a) b) c)
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ce, confirming again that it can be properly adop-
ted as preliminary tool to predict losses in liquefac-
tion-prone areas. 

The empirical fragility curves have been also 
used to identify for the IAM index, as first attempt, 
four classes of severity of the liquefaction induced 
effects: it has been proposed (Figs. 21) that major 
effects should be expected for sites where IAM,g>1.0, 
while for IAM,g<0.1 no or low evidence of liquefac-
tion induced effects should be observed. Two others 
intermediate levels (0.1<IAM,g <0.25, and 0.25<IAM,g 
<1.0) have also been identified, but further field ex-
perimental evidences are needed to confirm the pro-
posed ranges. 

5. Effects of liquefaction on the built envi-
ronment 

Soil liquefaction can induce a number of ground 
failures of varying severity: sand boils, ground settle-
ments, cracks, ground oscillation, lateral spreads 
and flow failures. The resulting ground deforma-
tions caused extensive damages (Fig. 24) to shallow-
founded buildings and other engineering facilities 
during major earthquakes around the world. As will 
be briefly shown in the following, the reliable asses-
sment of the liquefaction induced - vertical and ho-
rizontal – ground displacements is the research area 
where further advances are needed. 

a)

a)

b)

b)

Fig. 23 – Lognormal fragility curves (solid lines) fitting empirical building damages (DGi) observed for all the buildings in 
San Carlo and Mirabello (circles) and the adopted regression techniques MLE a) and LSE b) [DI LUDOVICO et al., 2020].
Fig. 23 – Curve di fragilità lognormali (linee continue) che interpolano i danni sugli edifici (DGi) osservati nei centri abitati di San Carlo 
e Mirabello (cerchi) per le due tecniche di regressione adottate MLE a) e LSE b) [DI LUDOVICO et al., 2020].

Fig. 24 – Example of damages in shallow founded buildings due to: a) loss of static bearing capacity (TURKEY, 1999) and b) 
lateral spreading (New Zealand, 2010-2011).
Fig. 24 – Esempi di danni indotti dalla liquefazione a edifici con fondazioni superficiali: a) perdita di capacità portante (Turkey, 1999) e 
b) spostamenti orizzontali (New Zealand, 2010-2011).
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5.1. Liquefaction induced settlements 

Centrifuge tests and advanced numerical mo-
delling [KARAMITROS et al., 2013; BRAY and DASHTI, 
2014] have been used to identify the dominant 
mechanisms that rule the response of building 
founded on liquefiable soil deposits. Generally 
speaking, it was widely observed that buildings can 
settle more than the soil in free field condition 
[KARAMITROS et al., 2013; DASHTI et al., 2010; BRAY 
and DASHTI, 2014] even though the pore pressure 
ratio under the building is lower than in free field 
condition (Fig. 25). 

While in free field condition the settlements are 
mainly caused by volumetric strains due to the dissi-
pation of the excess pore water pressure accumula-
ted during the seismic sequence, two different strain 
components can be identified for the building set-
tlements: 
– volumetric strains (localized sand ejecta, sedi-

mentation and consolidation phenomena);
– shear strains (partial bearing failure, SSI indu-

ced building ratcheting).
The relevance of one to the other depends on 

the characteristics of the earthquake motion, depth 
and thickness of liquefiable layer and building fea-

a) b)

Fig. 25 – Comparison between pore pressure ratio ru values measured in centrifuge tests and computed (contours) via 2D 
numerical study (experimental and numerical details are reported in FASANO 2020 and BILOTTA et al., 2019).
Fig. 25 – Confronto tra i valori del rapporto di sovrappressione interstiziale ru misurati in prove in centrifuga e i valori calcolati (isolinee) at-
traverso analisi numeriche 2D (i dettagli dei dati sperimentali e dello studio numerico sono riportati in FASANO 2020 e BILOTTA et al., 2019).

Fig. 26 – Composite failure mechanisms adopted to compute the degraded bearing capacity qult,deg a) and degradation fac-
tor ξ versus the average pore pressure ratio ru under the footing b) [KARAMITROS et al., 2013].
Fig. 26 – Meccanismo di rottura ipotizzato per il calcolo del carico limite ridotto qult,deg a) e relazione tra il fattore di riduzione  e il valore 
medio del rapporto di sovrappressione interstiziale ru al di sotto della fondazione b) [KARAMITROS et al., 2013].
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tures [DASHTI et al., 2010]: recent evidences showed 
that in some major earthquakes the shallow founded 
building damages due to the shear-induced settle-
ments can be catastrophic (Fig. 24a). 

As a consequence, the well known semi-empirical 
procedures developed to compute the free field post 
liquefaction reconsolidation settlements [ISHIHARA and 
YOSHIMINE, 1992; ZHANG et al., 2002] cannot reliably eva-

luate the liquefaction induced building settlements 
and other methods have been recently proposed. 

A simplified analytical methodology has been 
suggested by KARAMITROS et al. [2013] for the com-
putation of the shear-induced settlements due to 
the partial loss of static bearing capacity of shallow 
founded buildings. More specifically, during the 
earthquake the degradation of shear strength of 
the liquefiable sand layer, induced by the excess 

Fig. 27 – Liquefaction induced building settlements: com-
parison between experimental (centrifuge and large scale 
shaking table tests and few case histories) and values pre-
dicted via the Eq. (9) [KARAMITROS et al., 2013].
Fig. 27 – Cedimenti di edifici indotti dalla liquefazione : confron-
to tra dati sperimentali (prove in centrifuga, su tavola vibrante e 
alcuni casi in vera grandezza) e valori calcolati attraverso l’Eq. 
(9) [KARAMITROS et al., 2013].

Fig. 29 – Results of the 3D fully coupled non linear effective stress numerical analyses [KARIMI et al., 2018]: sensitivity of ave-
rage permanent foundation settlements to input parameters for different levels of shaking: a) low intensity and b) high in-
tensity shaking.
Fig. 29 – Risultati delle analisi numeriche 3D non lineari e rigorose in tensioni efficaci [KARIMI et al., 2018]: sensitività del cedimento per-
manente medio della fondazione ai parametri iniziali adottati nelle analisi per un livello di scuotimento basso a) ed elevato b).

Fig. 28 – Liquefaction induced building settlements: com-
parison between experimental data (centrifuge tests) and 
values predicted via the Eq. (11) [BRAY and MACEDO, 2017].
Fig. 28 – Cedimenti di edifici indotti dalla liquefazione: confronto 
tra dati sperimentali (prove in centrifuga) e valori calcolati attra-
verso l’Eq. (11) [BRAY e MACEDO, 2017].

a) b)
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pore pressure build up, may trigger the forma-
tion of a composite failure mechanism resulting 
in large foundation settlements: a punching she-
ar failure through the upper clay crust and a wed-
ge-type failure in the underlying sand layer (Fig. 
26a). Extending the pioneering work of CASCONE 
and BOUCKOVALAS [1998], the liquefaction induced 
settlements of the foundation (ρdyn) have been 
therefore correlated to the ground motion cha-
racteristics (amax,T, N), the degraded bearing ca-
pacity (qult,deg) of the footing and the associated 
safety factor (FSdeg), the thickness of liquefied la-
yer (zliq), the width of the strip foundation (B) 
(Fig. 26a): 

  (9)

where c is a coefficient function of the aspect ratio 
L/B of the foundation. 

The degraded bearing capacity qult,deg can be 
calculated in terms of total stresses (using the SPT or 
CPT based relationships for estimating the undrai-
ned residual shear strength of liquefied soil given by 
IDRISS and BOULANGER [2015]) or effective stresses. In 
the last case, qult,deg can be quantified by an artifi-
cial reduction of the angle of shear strength (ϕ) of 
liquefiable soil in proportion to the average excess 
pore pressure ratio (ru) under the footing and the 
residual angle of shear strength of the liquefied sand 
(ϕres): 

  (10)

Further research efforts are needed to exceed 
the uncertainties in the ϕres calculation (the avai-
lable empirical correlations refer to the undrained 
residual shear strength) and in the estimate of the 
excess pore watere pressure build up under the fo-

oting (the available correlations ru-FSliq refer to free 
field condition). 

Even though the proposed formulation (Eq. 9) 
has been validated by a 3D numerical study, the com-
parison between analytical predictions and experi-
mental data (centrifuge and large scale shaking ta-
ble tests and few case histories, Fig. 27) cannot be 
considered satisfactory: the scatter was predictable 
considering that the numerical study supporting 
the analytical formulation refers to a simple struc-
ture (rigid block), a limited range of soil properties 
and foundation features, and simplified hypothesis 
for the quantification of the average ru under the fo-
oting. 

BRAY and MACEDO [2017] proposed an alternati-
ve simplified procedure to estimate the liquefaction 
induced building settlements, considering both the 
volumetric and shear induced components. The au-
thors suggest to compute the post-liquefaction re-
consolidation settlements (volumetric component) 
with a free field procedure [Zhang et al., 2002], and 
the shear induced settlements (Ds) with an analytical 
expression coming from the regression of the results 
of 3D and 2D effective stress dynamic analyses: 

  (11)

where B is the width of the foundation, HL is the 
thickness of the liquefiable layer, Sa the spectral ac-
celeration, Q is the building contact pressure, ε is a 
random variable (with zero mean and 0.50 standard 
deviation in Ln units) and c1 and c2 are functions 
of LBS (Liquefaction Building Settlement). The cumu-
lative absolute velocity CAV, defined as the integral 
of the absolute value of an acceleration time histo-

Fig. 30 – Lateral spreading induced by soil liquefaction: horizontal ground movements a) and crack patters at the ground 
surface b).
Fig. 30 – Espansioni laterali indotte dalla liquefazione a) e possibili distribuzioni delle fratture al piano campagna b).

a) b)
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ry over time, takes into account the ground motion 
characteristics. 

LBS is the index related to the shear strains in-
duced in the liquefiable soils by the seismic event, 
defined as: 

  (12)

where z is the depth from the ground surface gre-
ater than 0.0, W is a foundation weighting factor 
that takes into account the embedment depth of the 
foundation and γmax is the liquefaction induced free 
field shear strain predicted with the procedure sug-
gested by ZHANG et al. [2002] based on experimental 
charts given by ISHIHARA and YOSHIMINE [1992].

Despite the wide numerical study supporting 
the analytical expression (Eq. 11), the comparison 
with experimental data obtained in centrifuge tests 
(Fig. 28) highlighted again the limits in the robust-
ness of such simplified procedure that is not able to 
reproduce the response of all possible soil-structure 
configurations far from the ones considered in the 
numerical study. 

To confirm this, more recently a comprehensi-
ve 3D fully coupled effective stress numerical study 
has been performed [BRAY and MACEDO, 2017; KARI-

MI et al., 2018] adopting a wide range of soils pro-
perties (three-layered soil deposit), structures cha-
racteristics and ground motions. The wide parame-
tric study (over 1300 analyses) investigated the role 
of many input parameters IP on the shear induced 
component of the buildings settlement: the results 
of the parametric study revealed that for most of 
IPs, the settlements range is very large (Fig. 29a) 
and such a sensitivity is connected to the level of 
shaking too. The average building settlements are 
generally more sensitive to changes in IPs when 
stronger levels of shaking (Fig. 29b) have been nu-
merically applied.

5.2. Lateral spreading

Lateral spreads involve permanent lateral displa-
cement of large, superficial blocks of soil as a result 
of liquefaction of the subsurface layer (Fig. 30a). 
Horizontal ground surface displacements, ranging 
from tens of centimetres to several meters, occur 
in response to the combination of gravitational and 
inertial forces generated by the earthquake. Lateral 
spreads generally develop in level ground or gently 
slopes close to a free face (waterways, road cuts or to-

Fig. 31 – Horizontal ground displacements measured along select line perpendicular to the Kaiapoi river after the 2010-2011 
Canterbury seismic sequence: “block mode failure” a) and “distributed mode failure” b) [CUBRINOVSKI et al., 2012].
Fig. 31 – Profili di spostamenti orizzontali misurati al piano campagna in diversi allineamenti perpendicolari al fiume Kaiapoi (Canterbu-
ry) dopo gli eventi sismici del 2010-2011: a) esempio di rottura localizzata e b) distribuita lungo l’allineamento [CUBRINOVSKI et al., 2012].

a)

b)
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pographic depression) causing cracks (∆, Fig. 30b) 
at the ground surface that can induce relevant da-
mages to building, bridges, embankment, pipelines 
and roads (Fig. 24b). 

An example of field measurements – obtained 
with ground surveying method – after the Canter-
bury sequence along select line perpendicular to 
the Kaiapoi river is reported in figure 31: the ma-
gnitude of lateral displacements is largest near the 
river, and extended inland up to 300 m from the 
water way with distributions that can be very diffe-
rent (block or distributed failure modes, Fig. 31).

The magnitude and distribution of the horizon-
tal displacements induced at the ground surface are 
connected with a number of factors: topographic 
and geological boundary conditions (free face ra-
tio FFR=H/L, Fig. 30b), ground motion characteri-
stics, thickness and depth of liquefied layer, residual 
strength and stiffness of liquefied soil. 

The protection of the constructed facilities re-
quires that the potential for lateral spreading and 
the associates free field displacements should be ca-
refully predicted. First of all, it was observed [MAURER 
et al., 2015] that the vulnerability indicator LPI (defi-
ned in §. 4.1) is not well suited to map lateral sprea-

ding hazards. Recently RASHIDIAN and GILLINS [2018] 
proposed a modification of the indicator LPI incor-
porating the free-face ratio (FFR=H/L): even thou-
gh further investigation are needed, the modified in-
dex seems to be a much better predictor of liquefac-
tion induced lateral spreading.

In engineering practice, the lateral spreading 
displacements LD at a given distance from the free 
face (L, Fig. 30b) are usually evaluated with empiri-
cal or semi-empirical methods - some of them sug-
gested in national codes - in which the earthqua-
ke demand is represented by a single conservative 
scenario (combination of magnitude and distance 
M-R). YOUD et al. [2002] developed a regression-ba-
sed predictive relationship starting from a large da-
tabase of case histories, which takes into account 
geometry variables (T15, H/L, S), soil properties 
(F15, D50,15) and ground motion characteristics 
(Mw, R, R*): 

  (13)

where the eight coefficients (bi) differ for level/
gently ground cases or free face cases.

Starting from a semi-empirical approach deri-
ved from an estimate of the induced shear strains, 
ZHANG et al. [2004] proposed to quantify the lateral 
spreading displacements as: 

 
gently sloping ground without a free face (14a)

level or gently sloping ground with a free face (14b)

where S is the ground slope, and LDI is the late-
ral displacement index, computed integrating over 
depth the maximum post-liquefaction shear strains 
γmax predicted with the ISHIHARA and YOSHIMINE 
[1992] empirical chart (Fig. 32).

Large uncertainties are associated with the ef-
fectiveness of both correlations (Eqs. 13,14) in the 
prediction of the liquefaction induced lateral di-
splacements, being the scatter between measured 
and predicted values rather high for both models 
(Figs. 33). More recently a probabilistic perfor-
mance based procedure has been proposed incor-
porating the YOUD et al. [2002] model in a probabi-
listic framework [KRAMER et al., 2007]: with this ap-
proach the system performance is quantified in a 
more consistent way considering the uncertainties 
in the predicted models and the full range of pos-
sible seismic scenarios. 

Fig. 32 – Chart for determining post-liquefaction volume-
tric strains and shear strain as a functions of safety factor 
FS [ISHIHARA and YOSHIMINE, 1992].
Fig. 32 – Abaco di Ishihara e Yoshimine [1992] per la determina-
zione delle deformazioni volumetriche e di taglio indotte dalla li-
quefazione in funzione del coefficiente di sicurezza FS.
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6. Conclusions

After the pioneering works of SEED and IDRISS 
[1971] and ISHIHARA [1985], in the last decades si-
gnificant research efforts have been devoted to the 
study at the laboratory scale of the main mechanisms 
governing the liquefaction phenomena. As shown in 
the paper, even though the outcomes of these rese-
arches continuously upgrade the current State of the 
Art and support the development of new advanced 
constitutive models able to predict the behaviour of 
liquefiable soil prior to and after (based on fluid me-
chanic) liquefaction triggering, the State of Practi-
ce continues to be mainly based on empirical charts 
and semi-empirical correlations linked to the stress-
based simplified procedure originally introduced in 
the ’70s. 

The main drawback of the stress-based appro-
ach is that the liquefaction safety factor FSliq, as 
well as the consequent strains (εv, γ) and pore water 
pressure build up (∆u), are computed independen-
tly for each liquefiable layer (ignoring the possible 
system response), adopting a seismic demand poorly 
computed converting the complex earthquake loa-
ding path in an equivalent number of uniform lo-
ad cycles. The weaknesses of this approach inevita-
bly also affect the ability of the well-known (stress-
based) liquefaction damage vulnerability indices 

(e.g. HISH, Sv1D, LPI, LSN, IAM) to a priori predict 
losses in liquefaction-prone areas. For this reason, 
it should come as no surprise that sometimes after 
some major seismic events, the damages observed 
on the built environment have been much more 
severe than expected by the land vulnerability indi-
cators: these indices can somehow qualitatively re-
present the severity of the effects of liquefaction at 
the ground surface but they cannot, on their own, 
be representative of all the possible mechanisms of 
ground failures (sand boils, ground settlements, 
cracks, ground oscillation, lateral spreading and 
flow failures).

Avoiding advanced (fully coupled dynamic) 
analyses that cannot be easily adopted in practice 
for a large scale liquefaction hazard mapping, the 
recent trends are focusing on an alternative energy 
based simplified procedure that adopts a more con-
sistent and physically based quantity (specific devia-
toric energy) to represent the response of liquefiable 
soils to a seismic event. Being the specific deviato-
ric energy independent of the applied loading pat-
tern (irregular or harmonic) and uniquely related 
to the pore water pressure build-up and the indu-
ced strains, the energy approach is now considered 
the simplified procedure that could potentially re-
place the stress-based one in the engineering prac-
tice. Even if the great potentially of the energy ap-

a)

b)

Fig. 33 – Liquefaction-induced lateral displacements: comparison between experimental data and values predicted via the a) 
YOUD et al. [2002] and b) ZHANG et al. [2004] procedures.
Fig. 33 – Spostamenti laterali indotti dalla liquefazione: confronto tra dati sperimentali e valori calcolati con le procedure suggerite da a) 
YOUD et al. [2002] and b) ZHANG et al. [2004].
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proach is clearly demonstrated in recent literature, 
the transfer to this knowhow to the State of Practice 
is the real challenge on which the research should 
focus: the objective of the research in the earthquake in-
duced soil liquefaction should be to close the existing gap 
between states of the art and state of practice” [DOBRY and 
ABDOUN, 2015]. 
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Liquefazione dei terreni: dai meccanismi 
agli effetti sul costruito

Sommario

Lo studio del fenomeno della liquefazione dei terreni e la 
previsione dei suoi effetti sul territorio è uno dei settori di ricerca 
più attivi dell’Ingegneria Geotecnica. In molti paesi nel mondo, a 
seguito di terremoti di elevata intensità, gli effetti della liquefazione 
(fuoriuscita di acqua e terreno, cedimenti, fratture, espansioni 
laterali, frane) hanno causato danni rilevanti a edifici e strutture 
presenti sul territorio.

Una corretta valutazione del rischio da liquefazione di un 
territorio può essere fatta, in linea di principio, se tutti gli aspetti 
che influenzano il fenomeno stesso sono portati in conto nei vari 
passaggi che compongono la procedura (analisi di suscettibilità, 
valutazione del potenziale di liquefazione, previsione degli effetti). 
Data la complessità dei meccanismi coinvolti, l’analisi su larga 
scala del rischio da liquefazione viene svolta generalmente con 
procedure estremamente semplificate che si sono dimostrate più 
volte inadeguate a una corretta previsione degli effetti indotti della 
liquefazione sul territorio. 

La sfida della ricerca in questo settore è di riuscire a sviluppare 
procedure più accurate, calibrate anche sulle evidenze sperimentali 
più recenti, che riescano a garantire una valutazione adeguata del 
rischio da liquefazione del territorio e una corretta previsione dei 
suoi effetti sul costruito.


