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ABSTRACT: The evaluation of soil liquefaction potential can be assessed using approaches with an increasing level of complexity. 
In engineering practice, the most common method is based on the use of empirical charts where the soil cyclic resistance is correlated 
to the soil resistance as measured in field tests, such as standard penetration test (SPT) and cone penetration test (CPT). Similarly, 
also seismic dilatometer tests (SDMT) can be used to assess the potential triggering of liquefaction in soil deposits as already shown 
in several case studies in Italy and around the world. In the present study, the results of seismic dilatometer tests carried out along a 
sketch of a river dyke highly damaged by the 2012 Emilia Earthquake have been used to assess the liquefaction potential of the 
embankment and the foundation deposits, using semi-empirical methods and dynamic analysis. Both methodologies highlighted high 
liquefaction risk for the investigated soils which is also compatible with the results obtained by more sophisticated non-linear 
dynamic analysis of the dyke carried out in effective stress condition. Finally, the advantages and limitations of the adopted 
approaches are discussed and practical guidelines are provided for SDMT-based methods. 

RÉSUMÉ: Le potentiel de liquéfaction des sols peut être évalué à l'aide d'approches de complexité croissante. Dans la pratique de 
l'ingénierie, la méthode la plus courante est basée sur l'utilisation de chartes empiriques où la résistance cyclique du sol est corrélée à des 
paramètres mesurés lors d'essais au terrain, tels que l’essai de pénétration standard (SPT) ou le cône de pénétration standard (CPT). De 
la même manière, le dilatomètre sismique (SDMT) peut être utilisé pour évaluer le potentiel de liquéfaction dans les dépôts de sol, 
comme il a déjà été démontré montré dans plusieurs études de cas en Italie et dans le monde. Dans la présente étude, les résultats d'essais 
au dilatomètre sismique effectués le long d'une esquisse d'une digue fluviale fortement endommagée par le séisme d'Emilia en 2012 ont 
été utilisés pour évaluer le potentiel de liquéfaction du remblai et de la fondation, en utilisant des méthodes semi-empiriques et des 
analyses dynamiques. Les deux méthodologies ont mis en évidence un risque élevé de liquéfaction des sols à l’étude tout en démontant 
la compatible avec des résultats obtenus par une analyse dynamique non linéaire plus sophistiquée de la digue réalisée en contraintes 
effectives. Finalement, les avantages et les limites des approches adoptées sont discutés et des directives pratiques sont fournies pour les 
méthodes basées sur SDMT. 

KEYWORDS: dilatometer test, cone penetration test, liquefaction, empirical chart, model calibration. 

1  INTRODUCTION 

Liquefaction caused significant damage to engineered structures 
and lifelines during recent earthquakes (2011 Christchurch, New 
Zealand earthquake; 2018 Palu, Indonesia earthquake; 2020 
Petrinja, Croatia earthquake). This is the reason why an accurate 
prediction of the liquefaction potential is becoming a 
fundamental requirement for assessing the seismic safety and 
resilience of structures and infrastructures in saturated soils. The 
impossibility to retrieve undisturbed samples of liquefiable soils, 
at least with conventional equipment, makes the assessment of 
the liquefaction potential of soils largely based on field 
investigations, such as the Standard Penetration Test (SPT) and 
Cone Penetration Test (CPT). Similarly, also Dilatometer 
(DTM) or Seismic Dilatometer Tests (SDMT) can be used to 
assess the potential triggering of liquefaction in soil deposits as 
already shown in several case studies in Italy and around the 
world (Monaco et al. 2011, 2016; Amoroso et al. 2014, 2015, 
2017, 2018, 2020; Boncio et al. 2018; Porcino et al. 2019; 
Monaco and Amoroso 2019). This latter case has the additional 
advantage to allow the evaluation of the soil liquefaction 
potential through the direct measurement of both the shear wave 
velocity, VS, and the horizontal stress index KD (often 
alternatively called stress history index). While the VS-based 
estimation follows the general framework proposed by Andrus 
and Stokoe (2000), without specific concerns related to the 
specific test, the stress index approach required the development 
of an “ad-hoc” one-to-one empirical relationship between the 

Cyclic Resistance Ratio (CRR) and KD (Monaco et al. 2005; 
Robertson 2012; Marchetti 2016). 

This study proposes an updating empirical curve for DMT, 
following the framework providing by Boulanger and Idriss 
(2014), which includes data obtained from recent events where 
widespread liquefaction was observed (the 2010-2011 
Canterbury earthquake sequence in New Zealand and the 2011 
Tohoku earthquake in Japan). 

The performance of the proposed curve is compared with that 
obtained by CPT results along with a sketch of a river dyke 
highly damaged by the 2012 Emilia Earthquake. 

Moving to a more sophisticated approach, the proposed KD-
based empirical curve has been used to calibrate a simplified 
model for predicting the pore water pressure build-up induced by 
seismic loading, following a prompt calibration process for 
effective stress analysis already proposed by several researchers 
(Ntritos and Cubrinovski 2020; Chiaradonna et al. 2020). 

Both methodologies highlighted high liquefaction risk for the 
investigated foundation soil deposits of the dyke which are also 
compatible with the observed damage pattern. Finally, the 
advantages and limitations of the adopted approaches are 
discussed and practical guidelines are provided for DMT or 
SDMT-based methods. 

2  METHODOLOGY 

According to Boulanger and Idriss (2014), CPT results are 
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expressed in terms of corrected cone tip resistance, qc1Ncs. 

The corrected cone tip resistance, qc1Ncs is defined as: 
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where qc is the cone resistance measured during CPT, Pa is the 
atmospheric pressure and FC is the fines content, i.e., the 
percentage of soil having particles diameter smaller than 0.075 
mm. The value of qc1Ncs must be found by trial and error. 

Differently from previous studies (e.g., Robertson 2012), the 
qc1Ncs is the only variable that will be used in the following to 
correlate CPT to DMT or SDMT data. 

Finally, the CPT-based empirical relationship proposed by 
Boulanger and Idriss (2014) is the following: 
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Eq. (6) provides the cyclic resistance ratio of the soil 
characterized by a given value of qc1Ncs at a reference earthquake 
of 7.5 magnitude and effective overburden stress equal to unity. 
Further corrections to Eq. (6) are necessary to take into account: 
(i) the overburden stress, via the correction factor K, and (ii) the 
actual magnitude and duration of the earthquake, via the 
Magnitude Scaling Factor, MSF. Additional details can be found 
in Boulanger and Idriss (2014). 

2.1  Updating the evaluation of the cyclic soil strength based on 
dilatometer test 

To update the cyclic strength estimation based on flat dilatometer 
to the most recent framework proposed by Boulanger and Idriss 
(2014), the horizontal stress index KD has been correlated to 
qc1Ncs. The field investigation data reported by Tsai et al. (2009) 
for 5 different sites in Taiwan have been digitalized and re-
interpreted according to the following procedure. Cone tip 
resistance data related to a soil behaviour type (Ic) between 1.5 
and 2.6 has been considered, while data outside this range has 
been neglected. An estimation of the fines content equal to 10% 
has been adopted for the calculation of qc1N, and the final qc1Ncs 
values have been obtained based on the water table depths and 
soil unit weights reported by Tsai et al. (2009) for each site. Due 
to the remarkable number of fines, site 3 has been excluded from 
the computations. 

The calculated qc1Ncs values are correlated to the 
measurements of KD by Tsai et al. (2009) in Figure 1. Despite the 
dispersion, the dataset can be well described by a linear trend 
with a slope of 20, similarly to the approach proposed by 
Robertson (2012). 

The same figure reports also another set of data related to the 
Scortichino site (Italy), where both CPT and SDMT were 
performed (Tonni et al. 2015). The second dataset has been 
processed according to the same protocol (only FC<10%), and it 
is better interpreted by a linear trend with a slope of about 30. 
 

 
Figure 1. Relationship between qc1Ncs and KD. 

 
Due to the discrepancy in the two considered datasets and 

considering also the limited amount of processed data, an 
average coefficient of 25 has been adopted, which is also 
compatible with the relationship reported by Marchetti (2016): 
 𝑞𝑞𝑐𝑐1𝑁𝑁𝑐𝑐𝑁𝑁 = 25𝐾𝐾𝐷𝐷 (7) 

 
By substituting the Eq. (7) into the Eq. (6) proposed by 

Boulanger and Idriss (2014), the final relationship is obtained: 
 𝐶𝐶𝐶𝐶𝐶𝐶 = exp(0.001109𝐾𝐾𝐷𝐷4 − 0.00569𝐾𝐾𝐷𝐷3 + 0.000625𝐾𝐾𝐷𝐷2 + 0.221𝐾𝐾𝐷𝐷 − 2.8) (8) 

 

Differences between Eq. (8) and the most recent DMT-based 

curve proposed in the literature are observed for KD lower than 3 

and higher than 6 (Figure 2). 
 

 
Figure 2. Relationship between CRR and KD compared with the previous 
curve proposed by Marchetti (2016). 

3  APPLICATION 

The proposed DMT empirical relationship (Eq. 8) has been 
applied to an Italian case study located in Scortichino (Emilia, 
Italy), where significant evidence of soil deformation and 
building damages were observed after the Mw 6.1 earthquake of 
20.V.2012 (Tonni et al. 2015). 

Firstly, the liquefaction potential of soils has been evaluated 
through simplified procedures, based on the CPT and SDMT 
profiles. 

Then, an effective stress dynamic analysis has been carried 
out by adopting the Eq. (8) for the calibration of the cyclic 
strength of the liquefiable deposit in the numerical model. 
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3.1  Liquefaction assessment by using CPT 

The analyses have been executed using the simplified approach 
proposed by Boulanger and Idriss (2014), based on the 
comparison, at any depth, of the seismic demand on a soil layer 
generated by the earthquake (cyclic stress ratio CSR) and the 
capacity of the soil to resist liquefaction (cyclic resistance ratio 
CRR). When CSR is greater than CRR liquefaction may occur. 

CSR has been calculated with the usual expression: CSR = 0.65 τmaxσv′ = 0.65 amaxg σvσv′ rd        (9) 

where the coefficient 0.65 is introduced to transform the irregular 

shear stress history (represented by max) in one having an 

equivalent constant shear stress amplitude, v and ’v are the 

vertical total and effective stresses at a depth z, amax is the 

maximum horizontal acceleration, g is the gravity acceleration 

and rd is a reduction factor accounting for soil deformability, 

whose expression can be found in Boulanger and Idriss (2014). 

The seismic scenario assumed as a possible trigger of 

liquefaction was the May 20, 2012 mainshock, having moment 

magnitude Mw = 6.1 and epicentral distance Repi = 7.5 km from 

the Scortichino site. An estimated maximum acceleration at the 

site of 0.26g, equal to the recorded value at the recording station 

of Mirandola (D’Amico et al. 2020), has been also adopted in the 

computations. 

The CRR profile has been estimated following the procedure 

already described in section 2. 

The results of liquefaction analysis are reported in Fig. 3, 

including also the interpretation of the CPTU profile in terms of 

soil behaviour type index (Ic). 

The “integral” liquefaction susceptibility at each test location 

was evaluated using the liquefaction potential index LPI (Iwasaki 

et al. 1984): 

𝐿𝐿𝐿𝐿𝐿𝐿 = ∫ 𝐹𝐹(𝑧𝑧) ∙ 𝑊𝑊(𝑧𝑧)𝑑𝑑𝑧𝑧200                 (10) 

 

where w(z) is a depth weighting factor and the function F(z) 

depends on the safety factor, according to Sonmez (2003). 

3.2  Liquefaction assessment by using SDMT 

 
Results of liquefaction analyses based on KD, with CRR 
estimated according to Eq. (8) are reported in Figure 3, including 
also the interpretation of the SDMT profile in terms of ID index. 

The results provided by SDMT-method indicate the possible 
occurrence of liquefaction (FSliq <1) at local depths from the crest 
of the embankment between about 5 to 11 m, while no significant 
liquefaction is detected in the deeper sands. 

The results of the analyses based on CPTU signal the presence 
of a liquefiable layer, having much lower thickness than 
indicated by KD. Moreover, the analysis based on CPT suggests 
a ‘moderate’ liquefaction potential index, which is remarkably 
lower than that indicated by KD. 

The discrepancy between the two simplified analyses can be 
attributed to the fact that the proposed CRR correlation based on 
KD (Eq. 8) is valid for clean sand or a limited number of fines 
(FC<10%), without any correction for fines content. Hence, the 
CRR estimated from KD in the sandy-silty layers are probably 
somewhat underestimated, as already observed for the previous 
DMT-based empirical relationships (Monaco et al. 2005, Tsai et 
al. 2009, Robertson 2012, Marchetti 2016). 

3.3  Liquefaction assessment by using 1D dynamic analysis in 
effective stress 

A 1D dynamic analysis in effective stress has been performed by 
adopting the non-linear code SCOSSA (Tropeano et al. 2016; 
2019) which models the soil profile as a system of consistent 
lumped masses, connected by viscous dampers and springs with 
hysteretic behaviour. 

In the code is implemented a stress-based pore water pressure 
model (PWP) which permits to compare the irregular time-
history of shear stress-induced by the earthquake with the soil 
liquefaction resistance. The comparison is expressed through the 
so-called ‘damage parameter’, which can be computed for any 
loading pattern. The damage parameter, , is an incremental 
function of the applied load that takes into account the cyclic 
strength of the soil (Chiaradonna et al. 2018). 

The cyclic strength is expressed in terms of the cyclic 
resistance curve, which univocally relates the number of cycles 
at liquefaction, NL, to the cyclic resistance ratio, CRR. The model 
analytically describes the cyclic resistance curve by the 
following equation: 

( )
( )

1

t r

r t L

CRR CSR N

CSR CSR N

−  
=  −  

                 (11) 

 
where (Nr, CSRr) is a reference point, CSRt the asymptotic value 
of CRR as the number of cycles tends to infinite and  is in some 
way related to the slope of the relationship. Further details can be 
found in Chiaradonna et al. (2016, 2018). 

To extend the applicability of the PWP model to studies where 
laboratory data are not available, in this paper it is proposed to 
calibrate the parameters of the Eq. (11) directly from the results 
of conventional DMT tests. 

The first step in the calibration process consists of generating 
a cyclic resistance curve from the proposed DMT-empirical 
relationship (Eq. 8). 

 

 

 
Figure 3. Results of liquefaction analyses based on the horizontal stress index KD (SDMT) and on the cone penetration resistance qc1Ncs (CPTU). 
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3.3.1   Generation of cyclic resistance curves from the new 
empirical relationship based on DMT 

The generation procedure follows the path described by 
Chiaradonna et al. (2020), originally proposed for cone 
penetration (CPT) and standard penetration (SPT). 

Indeed, each point of the empirical relationship (Eq. 8) is 
representative of the cyclic strength of the soil for reference 
magnitude of 7.5 and overburden stress equal to one. By adopting 
the correction factors proposed by Boulanger and Idriss (2014), 
already mentioned in section 2, it is possible to generate a cyclic 
resistance curve from a qc1Ncs and, similarly from KD for this 
study. For sake of brevity, all the analytical expressions are here 
not reported but the reader can refer to Chiaradonna et al. (2020) 
for details, where qc1Ncs is just traced back to KD by Eq. (7). 

To assess the reliability of the generated cyclic resistance 
curves, a comparison has been carried out with the measured 
cyclic strength of the soils tested in the laboratory by direct 
simple shear tests, CSS (Tonni et al. 2015, Porcino and Diano 
2016). 

Figure 4 reports the cyclic resistance curve of clean sand 
deposits (A200) as measured by direct simple shear tests (CSS) 
at an initial confining vertical stress of 100 kPa and the predicted 
ones by the DMT-empirical relationship (Eq. 8) for a KD=4 
(estimated from Figure 3) and a vertical effective stress of 100 
kPa and 250 kPa. Due to the consideration that the laboratory 
data are obtained under one-directional loading, while the 
empirical curves take into account the tri-directionality of the real 
shaking, a correction factor of 0.9 has been applied to the CRR 
obtained by a laboratory test, according to Kramer (1996). 

For the same initial effective stress state, the empirical cyclic 
resistance curve slightly under predicts the soil strength, but the 
match is satisfied from an engineering point of view. 
    

 
Figure 4. Comparison between the cyclic resistance curve obtained 
experimentally from direct simple shear tests (CSS) and the predicted 
ones by the empirical CRR - KD curve for KD=4. 

 

 
3.3.2   Input data for the 1D Dynamic analysis 
In-situ and laboratory geotechnical investigation carried out after 
the earthquake at the Scortichino site, allowed the definition of 
an accurate subsoil model for the dynamic analyses (Tonni et al. 
2015, Chiaradonna et al. 2016, 2019). Figure 5 shows the soil 
layering and the related shear wave velocity profile, as obtained 
by analyzing the borehole logs and geophysical tests. The core of 
the dike (AR) and its foundation soil (B) consist of silty sand, 
while a thick formation of alluvial sands (A), interbedded by clay 
(C), overlies an alternation of both materials (AL) and the 
bedrock. 

Resonant column and cyclic simple shear tests were carried 
out (Tonni et al. 2015) to obtain the variation of the normalized 
shear modulus, G/G0, and damping ratio, D, with the shear strain, 
, required to simulate the non-linear and dissipative soil 

behaviour, as reported in Chiaradonna et al. (2019). 
Chiaradonna et al. (2019) performed the 1D stress dynamic 

analysis of the considered soil column, calibrated the PWP model 
on the available cyclic laboratory tests. 

In the present study, the cyclic resistance curve of the alluvial 
sand (A) has been carried out on the empirical curve of Figure 4 
for confining vertical stress of 250 kPa, which corresponds to the 
mean initial effective stress state in soil deposit A200. 

The parameters of the cyclic resistance curve used in the 
present study are reported in Table 1 and compared with those 
obtained by assuming the laboratory data in the calibration 
(Chiaradonna et al. 2019). 
 
Table 1. Parameters of the cyclic resistance curve of the PWP model. 

Parameter  CSRt CSRr 

Empirical curve 1.97 0.08 0.16 

Lab-based curve  3.01 0.004 0.12 

 
The deconvolved motion of the May 20, 2012 main-shock 

recorded at the Mirandola station (MRN) has been assumed as 
reference input motion for the analysis (Chiaradonna et al. 2019). 
The input was applied as an outcrop motion at the bedrock, which 
was modelled as a deformable medium with shear wave velocity 
VS = 800 m/s. 
 
3.3.2   Results of the 1D Dynamic analysis 
The results of the effective stress analysis are reported in Figure 
5 in terms of vertical profiles of the maximum excess pore 
pressure ratio, defined as the ratio between the pore pressure 
build-up induced by the shaking and the initial effective vertical 
stress, ru. Figure 5 reports also the vertical ru profile obtained by 
Chiaradonna et al. 2019, where the cyclic strength of the clean 
sand (A200) was directly defined on the cyclic laboratory test 
results. 

As expected, the analysis where the cyclic strength of the 
A200 sand is based on the empirical curve (Fig. 4) provides an 
overestimation of the thickness of the liquefiable layer compared 
to the laboratory-based calibration of the cyclic strength (Fig. 5). 
 

 

Figure 5. Vertical profile of the shear wave velocity and the maximum 

excess pore pressure ratio obtained by the dynamic analyses in effective 

stress. 

4  CONCLUSIONS 

This paper proposed an updating of the DMT-based empirical 
relationship, adopting the framework providing by Boulanger 
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and Idriss (2014). The performance of the proposed curve was 
assessed on an Italian case study: a sketch of a river dyke highly 
damaged by the 2012 Emilia Earthquake. Liquefaction 
simplified analyses were performed by using both CPT and 
SDMT available for the considered site. 

The proposed KD-based empirical curve was used also to 
calibrate a simplified model for predicting the pore water 
pressure build-up induced by seismic loading, following a 
prompt calibration process for effective stress analysis already 
proposed by several researchers (Ntritos and Cubrinovski 2020; 
Chiaradonna et al. 2020). Both methodologies highlighted high 
liquefaction risk for the investigated foundation soil deposits of 
the dyke which are also compatible with the observed damage 
pattern. 

The main drawback of the proposed approach is still related 
to the lack of a correction factor for the fines content. This issue 
will be addressed in future studies, based on field data from 
different test sites. 
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