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A B S T R A C T

Seismic liquefaction is one of the most devastating natural hazards that can cause significant damage to struc-
tures and infrastructure. The liquefaction behaviour is simulated in the finite element code PLAXIS by the
UBC3D-PLM constitutive model that is 3-D generalized formulation of the 2-D UBCSAND model developed at the
University of British Colombia. The UBC3D-PLM model used in this work was successfully employed in many
recent studies, e.g. to evaluate the liquefaction effects on the seismic soil–structure interaction, to assess the
dynamic behaviour of earthen embankments built on liquefiable soil and to investigate the seismic performance
of offshore foundations. Moreover, UBC3D-PLM model involves many input parameters to model the onset of the
liquefaction phenomenon. Therefore, their determination becomes a crucial concern. Previous studies elaborated
a specific formulation that requires the corrected Standard Penetration Test (SPT) blow counts as input. How-
ever, the Dilatometer Marchetti Test (DMT), compared to the SPT, is more sensitive to several factors that affect
the liquefaction resistance such as aging, stress history, overconsolidation and horizontal earth pressure. For this
reason, a new parameter selection procedure, which uses the horizontal stress index derived from DMT, was
developed in this study.
The new relationships were applied for determining the initial parameters of the UBC3D-PLM model to

describe the behavior of several liquefiable deposits located in eastern Sicily (Italy) that experienced destructive
earthquakes in the past. For each site, the model was calibrated to the DMT-based liquefaction triggering curve,
developed by combining DMT correlations with the current method based on SPT test, by the simulation of cyclic
direct simple shear tests (CDSS). Finally, CDSS tests were performed by means of the CDSS device at the Soil
Dynamics and Geotechnical Engineering Laboratory of the University “Kore” of Enna (Italy). This allowed to
validate the applicability of the proposed procedure in simulating the liquefaction behavior of sandy soils.

1. Introduction

Several approaches and procedure are available from literature for
liquefaction studies: laboratory tests [1,2], in situ tests [3,4], full-scale
field tests [5], stress-based simplified procedures [6,7] and numerical
models [8,9].

Laboratory testing requires high quality undisturbed samples of
coarse-grained soils that can be obtained by expensive in situ ground
freezing techniques [10]. An emerging lower cost alternative to ground
freezing is the gel-push technology [11]. Simple and low-cost in situ
testing commonly used to evaluate the liquefaction resistance of soil are

the Standard Penetration Tests (SPT) [6] and Cone Penetration Tests
(CPT) [12]. As stated by several authors [13–16], the CPT and SPT are
relatively insensitive to several factors affecting the liquefaction resis-
tance such as aging, stress history, overconsolidation and horizontal
earth pressure.

The liquefaction resistance can be also derived from the Seismic
Dilatometer (SDMT) based on CRR-KD [17–20] and CRR-VS correlations
[21]. However, Grasso et al. [22] evaluated the liquefaction potential for
the city of Catania (Italy) using empirical correlations with SPT, CPT and
SDMT, demonstrating that KD is more sensitive to potential liquefaction
behaviour than VS.
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Marchetti [23] was the first to indicate the horizontal stress index,
KD, from the dilatometer Marchetti test (DMT), as a parameter able to
provide the evaluation of liquefaction resistance. The KD is defined as
follow:

KD =
p0 − u0

σʹ
v0

(1)

where p0 is the corrected pressure required to begin the movement of a
circular expandable steel membrane mounted on one side of the dila-
tometer, u0 and σv́0 are the pre-insertion pore pressure and overburden
stress, respectively [24].

Among the most significant factors supporting the use of the DMT for
evaluation liquefaction resistance [17], the KD from DMT is highly
sensitive to stress history that is fundamental to predict the liquefaction
behaviour. KD reflects several stress history effects such as aging, hori-
zontal earth pressure, structure and cementation. Moreover, Yu [25]
developed a correlation between the KD from DMT and the in situ state
parameter, ξ0, that is strongly related to liquefaction resistance. These
aspects encourage efforts to develop methods for evaluating liquefaction
potential by DMT [26].

In the current engineering practice, the evaluation of liquefaction
potential is carried out by simplified procedure based on the results of in

situ tests [12,17,21]. However, the numerical simulations and the use of
constitutive models are fundamental to simulate the seismic response of
liquefiable soil [9]. Several constitutive models have been developed to
capture the response of liquefiable soil [27–29]. The UBC3D-PLM
model, implemented in the finite element code PLAXIS (Bentley), is an
effective stress elasto-plastic model that describes the liquefaction
behavior of sands and silty sands under cyclic loading [30]. Its formu-
lation is based on the UBCSAND model developed by Puebla et al. [31]
and Beaty and Byrne [32].

The main contribution of this paper is to suggest specific correlations
between the parameters of the UBC3D-PLM model and the KD from
DMT. The adopted procedure is similar to the one used by Monaco et al.
[17] and Grasso and Maugeri [18] for evaluating the cyclic resistance
ratio (CRR) from DMT to be used according to the simplified procedure
originally developed by Seed and Idriss [33].

2. UBC3D-PLM parameters from DMT

The UBC3D-PLM model employs two yield surfaces, the primary and
secondary yield surfaces, to simulate the cyclic behaviour of sandy soils.
The yield surfaces are defined by the Mohr-Coulomb yield function as
follows:

fm =
σʹ
max − σʹ

min
2

−
(σʹ

max +σʹ
min

2
+ cʹ cot φʹ

p

)
sin φʹ

m (2)

where σḿax and σḿin are the maximum and minimum principal effective
stresses, respectively, c′ is the cohesion of the soil, φṕ is the peak effective
friction angle of the soil and φḿ is the mobilised friction angle during
hardening.

A stress dependent non-linear rule governs the elastic behavior that
occurs within the secondary yield surface. It is defined by the elastic
bulk modulus, K, and the elastic shear modulus, G, which are stress
dependent according to the following equations:

K= keBpref

(
pʹ

pref

)me

(3)

G= keGpref

(
pʹ

pref

)ne

(4)

where keB and keG are the bulk and the shear modulus numbers at a
reference stress level pref , respectively, p′ is the mean effective stress and

Fig. 1. Relationship between KD and Dr [%] obtained by Reyna and Chameau
[42] for normally consolidated uncemented sands and the Ohgishima and
Kemigawa datapoints (rectangular areas) by Tanaka and Tanaka [43] (After
Monaco et al. [17]; modified).

Fig. 2. Methodology for the development of the correlations between the UBC3D-PLM parameters and KD.
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me and ne are two parameters that define the rate of stress dependency of
stiffness.

A non-associated flow rule, based on the Drucker-Prager model, is
employed in the model. Moreover, the primary yield function has an
isotropic hardening rule defined by the following relation:

dsinφʹ
m =1.5kPG

(
pʹ

pref

)np
pref
ṕ

(

1 −
sin φʹ

m
sin φʹ

ult

)2

dλ (5)

where kPG is the plastic shear modulus number, np is the plastic shear
modulus exponent, dλ is the plastic strain increment multiplier, φʹ

ult is
the ultimate mobilised friction angle that is derived from the failure
ratio, Rf :

Rf =
sin φʹ

p

sin φʹ
ult

(6)

The secondary surface has a kinematic hardening rule. To simulate
the effect of soil densification during secondary loading, the plastic
shear modulus number, kPG, increases as a function of the number of
cycles as follows:

kPG,secondary = kPG
(
4+

nrev
2

)
hardfdens (7)

where kPG,secondary is the secondary plastic shear modulus number, nrev is
the number of shear stress reversals from loading to unloading (or vice
versa), hard is a factor that corrects the densification rule for loose sand
and fdens is a user-input parameter for calibrating the densification rule.

To account for the stiffness degradation of the soil caused by the post-
liquefaction behaviour in loose non-cohesive sands or cyclic mobility in
dense non-cohesive sands, the plastic shear modulus, kPG, is gradually
reduced as a function of generated plastic-deviatoric strain during soil
dilatation:

kPG,post− liquefaction = kPGEdil (8)

Edil =max
(
e− 110εdil ; fEpost

)
(9)

where kPG,post− liquefaction is the plastic shear modulus number during
liquefaction, εdil is the accumulation of plastic-deviatoric strain pro-
duced during dilatation of the soil element and fEpost is the input
parameter that limits Edil [30,34,35].

The proper way to obtain parameters for the UBC3D-PLM model, as
well as for most soil constitutive models for liquefaction studies, is by
curve fitting from cyclic triaxial tests or cyclic direct simple shear tests
[36].

However, often only data from in situ tests are available. In this re-
gard, the CPT and the SPT are the two most employed in situ tests for
evaluation the liquefaction resistance [6]. For this reason, Beaty and
Byrne [37] proposed specific correlations between the model parame-
ters and the corrected SPT blow counts, (N1)60, for the generic calibra-
tion of the UBCSAND model (Version 904aR). Then, Makra [38]
modified these equations for the UBC3D-PLM soil model, as follows:

keG =21.7× 20(N1)
0.3333
60 (10)

keB =0.7keG (11)

kpG =0.003 keG(N1)
2
60 + 100 (12)

φp =φcv +
(N1)60
10

+max
(

0;
(N1)60 − 15

5

)

(13)

Rf =1.1(N1)60
− 0.15

< 0.99 (14)

where φcv is the constant volume friction angle that can be obtained
from SPT test in turn [39,40]. The suggested values for the index

Fig. 3. Correlations for estimating the initial parameters of the UBC3D-PLM soil model: (a) kGe - KD curve, (b) kGp - KD curve and (c) Rf - KD curve.
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Fig. 4. Geological sketch map of eastern Sicily with the location of the studied sites (After Barreca and Monaco [48]; modified).

Fig. 5. Evidence of liquefaction [49,50], percentage of damaged buildings and recorded coseismic ground fracturing in Messina and Reggio Calabria cities following
the 1908 earthquake (After Barreca et al. [51]; modified). Location of in situ tests in the zone of the DRPC.
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parameters that describe the rate of stress-dependency areme= ne= 0.5
and np = 0.4.

Specific correlations between the parameters of the UBC3D-PLM
model and the KD from DMT are proposed in this work. The correla-
tions recommended by Makra [38] for SPT are translated into “equiv-
alent” correlations for the DMT using the relative density, Dr, as
intermediate parameter according to the following procedure.

(1) Evaluation of Dr corresponding to the values of (N1)60 using the
well-known correlation proposed by Skempton [41];

(2) Calculation of the values of KD using the KD-Dr correlation by
Reyna and Chameau [42] reported in Fig. 1. This correlation,
defined for 1.3 < kD < 5.5, can be approximated by the following
equation:

KD =0.0007[Dr(%)]
2
− 0.0186 Dr(%) + 1.3939 (15)

(3) Plot the correlations for the DMT derived from SPT.

Fig. 2 shows, in detail, the diagram representing the methodology
steps for the development of the correlations between the model pa-
rameters and KD. Fig. 3 reports the alternative correlations for the
generic and initial calibration of the UBC3D-PLM soil model from KD
values.

The proposed correlations can be approximated by the following
equations:

keG =624.5 ln KD + 546.8 (16)

keB =0.7keG (17)

kpG =630.4 KD
2 − 1495.6 KD + 1023.6 (18)

Rf =0.9 KD
− 0.3 (19)

The strength parameters can be derived directly from triaxial or
direct shear simple tests, if available; otherwise, the correlations re-
ported in TC16 DMT Report by Marchetti et al. [44] can be employed.
The suggested values for the index parameters are me = ne = 0.5 and np
= 0.4.

In this work, the CRR curve for SPT was translated into an “equiv-
alent” CRR curve for KD using Dr as intermediate parameter. Dr was
considered a suitable intermediary as it is one of the most important
factor affecting the liquefaction resistance of soil, because of the pres-
ence in literature of well-known and widely used correlations between
Dr and SPT blow counts, and the possibility of deriving KD from Dr using
the correlation by Reyna and Chameau [42].

Therefore, it is important to highlight that the liquefaction triggering
curve was not developed directly from DMT datapoints but using an
indirect correlation with the relative density from SPT case histories.
Despite the fact that the equation is verified for CRR-KD datapoints ob-
tained after the Loma Prieta 1989 earthquake in the San Francisco Bay
(Section 4), this interpretation could be significantly improved consid-
ering directly DMT data. However, the approach used in this study was
adopted for two main reasons. The first is the extensive and decades-
long experience that led to the current procedure for evaluating CRR
from SPT. Moreover, another important reason is given by the large
number of SPT case histories [6], which have continued to increase with
recent earthquakes (e.g the 2010–2011 Canterbury seismic sequence in
New Zealand and the 2011 Tohoku earthquake in Japan), compared to

Fig. 6. Soil profile and NSPT results versus depth obtained from S1 borehole.

Fig. 7. Results of the SDMT1 and SDMT 2 in terms of KD obtained at DRPC area
in the city of Messina.
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DMT data.
The developed equations were employed for calibrating the UBC3D-

PLM model from DMT data to simulate the behaviour of liquefiable soils
at various sites in eastern Sicily (Italy), which experienced numerous
major earthquakes with liquefaction phenomenon observed in history.
This case study can be served as validation for the developed equations
as it demonstrates the wide applicability of the correlations at different
KD values characteristic of the appropriately chosen sites (Section 3).
The cyclic strength curve was reproduced by simulating CDSS in
PLAXIS, showing a satisfactory fit between the calibrated model and the
liquefaction triggering curve for each test site.

3. Test sites for the simulation of the liquefaction behavior from
SDMT data

The eastern part of Sicily is considered as one of the most seismically
active areas in Italy characterized by a high level of crustal activity,
which is the cause of large seismic events (1169, 1693, 1783, 1818,
1908, 1990) [45–47]. In this work, the new proposed correlations were
employed for the initial and generic calibration of the UBC3D-PLM
model, implemented in the finite element code PLAXIS (Bentley), to

Fig. 8. Ground features associated to liquefaction phenomenon after the 1693 earthquake in eastern Sicily (dataset from Pirrotta et al. [50]) and location of SDMTs
in Catania harbour. Basemap from Tarquini et al. [53].

Fig. 9. Results of the SDMT3 and SDMT4 in terms of KD in the Catania harbour.
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simulate the behavior of liquefiable sites located in the cities of Messina,
Catania and Pozzallo (Sicily, Italy) (Fig. 4).

3.1. Zone of the Regional Civil Defence Department (DRPC) in the city of
Messina

On 28th December 1908, one of the most strongest seismic events
that affected Italy during historical time (Intensity MCS XI, Mw = 7.24)
hit the cities of Messina and Reggio Calabria. Evidence of liquefaction,
such as water from the ground, mud or sand boils, were observed in the
areas of Messina and Reggio Calabria. Ground fracturing was also re-
ported in several localities [49] (Fig. 5).

The zone of the Regional Civil Defence Department (DRPC) in the
city of Messina was chosen as test site. Several laboratory and in situ

tests, which locations are reported in Fig. 5, were performed in the zone
of the DRPC, including n. 3 boreholes (S1, S2 and S3), n. 2 Standard
Penetration Tests (SPT), n. 1 Down-Hole (D-H) test, n. 1 Cross-Hole (C-
H) test, n. 2 Seismic Dilatometer Marchetti Tests (SDMT), n. 6 Direct
Shear Tests (DST), n. 2 Consolidated Undrained Triaxial Tests (CUTXT),
n. 4 Cyclic Loading Torsional Shear Tests (CLTST) and n. 4 Resonant
Column Tests (RCT) [52].

Fig. 6 presents the soil profile and the SPT results for the S1 borehole,
as an example. Based on the results, it is possible to observe that the zone
of the DRPC mainly consists of silty sand and gravel with horizons of
clay and sandy silt. The water table lies around 3 m below the ground
surface. SDMT1 is limited in depth to 9.0 m because the inclinometers
signaled a variation of the verticality exceeding the permitted limit at
greater depths. Therefore, the test was repeated in the immediate

Fig. 10. Structural map of southeastern Sicily (After Giampiccolo et al. [54]; modified) and plan view of Pozzallo harbour with the location of in situ tests.

Fig. 11. (a) Soil profile and (b) D-H test results in borehole S5.
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vicinity. The depth of 32mwas reached for the SDMT2. The KD variation
until 9 m, obtained from SDMT1 and SDMT2, is displayed in Fig. 7.

3.2. Catania harbour

On 11th January 1693, the Val di Noto earthquake (Intensity MCS X-
XI, Mw = 7.32), that is one of the largest seismic event in Italy with the
1908Messina earthquake, caused the destruction of 57 cities and 60,000
casualties. Fig. 8 reports the sites where geological evidence of lique-
faction (e.g. sand boils, sand hills and sand/mud volcano), correlated to
the 1693 earthquake, were found. Ground deformations are also
showed.

The Catania harbour was chosen as test site. Evidence of liquefaction
and ground fracturing were found near this area after the 1693 earth-
quake (Fig. 8). An investigation campaign was performed to evaluate the
geotechnical characteristics of the sandy soil including n. 3 DST, n. 3
Triaxial Consolidated Drained (CD) Tests, n. 6 RCT and n. 2 SDMT,
which locations are reported in Fig. 8. The Catania harbour site mainly
consists of fine sands with thin limestones. The groundwater level was
measured at around 1 m below ground level. The results of the SDMT3
and SDMT4 in terms of horizontal stress index, KD, are reported in Fig. 9.

3.3. Pozzallo harbour

The city of Pozzallo, located on the south-eastern coast of Sicily, is
part of the Hyblean Plateau (Fig. 4), which represents a contact area
between the Eurasian and African regions. The strongest seismic events

in Southeastern Sicily are generated by the offshore NNW-SSE-trending
fault system, while the weakest earthquakes are linked to secondary
internal faults (e.g. the Rosolini-Pozzallo-Ispica fault system) [54]
(Fig. 10).

An extensive investigation campaign was carried out at Pozzallo
harbour that is one of the most important ports in Sicily. Among in situ
tests, boreholes, SPT tests, SDMTs, D-H tests and a Multichannel Anal-
ysis Surface Waves (MASW) were performed (Fig. 10). Moreover, n. 26
undisturbed and n. 8 disturbed samples were retrieved from land
boreholes to be analyzed by standard laboratory tests, including DST.

Results of boreholes indicate a 5–6m thick layer of calcarenite blocks
overlaying brown-grey loose sand to a depth of about 18 m and the
presence of coarse sands with fine gravels from ~18 m to ~23 m on
moderately cemented calcarenites. The water table lies around 1 m
below the ground surface. The soil stratigraphy and the VS profile ob-
tained from the S5 borehole are reported in Fig. 11. Values of KD versus
depth obtained from SDMT5 and SDMT 6 are showed in Fig. 12.

4. Calibration of the UBC3D-PLM model

For the generic calibration of the UBC3D-PLMmodel, the parameters
were estimated from the KD using Equations (16)–(19) proposed in this
study.

With reference to the DRPC area in the city of Messina, the fill layer
(from 0 to 2 m) was not considered liquefiable as the groundwater level
was at the depth of 3 m. Instead, the slightly silty sand and gravel layer
(from 2 to 9 m) was modelled with KD = 1.6 (Fig. 7). This value is closer
to the results obtained by SDMT1 from 2 to 9 m and is consistent with
the corrected SPT value (Fig. 6), evaluated in accordance with the
procedure proposed by Idriss and Boulanger [55], equal to 7.35. Indeed,
using the relative density, Dr, as intermediate parameter, the following
relationship that relates the KD and the corrected SPT value was
obtained:

Fig. 12. Results of the SDMT5 and SDMT 6 in terms of KD obtained at Poz-
zallo harbour.

Fig. 13. Comparison of “equivalent” DMT-based liquefaction triggering curves and Loma Prieta 1989 earthquake datapoints by Mitchell et al. [56].

Table 1
Testing conditions for each test site used in PLAXIS for the simulation of the
CDSS tests.

Conditions DRPC area Catania harbour Pozzallo harbour

Type of test Undrained Undrained Undrained
K0-value 0.5 0.5 0.5
|σyy| 100 kN/m2 100 kN/m2 100 kN/m2

Test control Stress Stress Stress
τxy 10kN/m2 19 kN/m2 26 kN/m2

where K0-value is the ratio of lateral stress over axial stress; |σyy| is the absolute
value of the initial vertical shear at which the sample is consolidated; τxy is the
applied shear stress amplitude.
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8 



Fig. 14. CDSS test results obtained for the CSR = 0.10 (DRPC area): (a) shear stress (τxy) versus shear strain (γxy), (b) excess water pore pressure (Δu) versus shear
strain (γxy) and (c) excess pore water pressure ratio (ru) against the numbers of cycles.
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KD =0.0002 (N1)60cs
2
+0.0804(N1)60cs + 0.9772 (20)

The strength parameters were derived from the DSS test carried out
on a sample taken in S1 borehole at a depth of 7.0–7.4 m.

In relation to the Catania harbour, the sandy layer (from 2 to 15 m)
was modelled with KD = 2.5 (Fig. 9), corresponding to a corrected SPT
value of 18 obtained by using Equation (20), considering the dominant
liquefaction effects up to a depth of 15 m. Moreover, DST and Triaxial
tests show that the investigated soil is cohesionless and with a shear
resistance value of about 37◦. Finally, with reference to the Pozzallo
harbour, the first 5 m (quay in calcarenite blocks) were not considered
liquefiable. Instead, the brown-grey sand layer (from 5 to 15 m) was
modelled with KD= 3.0 (Fig. 12) corresponding to a corrected SPT value
of 24 obtained using Equation (20). The strength parameters were
derived from the DST tests carried out on samples taken at a depth of 5.0
m–15.0 m.

In this work, the CRR curve for SPT [6], presented in Equation (21),
is translated into an “equivalent” CRR curve for KD using Dr as inter-
mediate parameter. In Fig. 13, the CRR-KD curve, approximated by
Equation (22), is compared to the relationships proposed previously by
Monaco et al. [17] and Grasso and Maugeri [18]. Equation (21) was
derived including additional case histories in the liquefaction triggering
database (e.g. 2010–2011 Canterbury earthquake sequence in New
Zealand and the 2011 Toholu earthquake in Japan). Moreover, lique-
faction datapoints, identified at various locations by Mitchell et al. [56]
after the Loma Prieta 1989 earthquake in San Francisco Bay region, are

also reported in Fig. 13. As can be seen from the chart, the relationship
proposed here provides higher values of CRR.

CRR= exp
{
(N1)60cs
14.1

+

(
(N1)60cs
126

)2

−

(
(N1)60cs
23.6

)3

+

(
(N1)60cs
25.4

)4

− 2.8
}

(21)

CRR=0.054 KD
4 − 0.475 KD

3 + 1.563 KD
2 − 2.172 KD + 1.166 (22)

The model was calibrated to the proposed CRR-KD curve (Equation
(22)) using two fitting parameters: the densification factor, fdens, and the
post-liquefaction factor, fEpost [30]. These fitting parameters were
derived from the simulation of cyclic direct simple shear tests (CDSS),
whose conditions are showed in Table 1 for each test site, using PLAXIS
software. The sample was considered liquefied when the single ampli-
tude of shear strain exceed 3 % [57].

According to the proposed CRR-KD curve (Fig. 13), values of CSRM =

7.5,σ’=1atm of 0.10, 0.19 and 0.26 were derived at KD of 1.6, 2.5 and 3.0
for the DRPC area, the Catania harbour and the Pozzallo harbour,
respectively. Moreover, based on the relationship proposed by Idriss and
Boulanger [57], an earthquake of MW = 7.5 coincides with a number of
equivalent stress cycles of 15. Hence, the values of the fitting parame-
ters, fdens and fEpost, were obtained when liquefaction was reached for a
number of cycles of 15 applying a CSR of 0.10, 0.19 and 0.26 for the
DRPC area, the Catania harbour and the Pozzallo harbour, respectively.

CDSS test results obtained for the CSR of 0.10 (DRPC area), 0.19
(Catania harbour) and 0.26 (Pozzallo harbour) are displayed in

Fig. 15. CDSS test results obtained for the CSR = 0.19 (Catania harbour): (a) shear stress (τxy) versus shear strain (γxy), (b) excess water pore pressure (Δu) versus
shear strain (γxy) and (c) excess pore water pressure ratio (ru) against the numbers of cycles.
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Fig. 16. CDSS test results obtained for the CSR = 0.26 (Pozzallo harbour): (a) shear stress (τxy) versus shear strain (γxy), (b) excess water pore pressure (Δu) versus
shear strain (γxy) and (c) excess pore water pressure ratio (ru) against the numbers of cycles.
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Figs. 14–16, respectively, in terms of shear stress, τxy, and excess water
pore pressure, Δu, versus shear strain, γxy, and excess pore water pres-
sure ratio, ru, against numbers of cycles.

Additional CDSS tests were simulated for each test site by modifying
the applied CSR. Fig. 17 reports the CSR versus the equivalent number of
cycles needed for the liquefaction onset, NL, obtained from PLAXIS for
the DRPC area (Fig. 17(a)), the Catania harbour (Fig. 17(b)) and the
Pozzallo harbour (Fig. 17(c)). In order to obtain the CSR-NL curve, the
magnitude scaling factor (MSF) [57] was employed to adjust the

induced CSR for an earthquake of magnitude M to an equivalent CSR for
a reference magnitude of 7.5:

MSF=6.9 exp
(
− M
4

)

− 0.058 ≤ 1.8 (23)

The comparison between the calibrated UBC3D-PLM model and the
proposed triggering curve, displayed in Fig. 17, shows satisfactory fit for
each test site. Table 2 presents the parameters for the UBC3D-PLM
model obtained using the new parameter selection procedure for the
DRPC area, the Catania harbour and the Pozzallo harbour.

5. Validation of the UBC3D-PLM model from CDSS tests

In this study, CDSS tests were performed to validate the calibrated
UBC3D-PLM model. The CDSS device, employed in this work, is an
advanced apparatus manufactured by Controls Group (https://controls-
group.com/product/cyclic-simple-shear-apparatus-controls/) designed
to allow a sample to be consolidated and then sheared under constant
volume conditions simulating an undrained shear of a saturated spec-
imen. The CDSS device at the Soil Dynamics and Geotechnical Engi-
neering Laboratory of the “Kore”University of Enna is showed in Fig. 18.
The apparatus includes a control and data acquisition system with two 5
kN actuators that have internal displacement transducers. The standard
sample has a diameter of 70 mm and a height of 20 mm. It is positioned
on a pedestal and restrained by a rubber membrane and a series of slip
rings.

The CDSS tests were conducted to reproduce the testing conditions
used in PLAXIS for the simulation of the CDSS tests. Despite the great
complexity involved in simulating the onset of liquefaction within the
context of classical plasticity [58], the numerical modelling results are
quite in agreement with the experimental data.

With reference to the Pozzallo case study, as an example, Fig. 19
reports the results obtained for a sandy sample retrieved from 7.50 m to
7.95 m in S5 borehole. The CDSS test was conducted on a medium-loose
sample with a relative density of about 60 %. This is consistent with the

Fig. 17. Comparison between the calibrated UBC3D-PLM model and the pro-
posed triggering curve from Dilatometer Marchetti Test (DMT) for: (a) the
DRPC area, (b) the Catania harbour and (c) the Pozzallo harbour.

Table 2
Parameters of the UBC3D-PLM model for liquefiable sandy soils at the DRPC
area in the city of Messina, the Catania harbour and the Pozzallo harbour.

Parameter Symbol Unit DRPC
area

Catania
harbour

Pozzallo
harbour

Saturated unit weight
of soil

γsat kN/
m3

18.34 17.30 17.00

Peak friction angle φ′p ◦ 34 37 38
Constant volume
friction angle

φ′cv ◦ 33 36 37

Cohesion c’ kN/
m2

1 1 1

Elastic bulk modulus
factor

kBe – 623 807 885

Elastic shear modulus
factor

kGe – 890 1152 1264

Plastic shear modulus
factor

kGp – 270 1196 2239

Rate of stress-
dependency of elastic
bulk modulus

me – 0.5 0.5 0.5

Rate of stress-
dependency of elastic
shear modulus

ne – 0.5 0.5 0.5

Rate of stress-
dependency of
plastic shear
modulus

np – 0.4 0.4 0.4

Failure ratio Rf – 0.80 0.72 0.69
Reference pressure pA kN/

m2
100 100 100

Densification factor fdens – 0.76 0.60 0.74
Post-liquefaction factor fEpost – 0.20 0.15 0.10
Horizontal stress index KD – 1.60 2.5 3.0
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value of Dr, derived from the KD-Dr correlation by Reyna and Chameau
[42], for a KD = 3.0 obtained at Pozzallo harbour (Fig. 12). The
remoulding of the soil sample was carried out by the moist tamping with
a water content of 10 % to facilitate compaction. The remoulded sample
was consolidated under an effective vertical stress, σv́0, of 100 kPa. The
cyclic shearing was applied using sine waves with amplitudes equal to
the cyclic shear stress,±τcyc, of 26 kN/m2 and a frequency of 0.1 Hz. The
height of the samples was kept constant during the shearing process
using the active height control. In CDSS, the CSR is defined as:

CSR=
τcyc
σʹ
v0

(24)

Therefore, the applied value of CSR for this sample is equal to 0.26,
reproducing the testing conditions presented in Table 1 for the Pozzallo
harbour.

Fig. 19 shows the results of CDSS test in terms of hysteresis loop
(Fig. 19(a)), shear strain and excess pore water pressure ratio against the
numbers of cycles (Fig. 19(b) and (c)). It is possible to notice that for a
number of cycles of 15 the single amplitude of shear strain is about 3 %,
after which the liquefaction onset ensued with large shear strains. Even
if the excess pore water pressure ratio achieves only a value of about 0.6
for a number of cycles of 15 [59,60], the comparison between the
experimental and numerical results in term of ru, reported in Fig. 20,
shows a similar trend.

In the hysteresis loops (Figs. 16(a) and 19(a)), there are some dif-
ferences between the CDSS test and the numerical simulation. Indeed,
the UBC3D-PLM model shows stiffer initial response than the experi-
mental results. Moreover, the other significant difference is the post-
liquefaction stress strain response. In order to capture the softening that
occurs after the peak yield surface is reached, the post-liquefaction
factor, fEpost, is implemented in the UBC3D-PLM model. This factor de-
fines the minimum shear stiffness of the soil according to Equation (9).
After the peak yield surface is reached, the shear modulus is reduced in
each loading cycle until it reaches the minimum value and the same loop
is continuously repeated in the model. Therefore, the strains generated
by the model following liquefaction are limited, even though the cyclic
resistance is well predicted.

6. Conclusions

This paper presents the first attempt to provide alternative correla-
tions for the generic and initial calibration of the UBC3D-PLM soil model
from the horizontal stress index, KD, obtained by flat dilatometer test
(DMT). Many researchers suggested the DMT as an alternative in situ
test to evaluate the liquefaction resistance of sands, usually estimated by
SPT or CPT. Although it is not possible to separate each contribution, KD
is sensitive to several factors that affect the liquefaction resistance, such
as the relative density, the stress history, the cementation and the aging.

In this study, the correlations proposed byMakra [38] for the generic
and initial calibration of the UBC3D-PLM soil model from the corrected
SPT blow counts are translated into “equivalent” correlations from KD
using the relative density, Dr, as intermediate parameter. As pointed out
by Monaco et al. [17], this interpretation could be improved using the in
situ state parameter, ξ0, as intermediate parameter, since the estimation
of Dr from SPT is affected by some uncertainties. However, the corre-
lation KD - ξ0 is not sufficiently well-defined at present. Therefore, the
equations proposed in this study can be considered adequate as a first
approach for the calibration of the UBC3D-PLM soil model.

These new correlations were employed to simulate the behavior of
liquefiable soils of three different testing locations in eastern Sicily
(Italy): the zone of the Regional Civil Defence Department (DRPC) in the
city of Messina, the Catania harbour and the Pozzallo harbour. Labo-
ratory and in situ tests, among them SDMTs, were conducted for each
test site.

For the generic and initial calibration of the UBC3D-PLM model for
each test site, the input parameters were obtained from KD values using
the equations proposed in this study. Then, the model was calibrated to
the proposed CRR-KD curve using the fitting parameters fdens and fEpost
by the simulation of cyclic direct simple shear tests (CDSS) in PLAXIS
software.

The CRR curve for SPT [6] was translated into an “equivalent” CRR
curve for KD using Dr as intermediate parameter. To demonstrate the
reliability of the proposed approach for simulating liquefaction resis-
tance and potentials, the cyclic strength curve, which relates the cyclic
resistance with the KD values, was reproduced in PLAXIS using the
suggested correlations. CDSS tests were simulated for different values of

Fig. 18. Equipment at the Soil Dynamics and Geotechnical Engineering Laboratory of the “Kore” University of Enna used for CDSS tests.
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the CSR. The comparison between the proposed correlation and the
calibrated UBC3D-PLMmodel shows a satisfactory convergence for each
test site. In view of this parametrical fitting, this work provides valuable
alternative correlations for the generic and initial calibration of the
UBC3D-PLM soil model from the horizontal stress index, KD, and

important information for the future assessment of soil liquefaction and
its effects on structures in the investigated areas characterized by
medium-high seismic risk. Finally, in order to evaluate the performance
of the suggested calibration and validate the applicability of the pro-
posed procedure, CDSS tests were also carried out using the apparatus
available at the Soil Dynamics and Geotechnical Engineering Laboratory
of the University Kore of Enna (Italy). The CDSS tests were performed to
reproduce the testing conditions employed in PLAXIS for the calibration
of the UBC3D-PLM soil model. The results reported in this work for the
Pozzallo harbour, as an example, show that the numerical results are in
close agreement with the experimental data. Indeed, despite some lim-
itations of the model in predicting the stress-strain behaviour, a satis-
factory match between the numerical simulation and the CDSS test was
achieve, especially for the determination of the liquefaction onset.

CRediT authorship contribution statement

F. Castelli: Writing – review & editing, Supervision, Methodology,
Conceptualization. S. Grasso: Writing – review & editing, Writing –
original draft, Methodology, Formal analysis, Conceptualization. V.
Lentini: Writing – review & editing, Supervision, Methodology,
Conceptualization. M.S.V. Sammito: Writing – review & editing,
Writing – original draft, Software, Methodology, Formal analysis,
Conceptualization.

Fig. 19. Experimental results obtained from CDSS testing (CSR = 0.26): (a) shear stress (τxy) versus shear strain (γxy), (b) shear strain (γxy) and (c) excess pore water
pressure ratio (ru) against the numbers of cycles.

Fig. 20. Comparison between the experimental and numerical results in term
of excess pore water pressure ratio against the numbers of cycles.
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