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A B S T R A C T

The application of semi-empirical charts based on in-situ testing results represents the first step in the 
earthquake-induced soil liquefaction assessment. Among them, the CPT-based charts have been largely devel
oped in the last decades, especially after the 2010–2011 Canterbury earthquakes in New Zealand, while the main 
drawback of the existing approach based on DMT is related to the lack of a correction factor for the fines content. 
In this regard, this study proposes a new empirical relationship between the cyclic resistance ratio and the 
horizontal stress index where the effects of the fines content are incorporated. The new method is calibrated on 
specific sites located in the Emilia-Romagna plain (Italy), where an extensive soil characterization from in-situ 
and laboratory tests was available for the silty sand and sandy silt deposits affected by liquefaction after the 
2012 Emilia earthquake. The performance of the new curve accounting for the fines content effect is compared 
with that obtained by adopting the “clean sand” curves proposed in the past, as well as with that obtained by 
using the most recent CPT-based method. Even though verified only for specific Italian soils and requiring further 
field validation, the proposed approach appears as promising to improve the DMT-based liquefaction assessment 
in silty sands.

1. Introduction

Simplified methods based on in-situ test results are commonly used 
for assessment of earthquake-induced soil liquefaction, at least as a first 
step before performing more complex analyses. In general, the adopted 
approach lies within the framework of the “simplified procedure” based 
on the comparison, at any depth, of the seismic demand (cyclic stress 
ratio CSR) and the capacity of the soil to resist liquefaction (cyclic 
resistance ratio CRR). Liquefaction may occur when CSR is greater than 
or equal to CRR. The CSR is evaluated based on the main characteristics 
of the assumed scenario earthquake. The CRR is commonly estimated by 
using semi-empirical charts based on the results of in-situ tests, such as 
the cone penetration test (CPT), the standard penetration test (SPT), 
shear wave velocity (VS) measurements, and the flat dilatometer test 
(DMT). For each in-situ test method, CRR is obtained as a function of a 
normalized and corrected parameter assumed as representative of the 
soil liquefaction resistance. In the approach implemented by Ref. [1] in 
CPT- and SPT-based methods, the CRR is estimated as a function of a 
normalized soil resistance parameter, including the effect of the fines 
content FC. The normalized values qc1N (CPT) and (N1)60 (SPT) are 

converted into equivalent clean sand values qc1Ncs and (N1)60cs, respec
tively, by introducing the corrections Δqc1N and Δ(N1)60 depending on 
FC, having the form: 

qc1Ncs = qc1N + Δqc1N (1) 

(N1)60cs =(N1)60 + Δ(N1)60 (2) 

Hence, both qc1Ncs and (N1)60cs are obtained as the sum of two terms: 
the first one (qc1N, (N1)60) is related to the normalization of the 
measured data to the effective overburden stress, the second one 
(Δqc1N, Δ(N1)60) accounts for the beneficial effect of the fines content, 
which is “fictitiously” translated into an increase of the soil resistance 
parameters (qc1Ncs, (N1)60cs).

In particular, in the CPT-based framework provided by Ref. [1] the 
following terms are defined in order to obtain the equivalent clean sand 
cone resistance qc1Ncs: 

qc1N =CN⋅
qc

Pa
(3) 
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CN =

(
Pa

σv́

)m

≤ 1.7 (4) 

m=1.338 − 0.249⋅qc1Ncs
0.264 (5) 

Δqc1N =
(

11.9+
qc1N

14.6

)
exp
(

1.63 −
9.7

FC + 2
−

(
15.7

FC + 2

)2)

(6) 

where qc = measured cone resistance, Pa = atmospheric pressure, σ′v =

effective overburden stress, and FC = fines content (i.e., percentage of 
soil having particles diameter smaller than 0.075 mm), taken into ac
count by Δqc1N. The value of qc1Ncs must be found by trial and error.

The same authors also provided a relationship to estimate FC from 
the soil behavior type index Ic; after that, the CFC correction factor is 
calibrated on experimental data: 

IC =
FC + 137

80
− CFC (7) 

The CPT-based empirical relationship proposed by Ref. [1] is the 
following: 

CRRM=7.5,σʹ=1 = exp
(

qc1Ncs

113
+
(qc1Ncs

1000

)2
−
(qc1Ncs

140

)3
+
(qc1Ncs

137

)4
− 2.8

)

(8) 

Eq. (8) provides the cyclic resistance ratio of the soil characterized by 
a given value of qc1Ncs for a reference 7.5 magnitude earthquake and 
effective overburden stress equal to 1 atm. Further corrections to Eq. (8)
are necessary to take into account: (i) the overburden stress, via the 
correction factor Kσ, and (ii) the actual magnitude of the earthquake, via 
the Magnitude Scaling Factor (MSF).

In the case of the SPT, the terms for the calculation of the normalized 
number of blow counts corrected for energy ratio and fines content 
(N1)60cs are defined as follows: 

(N1)60 =CN⋅N60 (9) 

m=0.784 − 0.0768⋅(N1)
0.5
60cs (10) 

Δ(N1)60 = exp
(

1.63+
9.7

FC + 0.01
−

(
15.7

FC + 0.01

)2)

(11) 

where N60 is the energy-corrected blow count measured during SPT, CN 
is the same of Eq. (4) and Δ(N1)60 accounts for the effect of the fines 
content. Similar to CPT, the value of (N1)60cs must be found by trial and 
error.

In the widely used charts based on CPT, SPT, and VS, the CRR curve is 
defined as an empirical boundary separating datapoints related to 
liquefaction and no-liquefaction cases observed in real earthquakes. 
However, while the CPT-based charts in particular have been largely 
developed in the last decades, for the DMT-based methods, the lique
faction case history database is still limited. In addition, one major 
drawback of the existing approach for DMT is related to the lack of a 
correction factor for the fines content in the assessment of the DMT- 
based cyclic strength of soils.

In this regard, based on the preliminary applications reported in 
Refs. [2,3], this study proposes a DMT-based liquefaction triggering 
procedure accounting for the fines content effect by combining the ef
forts made in the previous studies. Additionally, a new relationship for 
the estimation of the fines content from the results of DMT is derived 
from previous studies and compared to the existing equations.

After a brief recall of the DMT-based methods proposed in the past, 
the new DMT-based liquefaction triggering procedure accounting for the 
fines content effect is presented (section 3). The new procedure is 
applied to two Italian sites located in the Emilia-Romagna plain, where 
an extensive soil characterization from in-situ and laboratory tests is 
available for the silty sand and sandy silt deposits affected by liquefac
tion after the 2012 Emilia earthquake (section 4). The performances of 

the new proposed method have been compared with those obtained by 
adopting the curve for clean sand proposed by Ref. [4] and that obtained 
using the CPT-based method by Ref. [1] (section 5).

2. Background on DMT-based methods for liquefaction 
assessment

Simplified methods for estimating the CRR based on DMT test results 
have been proposed over the years. In these methods, the liquefaction 
triggering curve is defined based on the horizontal stress index KD, a key 
parameter obtained from DMT interpretation. The KD parameter was 
originally defined by Ref. [5] based on the measured first DMT pressure 
p0 normalized to the effective overburden stress. Various studies (e.g., 
Ref. [6]) have pointed out that KD reflects cumulatively various stress 
history effects, i.e., overconsolidation, in-situ stress state, pre
straining/aging, and is correlated with the relative density and the 
in-situ state parameter. All these factors are known to greatly influence 
the cyclic strength of soils. Therefore, KD has been recognized as a 
suitable index parameter of liquefaction resistance. Hence, KD can be 
used in a similar way as the normalized and corrected parameters 
employed in methods based on other in-situ tests, e.g., the normalized 
corrected cone tip resistance qc1N for CPT, the normalized 

Fig. 1. Summary of recent DMT-based CRR-KD correlations for clean sands.

Fig. 2. Relationship between qc1Ncs and KD from published CPT-DMT data re
cords at different sites [4].
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energy-corrected blow count (N1)60 for SPT, and the overburden stress 
corrected shear wave velocity VS1.

Fig. 1 shows a summary of the most recent CRR-KD curves (for 
magnitude 7.5 earthquakes) proposed by Refs. [6–9], and [4]. The DMT 
KD-based methods currently available are valid for clean sand and do not 
account for the effect of the fines content FC.

The field performance database for validation of the DMT-based 
methods is currently limited. This substantial drawback is partially 
mitigated by the fact that most DMT-based methods have been formu
lated by translation of existing liquefaction triggering curves developed 
for CPT (and SPT), which are instead supported by a vast field perfor
mance case history database [10].

Ref. [4], using the CPT-DMT data set by Ref. [7] for five different 
sites in Taiwan, and considering only CPT data providing a soil behavior 
type index Ic between 1.5 and 2.6, established a direct correlation be
tween KD and qc1Ncs (Fig. 2). Despite the dispersion, the Taiwan data set 
is well described by a linear trend with a slope of 20. Fig. 2 also shows a 
second data set [11] from the Scortichino site, Italy, where both pie
zocone (CPTU) and seismic dilatometer (SDMT) data were available, 
considering only data for FC < 10 %. The Scortichino data set is better 
interpreted by a linear trend with a slope of about 30.

Due to the discrepancy in the two examined datasets, also consid
ering the limited amount of processed data Ref. [4], adopted an average 
coefficient of 25: 

qc1Ncs =25KD (12) 

which is compatible with the approach described by Ref. [8], also used 
by Ref. [9]. By substituting Eq. (12) into Eq. (8) proposed by Refs. [1,4] 
obtained the new CRR-KD curve (Fig. 1): 

CRR= exp
(
0.001109K4

D − 0.00569K3
D +0.000625K2

D +0.221KD − 2.8
)

(13) 

Differences between Eq. (13) and the most recent previous DMT- 
based curve proposed by Ref. [9] are observed for KD lower than 3 

and higher than 6 (Fig. 1).
However, like other existing DMT-based methods, the method pro

posed by Ref. [4] is valid for clean sand and its general application is 
limited by the lack of a correction factor for the fines content.

3. Proposed methodology

Fig. 3 shows the flowchart of the proposed methodology for the 
estimation of the CRR of the soils from DMT, accounting for the fines 
content effect. The horizontal stress index, KD is still the parameter used 
to evaluate the liquefaction resistance, but it has been modified to ac
count for the fines content effect.

Basically, the approach proposed for DMT follows the approach 
implemented by Ref. [1] in CPT- and SPT-based methods, in which the 
CRR is estimated as a function of a normalized soil resistance parameter, 
including the effect of the fines content. Following the above-mentioned 
approach, in this study the horizontal stress index corrected for the fines 
content, hereafter called KD,cs, is calculated as: 

KD,cs =KD + ΔKD (14) 

where KD is already a normalized parameter and consequently saves its 
original definition, and ΔKD is the increment of the horizontal stress 
index, calculated as a function of the fines content.

While KD is obtained as an output of the DMT, the increment of the 
horizontal stress index, ΔKD needs to be defined as a function of the fines 
content. The ΔKD values could be calculated based on FC data from 
laboratory grain size distribution analyses on samples retrieved from 
nearby boreholes, whenever available. However, in a routine site 
investigation, this information is rarely available during the execution of 
the in-situ testing campaign. Therefore, an estimation of the fines con
tent based on the DMT results would be useful, at least for a preliminary 
evaluation.

For this purpose, the material index ID obtained by DMT interpre
tation, defined by Ref. [5] to identify soil type, appears as a suitable 
parameter. In fact, ID is a parameter that reflects the mechanical soil 
behavior, not a soil classification index based on real grain size distri
bution, similarly to the soil behavior type index Ic obtained from CPT. A 
relationship between DMT-ID and CPT-Ic was proposed by Ref. [12], 
considering the similar intended use of these two parameters. According 
to this relationship, the value Ic = 2.6 generally assumed as an 
approximate boundary between sand-like and clay-like behavior for CPT 
corresponds roughly to ID ≈ 1 for DMT. This ID value can be used in 
DMT-based liquefaction assessment as a threshold value to screen out 
clay-like soils (having ID < 1), similar to Ic > 2.6 in CPT-based methods.

As a consequence, the two output parameters of the DMT to be used 
in the proposed procedure are: KD and ID. The latter can be used to es
timate the fines content, then used to quantify the increment of the 
horizontal stress index for the calculation of the corrected KD, cs (Fig. 3).

Three are the new relationships to be used in comparison with the 
existing DMT-based methods valid for clean sands only: 1) the estima
tion of the fines content from the material index, FC – ID relationship; 2) 
the quantification of the increment of the horizontal stress index due to 
the fines content, ΔKD – FC relationship; 3) the estimation of the cyclic 
resistance ratio of the soil for the new upgraded horizontal stress index, 
CRR – KD,cs relationship.

3.1. FC – ID relationships

A correlation FC – ID was recently developed by Ref. [13] for Emilia 
alluvial plain soils, having the form: 

FC= xD(− 31ID +91) (15) 

where FC is expressed in percentage and xD is a coefficient ranging from 
0.5 to 2.

A large database of experimental data is implicitly incorporated in 

Fig. 3. Scheme of the DMT-based liquefaction triggering procedure accounting 
for the fines content effect proposed in this study.
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the above relationship.
A different FC – ID relationship can be obtained considering the link 

between ID and Ic reported by Ref. [12]: 

IC =2.5 − 1.5 log ID (16) 

By substituting the expression (16) into equation (7), a general 
relationship between FC and ID is obtained as follows: 

FC= − 120 log ID + 63 + 80CFC (17) 

where CFC is the same correction factor proposed by Ref. [1] to be 
calibrated on the available data.

A comparison between the two considered relationships is shown in 
Fig. 4, where experimental FC – ID data pairs are also reported. Both 
relationships include the majority of the datapoints, but the [13] rela
tionship is less effective for low values of FC, while Eq. (17) is less 
effective for high values of FC. Anyway, the mean trends of the two 
relationships are very close to each other for ID less than 2.5, approxi
mately. This implies that the two relationships lead to the same FC 
prediction on average.

Similarly to the Ic versus FC relationship for CPT [1], the large un
certainty in the ID versus FC relationship for DMT includes contributions 
from three major factors: (i) Measurement uncertainty that arises from 
mapping FC values from samples (or some portion of a sample) in a 
boring to the ID values (over some interval) from adjacent DMT sound
ings; heterogeneities in the subsurface, even over short lateral or vertical 
distances, will contribute to the scatter. (ii) Inherent limitations in using 
the ID parameter to predict FC across a broad range of soil types. (iii) 
Unknown influence of fine plasticity. Distinguishing among these 
sources of uncertainty is not possible with the currently available 
information.

Any DMT-based liquefaction triggering evaluation should consider 
the uncertainty in FC and soil classification estimates when site-specific 
sampling and lab testing data are not available. In this case, it would be 
prudent to perform parametric analyses to determine if reasonable 
variations in the FC and soil classification parameters have a significant 
effect on liquefaction assessment. Similarly, in DMT-based methods, the 

cut-off value ID ≈ 1 is frequently used to screen out clay-like soils 
(having ID < 1, corresponding approximately to Ic > 2.6 in CPT-based 
methods), but other values may be justified based on site-specific sam
pling and testing.

3.2. ΔKD – FC relationship

In this study, the same functional form of Eq. (11) is adopted: 

ΔKD = exp

(

a+
b

FC + c
−

(
d

FC + c

)2
)

(18) 

where a, b, c and d are regression coefficients that need to be calibrated 
on experimental data.

3.3. CRR – KD,cs relationship

Under the light of this new approach, Eq. (13) can be generalized to 
all the different types of soils (not only clean sands), as follows: 

CRR= exp
(

0.001109K4
D,cs − 0.00569K3

D,cs +0.000625K2
D,cs

+0.221KD,cs − 2.8
) (19) 

where CRR is the CRR for magnitude 7.5 and an effective confining 
stress of 1 atm.

3.4. Calibration of the above ΔKD – FC – ID relationships

The proposed approach for incorporating the FC effect in DMT-based 
liquefaction assessment requires the determination of the regression 
coefficients a, b, c, d in Eq. (18), as well as xD or CFC of equations (15) and 
(17), respectively. At present, these coefficients have not yet been 
established in a form of general validity, which would require a robust 
calibration based on large and consistent experimental data sets from 
different sites. Therefore, the current recommendation is to calibrate the 
proposed relationships for each specific site by combining relevant data 

Fig. 4. FC – ID relationships [13]: and that derived in this study (Eq. (17)) by combining the relationships proposed by Refs. [1,12]. The red and yellow lines 
represent the calibrated relationships for the considered soils based on the available experimental data. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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from in-situ DMT tests and laboratory tests on samples taken from 
nearby boreholes. The following procedure is suggested: 

1) in the laboratory, obtain FC from grain size distribution analyses and 
CRR for magnitude 7.5, corresponding approximately to CRR at 15 
cycles, from cyclic simple shear or other tests;

2) in situ, obtain ID and KD values from DMT at the same depths of the 
tested samples;

3) calibrate the FC – ID relationships (Eq. (15) or (17)) based on the FC 
and ID data pairs;

4) calibrate the proposed ΔKD – FC relationship (Eq. (18)) as best-fit of 
the CRR-KD,cs correlation (Eq. (19)) based on the same-depth labo
ratory FC and CRR and in-situ KD data.

In this study, the above-mentioned relationships: FC as a function of 
ID, and ΔKD as a function of FC, are determined in two Italian case 
studies, where extensive investigation programs were performed after 
the 2012 Emilia earthquake. The large data set of experimental data 
obtained by both cyclic laboratory and in-situ tests, including both CPT 
and DMT, allowed the calibration of the previous FC – ID and ΔKD – FC 
relationships in a consistent manner.

The first of the two considered case studies is the river dyke of 
Scortichino, highly damaged by the 2012 Emilia earthquake ([11,14,
15]). In one of the investigated cross sections of the dyke one SDMT, one 
CPTU and one borehole with undisturbed samples of silty sand were 
performed down to 30 m depth.

The second of the two considered case studies is the village of San 
Carlo. This inhabited center, part of the municipality of Terre del Reno 
(Ferrara), was affected by widespread liquefaction in the May 20th, 
2012 Emilia earthquake, as documented by several studies ([16–22], 
among others). The village of San Carlo was constructed above the 
abandoned channel of the Reno river. The ancient riverbanks can still be 
recognized as areas morphologically more elevated (about 5–6 m) than 
the surrounding floodplain. Due to the past river digressions, the sedi
ments in the area are characterized by a complex succession of alluvial 
deposits belonging to different depositional environments. These de
posits consist mostly of sands, silty sands and sandy silts. In the after
math of the 2012 Emilia earthquake, the area of San Carlo was 
extensively investigated by a large number of geotechnical and 

geophysical in-situ tests carried out by various working groups. The 
available experimental data set comprises several boreholes, piezocone 
(CPTU) and seismic piezocone (SCPTU) tests. Four seismic dilatometer 
tests (SDMT) were carried out in 2013 as part of the INGV-DPC – 
S2-2012 “COBaS” project [23]. Laboratory tests, including cyclic triaxial 
tests and resonant column tests, were carried out on undisturbed sam
ples taken from the boreholes.

3.5. Calibration of the FC – ID relationships

The FC – ID relationship by Ref. [13] (Eq. (15)) was calibrated based 
on data pairs of FC determined in the laboratory on samples taken from 
boreholes close to the SDMT soundings and same-depth ID values from 
SDMT for both sites (dots in Fig. 4). By combining the data from both 
sites under study, the application of Eq. (15) provided a value of the 
coefficient xD = 1.14. The same procedure was applied for the calibra
tion of Eq. (17) by leading to a CFC factor equal to 0.02. The comparison 
between the two calibrated curves is reported in Fig. 4. The curves are 
close to each other, with a substantial difference only for ID > 2.5, and 
also close to the mean trends of the respective relationships. Comparison 
between the predicted FC values obtained along the depth for repre
sentative SDMTs performed in the two sites are reported in Fig. 5. The 
two predicted FC profiles do not significantly differ from each other and 
the performance with respect to the experimental laboratory FC values is 
more or less the same.

3.6. Calibration of the ΔKD – FC relationship

The proposed ΔKD – FC relationship, described by Eq. (18), was 
calibrated for these specific sites by assuming as a reference the results of 
cyclic triaxial tests performed on undisturbed silty sand samples taken 
from boreholes close to the SDMT soundings in the case of San Carlo, and 
the results of cyclic simple shear tests performed on undisturbed silty 
sand samples taken from a borehole close to the SDMT sounding in the 
case of Scortichino. The undisturbed samples were retrieved from the 
boreholes in Scortichino with a Shelby tube sampler as reported in 
Ref. [11], where the undisturbed samples were retrieved using the 
Osterberg piston sampler in San Carlo site, as reported in Refs. [24,25].

For level ground conditions, earthquake loading is best approxi
mated as two-directional simple shear loading, so the CRR from the 

Fig. 5. Comparison of FC estimated from ID, according to Eq. (15) by Di Buccio 
et al. (2023) and Eq. (17), and FC from laboratory tests at the sites of (a) 
Scortichino, and (b) San Carlo.

Table 1 
Data used for the calibration of Eq. (18).

Site Depth 
(m)

CRR_field (15 
cycles)

FC 
(%)

KD KD, 

cs

ΔKD

Scortichino 6.4 0.180 39.9 2.1 4.95 2.85
6.4 0.180 72 1.5 4.95 3.45

San Carlo 6.30 0.139 70.2 1.84 4.06 2.22
9.25 0.140 12.5 2.50 4.09 1.59
9.40 0.153 10.4 2.69 4.44 1.75

Fig. 6. Calibration of the ΔKD – FC relationship for the considered case studies.
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laboratory tests was reduced by 10 % to represent the in-situ conditions 
[26]. In addition, the CRR from the cyclic triaxial tests has been fur
therly reduced by multiplying by a total factor of 0.60 (i.e., the product 
of 0.9 and 0.67) to account for the differences between the triaxial and 
the simple shear conditions [26].

For each tested sample, by coupling the CRR obtained at 15 cycles 
(corresponding approximately to CRR for magnitude 7.5) and the same- 
depth KD from SDMT, the related KD,cs was back-calculated by inverting 
the relationship in Eq. (19). Then ΔKD was derived from Eq. (14) and 
associated to the FC for calibration of the a, b, c, d coefficients in Eq. 
(18). To account for the more sophisticated sampling technique adopted 
in San Carlo compared to Scortichino site, more weight to the data 
coming from the second case history has been assigned in the calibration 

process of the coefficients of Eq. (18). The data used for the calibration 
are reported in Table 1.

The resulting ΔKD – FC relationship, shown in Fig. 6, is the following: 

ΔKD = exp
(

0.8+
7.12

FC − 2.06
−

(
13.22

FC − 2.06

)2)

(20) 

Fig. 7 shows the variability of the calibrated CRR-KD relationship, 
where the comparison with the CPT-based and SPT-based diagrams is 
also reported. It can be observed that the soil resistance increases as FC 
increases, as expected.

As a further insight, Fig. 8 shows the relationship of KD against (N1)60 
and qc1N. Each pair (N1)60 vs. KD reported in Fig. 8a has been inferred 
from the CRR-(N1)60 and CRR-KD relationships (Fig. 7) by imposing the 
same CRR and FC values. Similarly, for the qc1N vs. KD plot in Fig. 8b. The 
iso-lines CRR = 0.2 are shown in the plots as an example. Following the 
black arrows on the iso-lines, it is possible to observe that, as the fines 
content increases, the values of KD, (N1)60 and qc1N decrease, as 
expected.

In Fig. 8a and b, the relations of KD against (N1)60, and qc1N, 
respectively, have been distinguished for different FC values.

As FC increases, the (N1)60 vs. KD curves move from left to right 
(Fig. 8a) because SPT and DMT share the same functional shape to ex
press the beneficial effect of FC, i.e., Eq. (11) and Eq. (20), respectively.

As FC increases, the angular coefficient of the qc1N - KD lines de
creases (Fig. 8b). The relation between qc1N and KD differs from that 
observed between (N1)60 and KD because, in the CPT-based liquefaction 
assessment method, the equation that describes the effect of the FC (Eq. 
(6)) is incorporating qc1N in addition to FC.

The curves (N1)60 vs. KD are well-described by a fourth-order poly
nomial function, while the curves qc1N vs. KD follow a linear trend. All 
the equations have a coefficient of determination, R2, equal to 1.

The equations shown in Fig. 8 are not intended as general relation
ships to be used to convert DMT into CPT or SPT parameters and vice 
versa, but as the result of mapping the representative parameters for the 
purpose of liquefaction assessment according to the triggering curves for 
different FC shown in Fig. 7.

3.7. Comparison between the proposed method and that by Chiaradonna 
and Monaco (2022), not accounting for the fines content effect

Fig. 9 compares the assessment of the soil liquefaction potential by 
adopting the proposed approach that accounts for the fines content ef
fect and the previous one only for clean sand as proposed by Ref. [4]. 
The depth profile of FC has been estimated through the equation pro
posed by Ref. [13] calibrated as in the previous section and the corrected 
KD,cs profile by applying Eqs. (20) and (19).

For the case of Scortichino, the KD,cs significantly differ from the KD 
between 1 m and 6 m depth from the ground surface and after 10 m, 

Fig. 7. (a) DMT-based triggering correlation proposed in this study, (b) SPT-based and (c) CPT-based triggering correlation for clean sands and for cohesionless soils 
having various values of FC as proposed by Ref. [1].

Fig. 8. (a) Relationship between (N1)60 and KD and (b) between qc1N and KD.
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where the lowest values of ID are measured and the higher fines content 
is expected, consequently (Fig. 9a). Similar comments can be done for 
the case of San Carlo, where remarkable differences can be observed 
along the entire profile (Fig. 9b).

For the liquefaction assessment, the considered seismic scenario is 
the May 20th, 2012 mainshock, having moment magnitude Mw = 6.1. 
An estimated maximum acceleration amax = 0.26 g, equal to the recor
ded value at the recording station of Mirandola [27], has been adopted 
at the Scortichino site in the cyclic stress ratio (CSR) computations ac
cording to the simplified expression reported by Ref. [1]. For the San 
Carlo site, a maximum acceleration amax = 0.46 g has been adopted, 
equal to the estimated value reported by Ref. [28].

For both DMT-based methods, CSR at each depth and the magnitude 
scaling factor (MSF) were calculated according to Ref. [26]. The 
groundwater table depth below the ground surface was assumed equal 
to 4.60 m at San Carlo and 4.50 m at Scortichino, as observed during the 
site investigations.

The CRR estimated by Eq. (19) is generally higher than the CRR 
obtained without the FC correction (Eq. (13)), and this leads to a higher 
safety factor against liquefaction along the soil column.

The “integral” liquefaction susceptibility at the two test locations has 

been finally evaluated using the liquefaction potential index LPI pro
posed by Ref. [29], according to the modified form proposed by 
Ref. [30]. The comparison between the two LPI plots highlights 
remarkable differences in the first 12 m and 16 m depth for San Carlo 
and Scortichino, respectively, and a different classification of the soil 
liquefaction potential, moving from ‘very high’ to ‘high’ or ‘moderate’ 
when the effect of the fines content is considered (Fig. 9). On the other 
hand, the introduction of the FC correction does not affect the identifi
cation of the main liquefiable layer, which is detected at depths between 
about 5 m and 12 m at both sites. It is worth noting that the liquefaction 
manifestations are correctly predicted by the DMT-based methods in 
both Scortichino and San Carlo sites.

Fig. 10a shows the comparison between predicted and measured FC 
values according to the FC-ID relationships proposed by this study (Eq. 
(17)) and Di Buccio et al., 2023 (Eq. (15)). On average, both FC-ID re
lationships overestimate low FC values and underestimate high FC 
values. Both provide a good prediction for FC = 50 %. Finally, for one of 
the two cases considered (Scortichino), the Di Buccio et al. (2023) pre
diction provides negative values of FC.

Fig. 10b compares the measured CRR values from the laboratory tests 
and those predicted by the KD-based methods by accounting (Eq. (19)) 

Fig. 9. Assessment of the soil liquefaction potential by adopting the DMT-based method proposed in this study (blue lines) and the method by Ref. [4] (red lines) for 
the sites of (a) Scortichino and (b) San Carlo. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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or not accounting (Eq. (13)) for the fines content effects. It is possible to 
observe that accounting for the fines content effect allows to for 
improving significantly the CRR prediction, with CRR values close to the 
values evaluated with cyclic laboratory tests. Without the fines content 
correction, the KD-based method leads to a significant underestimation 
of the CRR of the soils, reasonable only for clean sands. This implies that, 
despite the many limitations of the study (limited number of data, rough 
FC-ID correlation and so on), the application of the proposed method 
provides undoubtful benefits in the assessment of the CRR and of the 
safety factor against liquefaction.

3.8. Comparison between the proposed DMT-based and the CPT-based 
methods

Fig. 11 compares the assessment of the soil liquefaction potential by 
adopting the new DMT-based approach that accounts for the fines 
content effect and the CPT-based method as proposed by Ref. [1]. The 
input data were obtained from CPTU soundings carried out close to the 
SDMT soundings. The results obtained by the DMT-based method by 
Ref. [4] are also shown in Fig. 11 for comparison.

The two independent approaches lead substantially to the same LPI 
profiles in the case of Scortichino (Fig. 11a), except for the soil layer 
between about 6 m and 8 m. This difference is due to the fact in this soil 
deposit, the soil behavior type index Ic is higher than the cut-off value of 
2.6, above which the soil is considered non-liquefiable. Conversely, the 

ID profile evidences a soil behavior that can be assumed representative of 
a liquefiable soil. In the case of San Carlo (Fig. 11b) the LPI ≈ 17 ob
tained from CPT is an intermediate value between the LPI obtained from 
DMT without and with the FC correction (about 21 and 9, respectively). 
The two approaches identify substantially the same liquefiable layer, 
except in the depth interval between about 4.6 m and 6.5 m, where some 
soil layers could have been screened out as “clay-like” based on CPT 
having Ic > 2.6, but not based on DMT having ID > 1. However, the 
experiments performed in the laboratory showed a clear susceptibility to 
soil liquefaction of these deposits, and confirmed that the character
ization of intermediate soils is a challenging task that requires further 
studies.

4. Discussion

The approach adopted in this study to account for the effects of fines 
on DMT-based liquefaction triggering correlations, as a first attempt, is a 
simple transposition of the approach implemented in CPT- and SPT- 
based methods by Ref. [1]. Therefore, it is implicitly assumed that the 
mechanics underlying the need for the fines correction for CPT tip 
resistance, SPT blow count, and DMT horizontal stress index are similar.

By adopting the penetration and membrane pressurization rates 
prescribed by the existing standards [31,32], in silty sands, most of the 
excess pore water pressures around the blade would seemingly be 
generated during the penetration of the blade rather than during the 
expansion of the membrane, particularly for the first pressure reading 
and the derived normalized parameter KD. In this case, if the time in
terval between stopping the blade penetration and expanding the 
membrane was long enough for the excess pore water pressures to 
dissipate before the membrane is expanded, in principle, there would be 
no need for a fines correction. This is somewhat implied in Fig. 4, where 
ID is constant for a FC up to around 10 %. However, for soils with FC >
10 %, the time interval between stopping advancement of the blade and 
membrane expansion might not be long enough for the excess pore 
pressures to dissipate and a fines correction is needed.

One option that deserves to be investigated in silty soils could be to 
increase the time between stopping the blade penetration and expanding 
the membrane to ensure all the excess pore water pressures generated 
during the blade penetration have dissipated, thus alleviating the need 
for a fines correction. The above considerations may provide guidance 
for future research trends, currently in progress [33–35].

At the present stage, the approach proposed in this study to account 
for the effects of fines on DMT-based liquefaction triggering correlation 
has some practical utility, also in consideration of the convenience of 
setting a short test duration, which largely impacts the professional 
applications.

5. Conclusions

Simplified methods for liquefaction assessment based on DMT, 
which make use of the horizontal stress index KD as an index parameter, 
may offer a useful addition to current popular methods based on CPT (or 
SPT, or VS). This potential is in line with the general recommendation 
towards the use of “redundant” correlations based on different in-situ 
techniques/parameters in the “simplified procedure”.

This study proposed an upgrade of the existing methods for soil 
liquefaction assessment based on DMT developed for clean sand, by 
accounting for the beneficial effects of the fines content on the soil cyclic 
resistance.

Accounting for the fines content effect allows for improving signifi
cantly the prediction of the cyclic soil strength, with values closer to 
those obtained from cyclic laboratory tests. Without the fines content 
effect, the KD-based method leads to a significant underestimation of the 
cyclic resistance of soils, which is reasonable only for clean sands. This 
implies that, despite the many limitations of the study (limited number 
of experimental data, rough FC-ID correlations and so on), the 

Fig. 10. Validation of the proposed KD-based method on Scortichino (empty 
symbols) and San Carlo (full symbols) sites: (a) comparison between predicted 
and measured FC values according to the FC-ID relationships proposed by this 
study (Eq. (17)) and Di Buccio et al., 2023 (Eq. (15)); (b) comparison between 
the estimated CRRM = 7.5 values from the laboratory tests and those predicted 
by the KD-based methods accounting for the fines content effect (‘FC effect’ in 
legend – blue symbols) according to Eq. (19) or not accounting for the fines 
content effect (‘no FC effect’ in legend – red symbols) according to Eq. (13). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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application of the proposed method provides undoubtful benefits in the 
assessment of the safety factor against liquefaction.

In the two examined case studies the new approach allowed the 
reduction of the discrepancy of the results obtained when the CPT-based 
method proposed by Ref. [1] is adopted. Some mismatch in the trends 
provided by the DMT- and CPT-based methods for soils in the silt region, 
variable from one site to another, could reflect an inaccurate corre
spondence between the “cut-off” values, used to screen out liquefiable 
and non-liquefiable soils, of the respective soil behavior type parameters 
(i.e., ID and Ic).

The necessary relationships for the implementation of the fines 
correction have been defined for Italian silty sand/sandy silt deposits 
affected by liquefaction after the 2012 Emilia earthquake. Future studies 
are necessary to confirm or disclaim the results obtained in different 
seismic and soil conditions.

The implementation of an adequate case history database for vali
dation of the DMT-based approach, taking into account the fines content 
influence, could help address the challenging task of characterizing the 
liquefaction behavior of intermediate soils.
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