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Abstract

The results of Medusa SDMT  (Seismic Dilatometer) and SCPTu  (Seismic Piezocone) that were 
performed in 2023 at two different sites in the Emilia  (Italy) plain are described in this paper. 
The focus is on the measurement of the shear wave velocity  (𝑉𝑠) and the predictive capability 
of existing (cone penetration test –  CPT and flat dilatometer – DMT based) empirical correlations. 
Both the pseudo-interval and true interval approaches were applied when interpreting the in situ 
measurements. The comparison between measured 𝑉𝑠  (SDMT – true interval) and predicted 𝑉𝑠 
from four different CPT and one DMT empirical correlations shows that not all of them have good 
performance. In this respect, we propose an updated DMT correlation to improve the accuracy of the 
predicted 𝑉𝑠 in silty-sandy deposits, which are predominant in the sites investigated in this paper. 
The studies connected to these peculiar intermediate soils are still ongoing and their behavior needs 
further research sites to test and validate this preliminary correlation.

Keywords: Shear wave velocity; Medusa seismic dilatometer; Seismic piezocone; Silty-sandy 
deposits; Geotechnical and geophysical data

1. Introduction

The European Building Code (CEN, 2004), as well as several national building codes, gives indications about the
importance of evaluating the shear wave velocity (𝑉𝑠) profile when the soil characterization needs to be defined. 
This code implements a seismic subsoil classification based on the value of the equivalent shear wave velocity (𝑉𝑠,𝑒𝑞), 
calculated as a function of the different homogeneous 𝑉𝑠 layers detected within the upper 30 m of subsoil or less, 
which is considered a proxy for ground-motion amplification caused by earthquakes (Borcherdt, 1994, among many 
others).

The 𝑉𝑠 can be measured with invasive or non-invasive geophysical methods. Invasive methods advance 
equipment into the ground and can generally be divided into cross-hole  (CH) and down-hole  (DH) methods 
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(e.g. Zhou et al., 2023). CH tests advance both the seismic source and receiver(s) to various measurement depths 
into different boreholes while DH soundings use a seismic source at the ground surface and advance receiver(s) 
to various measurement depths. The cross-hole test (CH) is considered the most reliable invasive method, as the 
measurements are performed locally at any specific depth along short travel paths (Garofalo et al., 2016). The 𝑉𝑠 
derived from CH and DH methods are influenced by the properties of the volume of soil between the source and 
receiver(s) and the polarity of the generated shear waves. They can be horizontally (SH) or vertically polarized (SV) 
and if the geophones are horizontal, it is important to generate only pure SH waves. If they are mixed with SV waves, 
the receiver will record an altered signal and it could result in misinterpretation of the 𝑉𝑠 profile. Triaxial geophones 
can more easily identify SH waves, improving the definition of the 𝑉𝑠 profile. The way through which the energization 
of the seismic source is done and the reciprocal orientation of the geophones and seismic source axis are important 
factors affecting the generation of pure SH waves and their recognition (ASTM D7400/D7400M-19, 2019). About 
the influence of the properties of the volume of soil between the source and receivers, Foti et al. (2006) remarked 
how the shear wave velocity is a function of the shear modulus in the horizontal plane, GHH, and the shear modulus 
in the vertical plane, GVH, which are different because of the intrinsic anisotropy of the soil. DH methods, which 
consider slanted ray path of seismic waves, are influenced by both GHH and GVH. Foti et al. (2006) demonstrated that 
varying the distance between the hole and the seismic source, hence the direction of propagation of waves, the values 
of GHH and GVH could be obtained. If the medium between the receivers is assumed to be isotropic, the velocities 
measured with different distances should coincide, but it is observed that it is not the case and the differences can 
be interpreted with an anisotropic model.

Non-invasive methods are based on measurements performed along the ground surface, and consequently their 
main advantage is that the sources and receivers do not need to penetrate the ground. Non-invasive methods include 
seismic refraction, seismic reflection, and surface wave methods (e.g. Stacul et al., 2024). The seismic refraction 
method is based on the principle that when a seismic wave reaches a boundary across which there is a contrast 
in velocity, then the direction of travel of that wave changes upon entry into the new material. The waves produced 
on surface travel in three principal ways: directly along the top of the ground surface (direct wave), by reflection from 
the top of the refractor, and by critical refraction along the top of the refractor(s). The arrival of each wave is detected 
along a set of geophones and recorded on a seismograph (Reynolds, 1997). The seismic reflection technique is set to 
measure the time taken for a seismic wave to travel from a source down into the ground where it is reflected back to 
the surface and then detected at a receiver, which measures the two-way travel time. This seismic method is used 
to obtain important details, not only about the geometry of different layers and to detect the depth of the bedrock, 
but also about the physical properties of the materials present (Reynolds, 1997). The surface wave method is the 
most popular non-invasive method because it is time and cost effective and it can be applied to a variety of ground 
conditions, but it is affected by non-uniqueness of the solution and this leads to interpretation ambiguities since 
several possible 𝑉𝑠 profiles are solutions to the inverse problem (Garofalo et al., 2016).

With respect to invasive methods, there are some in situ probes (e.g. Cone penetration test CPT and dilatometer 
test DMT) that measure 𝑉𝑠 but can also be used to define soil stratigraphy and geotechnical parameters (Mayne, 2006). 
Robertson (1986) provides a detailed overview of many of the standardized and specialized devices that are primarily 
penetration type and/or direct-insertion type devices for testing the ground. Woods (1978) and Campanella (1994) 
give a review of applicable geophysical tests for determining mechanical wave properties. An optimization of 
site-specific site investigation is achieved with seismic piezocone testing SCPTu (Campanella et al., 1986) and 
seismic dilatometer test SDMT (Hepton, 1988), which both adopt the DH-type approach and allow one to obtain both 
the 𝑉𝑠 profile and many geotechnical parameters.

An important comparison shown in Foti  et  al.  (2006) consists of 𝑉𝑠 profiles obtained at Fucino Site  (Italy) 
by SDMT, SCPT  (both adopting DH approach), SASW (non-invasive method) and CH test: they are all in good 
agreement and this led to not consider anisotropy to have different influences on the results if DH or CH methods or 
non-invasive methods are adopted. Monaco et al. (2013) shows a wide collection of geotechnical in situ test results 
from the city of L’Aquila (Italy) and it can be seen that the 𝑉𝑠 profiles obtained by SDMT are generally in acceptable 
agreement with the 𝑉𝑠 profiles obtained with DH and CH testing, while the agreement with the 𝑉𝑠 profiles obtained 
by MASW in some cases is less satisfactory. Stacul et al. (2024) presents some comparisons between four Italian 
different sites where seismic reflection tests, SCPTu, SDMT, and CH testing were implemented: also, this paper 
gives satisfactory results about this kind of comparison. A general agreement between DH and CH testing results 
is confirmed in literature (e.g. Roesler, 1979; Jamiolkowski et al., 1991; Lo Presti et al., 1991; Stokoe et al., 1991; 
Bellotti et al., 1996; Jamiolkowski et al., 1998; Lo Presti et al., 1999).
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Two different interval methods can be undertaken to obtain 𝑉𝑠 from seismograms recorded by receivers during the 
execution of a DH-type testing (Garofalo et al., 2016): the true-interval and the pseudo-interval. The true-interval 
implies the calculation of the time delay (Δt) in the onset of the same seismic wave by two geophones at different 
depths through a cross-correlation algorithm. The pseudo-interval approach considers the seismogram recorded 
at different depths separately, leading to two different analyses. Manual picking of the first arrival of the signal 
is carried out on seismograms at each acquisition depth.

As it is also stressed in Amoroso et al. (2016), the true-interval approach is better conditioned because it is based 
on a wide portion of the seismograms rather than on just the first arrival of the signal. The pseudo-interval approach 
is very sensitive to measurement errors (Garofalo et al., 2016): the difference between two subsequent first arrival 
is usually very small. Therefore, their identification could vary among different operators, resulting in magnification 
of the measurement error. Garofalo et al. (2016) shows also that the operations of manual picking could be more 
difficult if tube waves are recorded in the borehole.

When the S-wave direct measurements are challenging or the elaboration of a 𝑉𝑠 profile is needed in a site where no 
direct geophysical testing has been executed, the estimation of 𝑉𝑠 through the application of an empirical correlation 
could be very helpful. In recent decades, researchers have been prolific in developing correlations between 𝑉𝑠 and 
non-seismic test results from the SPT, CPT and DMT (e.g. Bouchovalas et al., 1989; Baldi et al., 1989; Rix and Stokoe, 
1991; Fear and Robertson, 1995; Hegazy and Mayne, 1995; Simonini and Cola, 2000; Madiai and Simoni, 2004; 
Mayne, 2006; Andrus et al., 2007; Marchetti et al., 2008; Robertson, 2009; Vera-Grunauer, 2014; McGann et al., 2015). 
In the absence of direct 𝑉𝑠 measurements, this approach can be used, for example, in seismic ground response studies 
conducted in environments where liquefaction could happen, such as alluvial plains. However, the in situ direct 
measurements are more accurate than the estimations coming from these empirical relationships, because they are 
strictly dependent on site characteristics, such as geological age, stress history, effective stress state, soil material 
type, cementation, and consolidation. In this respect, it becomes difficult to obtain a correlation that can account for 
all the afore-mentioned parameters between many different sites. Therefore, an empirical correlation should only be 
used when the soil of interest is well represented in the database underlying its development (e.g. Akin et al., 2011; 
Amoroso, 2014; Intriago et al., 2020; Zhou et al., 2023; Uzielli et al., 2024).

This paper illustrates an example of a practical application of SCPTu and SDMT testing in Emilia (Italy), an 
area subjected to a seismic sequence during May 2012, which caused widespread surficial liquefaction features 
(Minarelli et al., 2022). The in situ geotechnical test campaign was carried out in 2023 at two sites that liquefied 
in 2012 located in Mirandola (Province of Modena) and Bondeno (Province of Ferrara). The measured 𝑉𝑠 profiles 
are compared with the predicted 𝑉𝑠 values based on DMT (Marchetti et al., 2008) and CPT correlations (Hegazy and 
Mayne, 1995; Madiai and Simoni, 2004; Andrus et al., 2007). A modification to the Marchetti et al. (2008) relationship 
is discussed to improve the performance of the original empirical model, especially in materials that can be defined 
as silts, according to the material index (ID) values.

2. Geological setting

A northeastern portion of the Emilia-Romagna region, Italy, was struck by an earthquake sequence in May 2012 
(Pondrelli et al., 2012). The seismic sequence was characterized by two main shocks, followed by many aftershocks, 
generated by various compressional tectonic structures, part of the front of the Apennine chain buried under the 
Po alluvial plain (Fig. 1).

The strongest shock (MW = 6.1) occurred on May 20th with epicenter near Finale Emilia, while the second largest 
earthquake (MW = 5.9), took place on May 29th with epicenter close to Mirandola. The two main events generated 
widespread surficial liquefaction features, which mainly took place within buried fluvial channel sandy deposits of 
Holocene age (e.g. Civico et al., 2015; Minarelli et al., 2022).

Both epicenters and liquefaction sites are located south of the Po River and northwest of the Reno River, between 
the Secchia and Panaro Apennine rivers which are tributaries of the Po River (Fig. 1). These rivers changed courses 
through time, depositing thick late Pleistocene and Holocene successions, forming the shallow subsurface of the 
investigated alluvial plain area (Minarelli et al., 2022).

In the study area, the subsurface consists of extensive deposits of medium to coarse sand, sedimented during 
the Upper Pleistocene by the Po into braided river environments, overlain by interfluvial fine-grained sediments, 
interspersed with river sand bodies, often deposited into meandering channels. These channels often reworked 
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Upper Pleistocene deposits, generating thick continuous successions of sands. Southward, the Po River deposits 
grade into mainly clayey and silty sediments provided by the Apennine rivers (Minarelli et al., 2022).

During the last decade several studies have been performed to improve the geological knowledge of the subsurface 
(e.g. Stefani et al., 2018; Bruno et al., 2021; Demurtas et al., 2024), and to investigate the geotechnical properties of 
the deposits subject to the liquefaction phenomena using in situ tests (e.g. Facciorusso et al., 2015; Tonni et al., 2015; 
Minarelli et al., 2022) and full-scale induced liquefaction experiments (e.g. Amoroso et al., 2017; Flora et al., 2021; 
Amoroso et al., 2020).

3. Methods

3.1 Use of invasive methods for seismic site characterization

This study presents the results of the seismic piezocone (SCPTu) and Medusa seismic dilatometer (Medusa SDMT) 
tests performed at two research sites affected by liquefaction in 2012: Site A is located in the Bondeno Municipality 
(Scortichino village, Province of Ferrara) and Site B in the Mirandola Municipality (Tramuschio village, Province of 
Modena), as shown in Fig. 1. The investigation of these sites was part of a wider SCPTu-Medusa SDMT campaign, 
performed in 2023, within the USGS FY2022 EHP Program “Evaluation and Improvement of Methods to Consider 
Influence of Surface Clay Layers on Liquefaction-Induced Settlement from Large Database”, coordinated by 
the Brigham Young University  (Provo, Utah, USA) in collaboration with the Istituto Nazionale di Geofisica e 
Vulcanologia (Italy) and the University of Chieti-Pescara (Italy). The USGS project was aimed at understanding the 
features of the non-liquefiable crusts for improving prediction of ejecta features. In contrast, this study is focused on 
the comparison of measured 𝑉𝑠 velocity profiles with those derived from available empirical methods for estimating 𝑉𝑠.

Figure 2 shows the geotechnical equipment that was used in Mirandola and Bondeno to measure the shear wave 
velocity (𝑉𝑠): the Medusa seismic dilatometer (Medusa SDMT in Fig. 2a) and the seismic piezocone (SCPTu in Fig. 2b).

Figure 1. �The map shows the portion of the Emilia-Romagna Region affected by the seismic sequence of May 2012 
and the distribution of coseismic liquefaction observations. The buried thrust structures that caused the two 
mainshocks are shown with their epicenters. Orange dots are the sand boils that erupted at the surface. Site A 
and Site B (yellow stars) indicate the location of tests analyzed in this paper.
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3.1.1 Medusa seismic dilatometer test

The Medusa SDMT (Marchetti, 2018; Marchetti et al., 2019) is a recent evolution of the seismic dilatometer (SDMT), 
with hydraulic automation and measuring system for autonomously performing DMT tests. This new equipment 
does no longer use the pneumatic cable, the control unit and the gas tank required in the traditional pneumatic 
DMT (ASTM D6635-01, 2017). A rechargeable battery pack powers an electronic board, connected to a pressure 
transducer and to a custom-designed motorized syringe, which hydraulically expands the membrane to obtain the 
DMT A, B and C pressure readings. The readings are stored automatically at each test depth (typically every 0.20 m). 
The Medusa SDMT incorporates additional sensors and components for the measurement of the shear wave velocity 
(Marchetti et al., 2008).

The seismic module (Fig. 2a) is placed above the DMT blade and it is equipped with two horizontal geophones 
spaced at 0.5 m vertically. The instrument progressively penetrates the soil and at both sites described in this paper, 
the penetration stopped every meter and the 𝑉𝑠 value was measured. The energization of the seismic source 
is produced by a hammer blow  (the one used during the cited campaign has a weight of 1.5 kg), which strikes 
a metallic plate, fixed on the ground and oriented with the longitudinal axis parallel to the axis of the receivers, 
to offer maximum sensitivity to the generated shear wave (S-wave horizontally polarized, SH). The metallic plate 
used during the geotechnical campaign was placed 2 m from the point where the Medusa SDMT was penetrating. 
The test was performed at standard penetration rate (20 mm/s) and at standard pressurization rate (i.e. first and 
second DMT pressure readings, A and B respectively, taken at about 15 s).

3.1.2 Seismic piezocone test

In the cone penetration test  (CPT) the cone is pushed into the ground at a constant rate equal to 20 mm/s 
by means of a series of rods. During the penetration, electrical transducers send a signal to the control unit, 

Figure 2. �Layout of Medusa SDMT (a) and seismic piezocone (b) equipment: the locations of the geophones are highlighted 
with blue and red squares. A simplified outline of the S-wave interpretation is also reported using the pseudo-
interval (c) and true-interval (d) approaches.
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providing measurements of the cone tip resistance (qC) and sleeve friction (fS), typically acquired every 1-2 cm 
and plotted during the test on a screen. The term “piezocone” (CPTu) is used when the conical tip is paired with 
a porous element at its base called a filter, which also measures and records the interstitial pore water pressure (u2), 
both during the advance and at the stationary position of the piezocone, in this latter case with dissipation 
tests (ASTM D5778-12, 2020).

A further evolution of the piezocone is the seismic piezocone (SCPTu), which is also able to acquire data on the 
shear wave velocity 𝑉𝑠, recording seismograms with geophones. The instrument used during the survey campaign 
(Fig. 2b) has two triaxial geophones spaced 0.50 m (blue and red squares). The shear waves were generated at the 
surface using a 1.5 kg hammer impacting on both sides of a metal plate, vertically embedded in the ground at 
a distance of 2 m from the SCPTu point of penetration. However, recent studies on SCPTu (Lo Presti et al., 2024) have 
suggested to fix the seismic source at a distance greater than 3 m from the rods. The impact for the S energization 
was carried out at every meter of depth into the soil, after blocking the pressure exerted on the rod battery, and 
it was repeated twice at each depth of investigation, hitting both on the left and right side of the metal plate. 
A straight-line travel path is commonly assumed from the source to receiver. The penetration rate adopted during 
the execution of the testing was 20 mm/s.

3.1.3 Determination of S-wave velocity

The seismograms of shear waves obtained from SCPTu and Medusa SDMT tests were processed to obtain 𝑉𝑠 profiles. 
This was done by following the pseudo-interval and true-interval approaches; the former considers the arrival times 
of the signals generated by multiple sources and recorded by a single receiver at multiple depths while the latter 
considers the delay in the arrival times of the signals generated by the same source and recorded by a pair of receivers 
at different depths (ASTM D7400/D7400M-19, 2019).

With the pseudo-interval approach (Fig. 2c), the two geophones are considered separately, obtaining independent 
𝑉𝑠 profiles. The distance between the seismic source and the rods is x in Fig. 2c. In this case, a single impact source 
at the surface generates a single seismogram recorded by the geophone located at depth 𝑍.

For each geophone, the first arrival (𝑡𝑖) on the seismogram recorded at the i-th survey depth (𝑍𝑖) is recorded by 
manual picking (Fig. 2c). The   is the shear wave velocity associated with the depth range between 𝑍𝑖 and 𝑍𝑖+1, 
and it is calculated as the ratio between the difference in source-receiver distances (   = 𝑆𝑖+1 – 𝑆𝑖, see Fig. 2c) 
and the difference between the first arrival times (   = 𝑡𝑖+1 – 𝑡𝑖, see Fig. 2c) recorded at the two consecutive 
survey depths (Eq. 1).

Using the true-interval approach, both geophones in each instrument are considered simultaneously, resulting 
in a single 𝑉𝑠 profile (Fig. 2d). The seismic wave generated after the impact of the seismic source at the surface 
is recorded by both geophones, firstly by the upper one (blue) and then, after a certain time delay ( ), also by 
the lower one (red). Each impact produces two seismograms recorded at two different depths and a cross-correlation 
algorithm provides the difference in first arrival times, allowing for the determination of the shear wave velocity 
at each depth interval, by applying (Eq. 1). The   is calculated with the same formula (Eq. 1) but considering 
data obtained with a single energization.

	 � (1)

With respect to the pseudo-interval approach which may suffer of inaccuracies due to triggering time issues, the 
true-interval test configuration avoids possible inaccuracies in the determination of the “zero time” at the hammer 
impact. Moreover, the pair of seismograms recorded by the two receivers at a given test depth-interval (true-interval 
approach) corresponds to the same hammer blow and not to different blows in sequence, which are not necessarily 
identical. Hence, the repeatability of velocity measurements is considerably improved using the true-interval 
approach.

The Results section presents comparisons of 𝑉𝑠 profiles obtained at the two research sites, using both Medusa  
SDMT and SCPTu equipment with pseudo-interval and true-interval S-wave interpretations.
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3.2 Estimation of shear wave velocity from correlations with in situ tests

The measured 𝑉𝑠 profiles, obtained with the Medusa SDMT and interpreted with true-interval approach, 
were selected to be compared with predicted 𝑉𝑠 profiles, elaborated using empirical correlations based on flat 
dilatometer (DMT) and cone penetration (CPT) tests. This comparison is performed for verifying the applicability 
of these correlations in the area of study when no direct geophysical measurements are available, considering the 
variability associated with natural soil deposits (e.g. geological age, soil type, cementation, effective stress state).

Among the available empirical 𝑉𝑠 correlations based on CPT data, this study considers the formulas from Hegazy 
and Mayne (1995), Andrus et al. (2007), and Madiai and Simoni (2004), this last developed in the Italian territory, 
while for the DMT only one empirical correlation is available from Marchetti et al. (2008). The next sections discuss 
these predictive models.

3.2.1 Flat dilatometer test

Marchetti  et  al.  (2008) proposed an empirical relationship between the small-strain shear modulus  (𝐺0) 
normalized by the constrained modulus (𝑀𝐷𝑀𝑇, obtained from DMT intermediate parameters according to Marchetti, 
1980), and the horizontal stress index (𝐾𝐷, obtained from DMT measured parameters according to Marchetti, 1980). 
The correlations are different for clays (Eq. 2), silts (Eq. 3) and sands (Eq. 4) according to the values of the material 
index (𝐼𝐷, obtained from DMT measured parameters according to Marchetti, 1980):

	     � (2)

	     � (3)

	     � (4)

where 𝐺0 and 𝑀𝐷𝑀𝑇 need to be in the same unit of measure (e.g. both in kPa or both in MPa) and 𝐾𝐷 is dimensionless.
The plot of 𝐺0/𝑀𝐷𝑀𝑇 versus 𝐾𝐷 (Marchetti et al., 2008) presented in Fig. 3 has been defined using 𝐺0, 𝑀𝐷𝑀𝑇, 𝐼𝐷 

and 𝐾𝐷 values at the same depth determined by SDMT at 34 different sites, in a wide array of soil types. Most of the 
sites are in Italy, but others are from Spain, Poland, Belgium and the USA. The dependency of the ratio 𝐺0/𝑀𝐷𝑀𝑇 
on soil type and stress history is highlighted in Fig. 3, where distinct trends are observed for different ranges of 𝐼𝐷.

Marchetti et al. (2008) proposed (Eq. 2,3,4) to estimate 𝐺0, from which the shear wave velocity 𝑉𝑠 can then be 
computed through the fundamental relationship of the theory of elasticity:

	 � (5)

where 𝜌 is soil density, that can be obtained from the unit weight (γ) using DMT testing data (Marchetti and Crapps, 
1981) in the absence of undisturbed samples along the entire vertical sounding of interest.

3.2.2 Cone penetration test

The three CPT-𝑉𝑠 empirical correlations selected for this study (Hegazy and Mayne, 1995; Madiai and Simoni, 
2004; Andrus et  al.,  2007) are applicable for different soil types. In particular, Madiai and Simoni  (2004) and 



Christian Valvano et al.

8

Andrus et al. (2007) defined subcategories as a function of the geological age (Holocene for the soil deposits studied 
in Emilia area of study) and the soil type.

Hegazy and Mayne (1995) tried to improve the estimation of 𝑉𝑠 in sand and clay soils and to develop a correlation 
independent of soil type. Their database is made up of 61 worldwide sites, representing different types of sands, clays, 
intermediate soils and mine tailings. The shear wave velocity data were measured using seismic cone, cross-hole, 
downhole and spectral analysis of surface waves and the equation for 𝑉𝑠 in m/s is given by:

(6)

where 𝑞𝑡 is the corrected cone resistance in kPa and 𝑓𝑠 is the sleeve friction in kPa.
Andrus et al. (2007) defined a set of empirical equations for predicting 𝑉𝑠 of soils of different geological age, 

using data from 229 data pairs in California, South Carolina and Japan (72 are of Holocene age, 113 of Pleistocene 
age, and 44 of Tertiary age). Variables considered in the development of the equations include: corrected cone tip 
resistance (𝑞𝑡), sleeve friction (𝑓𝑠), depth (𝑍), soil behavior type index (𝐼𝐶), overburden pressure, and geological age. 
Andrus et al. (2007) show that 𝑉𝑠 generally increases with geological age for a given cone tip resistance.

Based on the Holocene data, the recommended best-fit equation for predicting 𝑉𝑠 (m/s) is:

(7)

where 𝑞𝑡 is in kPa, 𝐼𝐶 is dimensionless, 𝑍 is in m, and 𝐴𝑆𝐹 is an age scaling factor with a value of 1.0 for Holocene soils.
Madiai and Simoni  (2004) define regional empirical relationships between 𝑉𝑠, 𝑞𝑐 and 𝑓𝑠 and their data are 

collected from 22 cone penetration tests, 22 down-hole tests, and 2 cross-hole tests, with reference to two of the 
main formations present in the High Tiber Valley  (Italy), namely: terraced and recent Holocene alluvium and 

Figure 3. �Empirical correlation between the ratio 𝐺0/𝑀𝐷𝑀𝑇 and the horizontal stress index 𝐾𝐷 using seismic dilatometer 
test data at 34 international research sites. The experimental points are grouped as a function of the material 
index ID defining clay, silt, and sand (Figure from Marchetti et al., 2008).
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lacustrine and fluvio-lacustrine Pleistocene sediments. The correlations elaborated by Madiai and Simoni (2004) 
discriminate between fine-grained (cohesive) and coarse-grained soils (cohesionless), for each of the two formations, 
according to Robertson and Wride (1997) approach (soils with 𝐼𝐶 ≤ 2.6 are classified as non-cohesive, while soils 
with 𝐼𝐶 > 2.6 are classified as cohesive).

The equations used in this paper are the following:

	     Holocene cohesive soils � (8)

	     Holocene non-cohesive soils� (9)

where 𝑉𝑠 is expressed in m/s, 𝑞𝑐 and 𝑓𝑠 in MPa.

4. Results

4.1 Bondeno site

The profiles of the geotechnical and geophysical parameters obtained at the Bondeno site are provided 
in Fig. 4a from the SCPTu and in Fig. 4b from the Medusa SDMT. In particular both in situ tests investigate the upper 
20 m below the ground surface, providing the measurement of: the soil behavior type index (𝐼𝐶), the corrected cone 
resistance (𝑞𝑡), the sleeve friction (𝑓𝑠) and the shear wave velocity (𝑉𝑠) for the SCPTu, and the material index (𝐼𝐷), the 
horizontal stress index (𝐾𝐷), the constrained modulus (𝑀𝐷𝑀𝑇) and the shear wave velocity (𝑉𝑠) for the Medusa SDMT. 
The ground water table (GWT) was detected at 1 m depth in both soundings.

The 𝐼𝐶 profile classifies the soil deposits mainly as silty clays in the first 4 m of depth, followed by sands, 
with a few lenses of silts and silty sands or sandy silts, down to the final SCPTu depth. The upper 4 m-crust 
is probably related to the fine sedimentary contribution of the Panaro river, followed by sands deposited by the 
Po River (Minarelli et al., 2022). The 𝑞𝑡 and 𝑓𝑠 profiles also identify a different behavior along the whole depth. 
The cone resistance is initially very low (below 2 MPa) while the sleeve friction presents a maximum (reaching 
54 kPa at 2 m), as they do typically in cohesive layers. Then, the 𝑞𝑡 measurements start to increase with depth, 
detecting a first sandy layer characterized by 𝑞𝑡 ≈ 4-5 MPa between 4 and 7 m depth, and a second thicker and 
more uniform sandy layer with 𝑞𝑡 ≈ 10-15 MPa from 7 to 19 m depth. The 𝑓𝑠 values increase with depth, but are 
typically below 50 kPa, showing the presence of sands (𝐼𝐶 ≈ 1.5-2.0). The last panel of Fig. 4a shows three different 
𝑉𝑠 profiles measured with the SCPTu equipment using both the true-interval (T.I., average of left and right shots) 
and the pseudo-interval (P.I., lower and upper geophones) approaches. The pseudo-interval results generally gives 
lower values than the true-interval method, along the whole depth, with 𝑉𝑠 values steadily increasing with depth 
from 130 m/s to roughly 230 m/s.

Looking at the results of the Medusa SDMT testing (Fig. 4b), the trend of the material index indicates the presence 
of fine-grained soils in the first 4 m, but instead of silty clays, as the soil behavior type index suggests, the 𝐼𝐷 profile 
detects silts, clayey silts and sandy silts. Below 4 m depth, the soil deposits are identified mostly as silty sands and 
sandy silts, with 𝐼𝐷 ≈ 1.8. Although both 𝐼𝐶-SCPTu and 𝐼𝐷-Medusa SDMT usually detect the mechanical behavior 
and not the grain-size of the soil deposits, the different classification provided by the two in situ tests at the same 
study site may be related to the “intermediate” behavior of the silty deposits that have been already detected in other 
area of the Emilia plain (Monaco et al., 2021). Figure 4b also highlights that the 𝐾𝐷 and 𝑀𝐷𝑀𝑇 profiles have very 
similar trends: they both increase below 4 m, particularly evident for the constrained modulus, and identifies the 
presence of the two sand layers previously detected by 𝑞𝑡 from SCPTu. The last panel of Fig. 4b shows three different 
𝑉𝑠 profiles measured with Medusa SDMT using both the true-interval (T.I., average of left and right shots) and the 
pseudo-interval (P.I., lower and upper geophones) approaches. Both approaches highlight a decreasing trend of 𝑉𝑠 
from the surface to 6 m depth and then an increase of 𝑉𝑠 with depth, with values never exceeding 200 m/s for the 
true-interval 𝑉𝑠 profile. The pseudo-interval method provides values that vary over a greater range compared to the 
true-interval interpretation, from about 90 m/s at 6 m depth to 280 m/s at 4 m depth.
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Figure 4. Measured parameters obtained with the SCPTu (a) and the Medusa SDMT (b) at the site of Bondeno.
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4.2 Mirandola site

Figure 5 gives an overview at the geotechnical and geophysical characterization of the Mirandola site, considering 
the results obtained with the SCPTu (Fig. 5a) and with the Medusa SDMT (Fig. 5b). The ground water table is located 
at 1.7 m below the ground surface.

The 𝐼𝐶 profile highlights mainly the presence of silty clays in the first 5 m of depth, which is also evident from the 
low values of cone resistance (𝑞𝑡 < 2 MPa). Below 5 m, both the 𝐼𝐶 and 𝑞𝑡 profiles detect the presence of sands with 
thin, fine interbedded layers, around 9.5 and 14.8 m. The upper 5 m-crust is probably related to the fine sedimentary 
contribution of the Secchia River, followed by sands deposited by the Po River (Minarelli et al., 2022). Four different 
sand layers can be identified based on the 𝐼𝐶, 𝑞𝑡 and 𝑓𝑠 profiles. The upper layer between 5 and 9.5 m, is characterized 
by 𝑞𝑡 varying between 5 MPa and 10 MPa; while two sand layers characterized by a quite constant value of 𝑞𝑡, on 
average equal to 7 MPa (from 9.5 to 12 m) and 13 MPa (from 12 to 14.5 m); finally, another homogeneous sand layer 
from 14.5 to 19 m with 𝑞𝑡 ≈ 8 MPa. The sleeve friction is progressively decreasing in the first 6 m of depth, then it 
starts to increase, going up to 50 MPa between 12 and 15 m. The last panel of Fig. 5a illustrates three different 𝑉𝑠 
profiles measured with the SCPTu. It can be observed that there is better agreement between the true-interval and 
the pseudo-interval interpretations for Mirandola than for Bondeno, with 𝑉𝑠 values steadily increasing with depth 
from about 100 m/s at 2 m depth to 280 m/s at 19 m depth.

Figure 5b completes the description of the Mirandola site with insights coming from the results of the 
Medusa SDMT testing. Below the upper 2 m-dry crust, the trend of the material index identifies the presence 
of silty clays up to 4-5 m, already detected by SCPTu, and of sandy silts between 5 and 18 m of depth, with 𝐼𝐷 
values varying within a very small range below 1.8. As already highlighted for the Bondeno site, the different soil 
classification provided by the SCPTu and Medusa SDMT at the Mirandola site for the silty-sandy layers may be 
related to the “intermediate” behavior of the soil deposits (Monaco et al., 2021). The different silty-sandy layers 
can be recognized also looking at the 𝐾𝐷 and 𝑀𝐷𝑀𝑇 profiles, with slightly different depth intervals in comparison 
with SCPTu: (from 5 to 8 m; from 8 to 12 m; from 12 to 14. 5 m; from 14.5 to 18 m). The horizontal stress index 
is lower than 6 between 2 and 5 m; then it is variable around the value of 6, reaching a maximum value of 10 at 7.8 
and 13.2 m. Similarly, the constrained modulus provides very low values between 2 and 5 m (𝑀𝐷𝑀𝑇 < 10 MPa), and 
then very higher values (between 50 MPa and a maximum of 157 MPa at 13.2 m). Finally, the shear wave velocity 
profiles from the Medusa SDMT are shown; in this case, while for the pseudo-interval results the 𝑉𝑠 values almost 
linearly increase with depth from 80 to 250 m/s, the true-interval results show 𝑉𝑠 estimates varying in a close range 
around 200 m/s, excepting for a minimum around 120 m/s between 4 and 6 m depth.
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Figure 5. Measured parameters obtained with the SCPTu (a) and the Medusa SDMT (b) at the site of Mirandola.



Vs prediction by CPT and DMT in intermediate soils

13

4.3 Comparisons of Vs measured profiles

Figures 6a and 6b compare all the 𝑉𝑠 measurements respectively at the Bondeno and Mirandola sites: three 
profiles from the SCPTu equipment, one true-interval (the average between the left shot and the right shot) and 
two pseudo-interval (relative to the upper and lower geophones) profiles, and equivalently for the Medusa SDMT 
test. Since the quality of acquired seismograms at shallow depths was not very good, they were removed from the 
SCPTu elaboration (at the Bondeno site the first 𝑉𝑠 values are shown at 3.74 m).

Considering the 𝑉𝑠 interpreted with the true-interval approach at the Bondeno site (Fig. 6a), the Medusa SDMT 
gives values that are always lower than the ones from SCPTu, while the use of the pseudo-interval method provides 
𝑉𝑠 profiles from Medusa SDMT and SCPTu fitting on average the true-interval profile from the Medusa SDMT.

In the case of Mirandola (Fig. 6b) we obtained a better agreement between the overall 𝑉𝑠 values measured from 
the Medusa SDMT and the SCPTu tests. Referring to the true-interval approach, the Medusa SDMT gives generally 
higher 𝑉𝑠 values than the SCPTu, while an opposite trend was identified at the Bondeno site. In general, the 
pseudo-interval method estimated 𝑉𝑠 values with a significant scatter for the shallower layers (𝑍 < 4 m). For larger 
depths, the pseudo-interval method applied to the SCPTu and SDMT data produced 𝑉𝑠 profiles which are in better 
agreement than those produced by true-interval processing at each site.

The observed difference in the 𝑉𝑠 profiles derived by pseudo-interval and true-interval approaches cannot be 
ascribed to the potentially erroneous calculation of effective seismic wave-paths. In fact, both methods suffer from 
the same limitation: they assume linear wave-paths between source and receivers. This approximation may severely 
overestimate seismic wave velocities, particularly when a stiff layer with higher velocities is located beneath a soft 
layer (Kim et al., 2004). Therefore, considering that the obtained 𝑉𝑠 profiles do not show a sudden velocity increase 
and that at each site the SCPTu and SDMT survey locations are closely spaced but not identical, we argue that 
larger differences between true-interval solutions at the Bondeno site are likely due to the subsurface variability. 
The differences in the velocity estimates obtained by the pseudo-interval method at shallower depths may likely 
be due to inaccurate picking.

Figure 6. �Comparisons of all the measured 𝑉𝑠 profiles obtained from SCPTu and Medusa SDMT at Bondeno (a) and 
Mirandola (b) sites, using the pseudo-interval and true-interval approaches. Comparison of the Medusa SDMT 
𝑉𝑠 measurements obtained through the true-interval interpretation with the predicted 𝑉𝑠 values estimated using 
CPT and DMT empirical correlations.
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4.4 Comparisons of Vs estimated profiles

Figures 6c and 6d overlay the predicted 𝑉𝑠 profiles estimated from the above introduced empirical DMT and CPT 
correlations with the 𝑉𝑠 profiles measured from the Medusa SDMT using the true-interval interpretation. The results 
from this last approach are selected as reference because they are less prone to picking errors.

Two different 𝑉𝑠 profiles were provided using the Marchetti  et  al.  (2008) equations: one, named Marchetti 
et al. (2008), that considers the original predictive equations associated with the original ranges of the material 
index (i.e. Eq. (2) valid for clay characterized by 𝐼𝐷 ≤ 0.6; Eq. (3) valid for silts identified by 0.6 < 𝐼𝐷 ≤ 1.8; Eq. (4) 
valid for sands associated to 𝐼𝐷 > 1.8), and one, named Marchetti et al. (2008) modified, that refers to the original 
Marchetti et al. (2008) empirical correlations but restraining the limits of 𝐼𝐷 for silts from 0.8 to 1.2, in relation to 
the possible “intermediate” behavior of these soil deposits. The equations adopted are the following:

(10)

(11)

(12)

The adjustments involved in the modified Marchetti et al.  (2008) approach are suggested to produce better 
performance of the empirical correlations that estimate 𝑉𝑠 and they are not related to DMT interpretation.

The 𝑉𝑠 profiles estimated from the original Marchetti et al. (2008) model at Bondeno and Mirandola sites are extremely 
dependent on the soil type (𝐼𝐷), resulting in significant overestimation of 𝑉𝑠 in the silty deposits (0.6 < 𝐼𝐷 ≤ 1.8) 
but a small overestimation or in agreement with the measured 𝑉𝑠 profile at depths where sand (𝐼𝐷 > 1.8) is found. 
As indicated in Figs. 4b and 5b, the 𝐼𝐷 range between 0.6 and 1.8 includes also the soil layers classified as clayey silt 
and sandy silt, where a great part of the 𝐼𝐷 data points of both Bondeno and Mirandola sites exists. To reduce the 
overestimation and to improve the performance of the DMT predictive model in these “intermediate” soils of the 
Emilia plain, this study suggests the modified 𝐼𝐷 range of the original Marchetti et al. (2008) empirical correlations. 
Recently, Uzielli et al. (2024) also underlined the dependency of the original Marchetti et al. (2008) correlations 
from the soil type 𝐼𝐷, indicating that Eq. (2) significantly overestimates 𝑉𝑠 for cohesive-behavior soils (clay), and 
Eq. (3) more appropriate for intermediate-behavior soils (silt).

With reference to the CPT predictive equations, Figs. 6c and 6d show significant overestimation of 𝑉𝑠 values using 
the Madiai and Simoni (2004) empirical correlations, while the Hegazy and Mayne (1995) and Andrus et al. (2007) 
models agree quite well with the 𝑉𝑠 measurements. In particular, the Hegazy and Mayne (1995) correlation provides 
a better agreement at the Mirandola site, while the Andrus et al. (2007) works better at the Bondeno site. As already 
noted by Zhou et al. (2023), the correlations based on CPT data tend to underestimate the measurements for low 
cone tip resistance and sleeve friction values (i.e. fine-grained soils), while at higher values (i.e. coarse-grained 
soils), they provide more reasonable estimates or overestimates.

The comparison of the CPT and DMT predictive models with the 𝑉𝑠 measurements generally show a better 
performance of DMT than CPT, after the suggested modification is applied to the Marchetti et al. (2008) correlation. 
Previous studies, such as Marchetti (2010), Monaco et al. (2013), Amoroso (2014), Intriago et al. (2020) suggested 
that the 𝑉𝑠 prediction from DMT, based on 𝐼𝐷, 𝐾𝐷 and 𝑀𝐷𝑀𝑇, can provide more reliable and consistent results than 
the 𝑉𝑠 estimation from CPT, presumably because of the DMT increased sensitivity to the stress history through 
𝐾𝐷. This sensitivity is generally lost by the CPT since the cone destroys a large part of the soil structure during 
the penetration  (large strain measurements), while it is more preserved by the lower strain penetration of the 
DMT wedge.

Finally, Fig. 7 plots the measured 𝑉𝑠 values versus the estimated 𝑉𝑠 values from the CPT and DMT 𝑉𝑠 correlations 
at the same depths for the Bondeno and Mirandola sites. The black continuous line represents the perfect agreement: 
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each data point on that line indicates that the estimated 𝑉𝑠 value is the same as the measured one at the same 
depth. If the data point falls below that line, it means that the empirical correlation provides an overestimation 
of the measured 𝑉𝑠 value, while a data point above the same line, suggests an underestimation of the measured 𝑉𝑠. 
Each graph also includes two different dashed lines: the upper one is related to estimated values of 𝑉𝑠 that are half 
of the corresponding measured values (0.5X), while the lower one is related to estimated values that are twice the 
corresponding measured ones (2X).

For each empirical correlation adopted at both the Bondeno and Mirandola sites, the Root Mean Square Error 
(RMSE, Eq. 13) is calculated and reported in Table 1, to provide a quantitative evaluation of the goodness-of-fit 
between measured and predictive models. The lower the RMSE, the better is the performance of the empirical 
correlation in estimating 𝑉𝑠 from CPT or DMT data.

	 � (13)

where   and   are respectively the measured and estimated 𝑉𝑠 (m/s) at the i-th acquisition depth 
and 𝑁 is the number of acquisitions along the vertical profile.

Figures 7a and 7c clearly confirm the significant overestimation of the measured 𝑉𝑠 value using the Madiai and 
Simoni (2004) results, since the predicted values are approximately double the measured 𝑉𝑠 values (RMSE is 204.9 m/s 
at Bondeno site and 154.9 m/s at Mirandola site for this correlation). It is also clear that the Andrus et al. (2007) 
equation fits better at Bondeno site, while the Hegazy and Mayne (1995) method is better for the Mirandola site. 
The RMSE for Andrus et al. (2007) is 32 m/s at Bondeno site and 56.9 m/s at Mirandola site, while the RMSE for Hegazy 
and Mayne (1995) is 37.1 m/s at Bondeno site and 30.7 m/s at Mirandola site. Figures 7b and 7d clearly indicate the 
improvement in agreement between the measured and estimated 𝑉𝑠 profiles obtained by adopting the modification 
of the Marchetti et al. (2008) method, suggested in this study. This improved agreement is valid at both the Bondeno 
and Mirandola sites, with many data points falling close to the continuous black lines, probably in relation to 
the “intermediate” behavior of these soil deposits. The RMSE for the original version of Marchetti et al.  (2008) 
is 113.1 m/s at Bondeno site and 82.7 m/s at Mirandola site, while the application of the modified version proposed 
in this work brings the values of RMSE down to 37.3 m/s and 31.2 m/s, showing a significant reduction to values 
similar to those obtained with Hegazy and Mayne (1995) and Andrus et al. (2007).

Table 1. �Values of RMSE (Root Mean Square Error) for each empirical correlation adopted in this work, calculated for both 
Bondeno and Mirandola sites (Eq. 13).

Empirical correlation
RMSE (m/s)

Bondeno Mirandola

Hegazy & Mayne (1995) 37.1 30.7

Andrus et al. (2007) 32 56.9

Madiai & Simoni (2004) 204.9 154.9

Marchetti et al. (2008) 113.1 82.7

Marchetti et al. (2008) modified 37.3 31.2
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4.5 Measured ratio G0/MDMT vs KD compared with literature data (Marchetti et al., 2008)

Marchetti  et  al.  (2008) remarks that 𝐺0 is the small-strain shear modulus while 𝑀𝐷𝑀𝑇 represents a working 
strain modulus corresponding to intermediate shear strains γ, ranging approximately between 0.01% and 2%, as 
indicated in Amoroso et al. (2014) and Di Mariano et al. (2019). The relationship between 𝐺0 and 𝑀𝐷𝑀𝑇 is interpreted 
in Marchetti et al. (2008) in terms of the normalized 𝐺/𝐺0‑γ decay curve, where 𝐺 is the shear modulus. These curves 
could be constructed by fitting “reference typical-shape” laboratory curves through two points: the initial modulus 
𝐺0 from 𝑉𝑠 and a working strain shear modulus, 𝐺𝐷𝑀𝑇, obtained from 𝑀𝐷𝑀𝑇 through the theory of linear elasticity, 

Figure 7. �Comparison of the measured and estimated 𝑉𝑠 at both Bondeno and Mirandola sites using existing CPT-𝑉𝑠 (a and c) 
and DMT-𝑉𝑠 (b and d) correlations. The lines represented in the figures indicate the matching between the 𝑉𝑠 
measurements and the predicted 𝑉𝑠 values: if the points are aligned on the continuous line there is a perfect 
agreement; if the points are aligned on the upper dashed line the estimated values are half of the measured 
values; if the points are aligned on the lower dashed line the estimated values are twice the measured values.
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valid in the intermediate shear strain range previously described. Marchetti et al. (2008) consider the shear modulus 
decay factor 𝐺𝐷𝑀𝑇/𝐺0 as a function of 𝐼𝐷 and 𝐾𝐷 finding that the shear modulus decay in sands is much greater than 
in silts and clays, which have a similar behavior. In addition, for all soils the decay is maximum for low 𝐾𝐷 (NC or 
lightly OC soils). As it is also shown in Fig. 4b and Fig. 5b, the 𝑀𝐷𝑀𝑇 is generally greater in sands rather than in clay 
and it grows with depth, since it depends on stress history. These combined observations lead to lower values of 
𝐺0/𝑀𝐷𝑀𝑇 in sand rather than in clay and silts with fixed 𝐾𝐷 (it is in the range 0.5 to 3 in sand, 1 to 10 in silt, 1 to 20 
in clay) and for all soils the ratio increases when 𝐾𝐷 decreases. In conclusion, the ratio 𝐺0/𝑀𝐷𝑀𝑇 is indicative of the 
stiffness decay factor and its variation with soil type and 𝐾𝐷 reflects underlying mechanical behavior: the combined 
availability of 𝐺0​ and 𝑀𝐷𝑀𝑇​ provides two anchor points on the in situ 𝐺‑γ curve.

The measured ratio 𝐺0/𝑀𝐷𝑀𝑇, expressed as a function of 𝐾𝐷 and 𝐼𝐷 are finally compared in Fig. 8 with the empirical 
correlations proposed by Marchetti et al. (2008) and already visible in Fig. 3. The data points are plotted considering 
the original 𝐼𝐷 ranges (Figs. 8a and 8b) and considering the modified 𝐼𝐷 ranges in which the silt is defined (Figs. 8c 
and 8d), associated to each equation (Eqs. (2), (3), (4)).

The measured values of 𝐺0 from the Medusa SDMT (Eq. 5) are available each meter starting from 1.5 and 2.5 m 
depth at Bondeno and Mirandola sites, respectively. The constrained modulus, the horizontal stress index and the 
material index from the DMT are sampled every 20 cm depth. To couple the 𝐺0 measured data points, the average 
𝑀𝐷𝑀𝑇 and 𝐾𝐷 values are calculated, considering their values 10 cm above and 10 cm below the depths where 𝐺0 
is acquired. The ratios between 𝐺0 and the average 𝑀𝐷𝑀𝑇 values, corresponding at the same depth, are calculated 
and paired with the average 𝐾𝐷 values: each data point (𝐺0/𝑀𝐷𝑀𝑇 – 𝐾𝐷) is classified in terms of 𝐼𝐷 (as clay, silt or 
sand) to verify the agreement with literature trends. This classification is assigned taking into consideration the 
𝐼𝐷 values at both depths where DMT measured 𝑀𝐷𝑀𝑇 and 𝐾𝐷 were considered to obtain their average value. If they 
both fall within the same range of material index, the data point has an unequivocable classification (i.e. clay, silt 
or sand); if they fall in two different ranges, the classification is split between two soil classification (i.e. silt-sand, 
clay-sand, clay-silt).

Figures 8a and 8b illustrate how the data points are related to the trends of Marchetti et al. (2008), respectively 
referring to Bondeno and Mirandola sites. These two figures adopt the original ranges of 𝐼𝐷 in which the three 
materials are classified and analyzing them, the agreement with the Marchetti et al. (2008) curves is not satisfactory, 
as many data points classified as silt or silt-sand fall along the sand curve. At the Mirandola site, two data points 
classified as silt and clay-silt fall far from the “clay” curve, while at the Bondeno site, two data points classified as 
silt fall perfectly along the “clay” curve. In addition, at both the sites many experimental data fall along the “sand” 
curve, although they are identified as silt and silt-sand.

Figures 8c and 8d show the same plots as Figs. 8a and 8b, adopting the modified 𝐼𝐷 ranges suggested in this study 
for the Marchetti et al. (2008) equations. The data points change their classification because it is restrained the 𝐼𝐷 
interval in which silt is defined. These two figures allow to better understand how the modification improves the 
agreement with the literature trends: in both Bondeno (Fig. 8c) and Mirandola (Fig. 8d) sites, all the data points 
that fall along the “sand” curve are classified as sand. The improvement at Mirandola site is even better because 
the two data points that fall far from the “clay” curve become clay data points in Fig. 8d.

The quantitative evaluation of the improvement obtained in Figs. 8c and 8d is given by the calculation of RMSE 
with Eq. (14), whose values related to each panel of Fig. 8 as shown in Table 2. To take account of mixed data points, 
two different cases are depicted for each site. In each case, three different values of RMSE are obtained, one for each 
material considered (not every panel has all of them). The lower is the RMSE, the best is the correlation of measured 
𝐺0/𝑀𝐷𝑀𝑇 with the literature trend of Marchetti et al. (2008) and, therefore, also the classification of the material.

(14)

In Eq. (14), (𝐺0/𝑀𝐷𝑀𝑇)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is obtained with direct measurement of 𝐺0 (based on 𝑉𝑠 through Eq. 5) and 𝑀𝐷𝑀𝑇, 
while (𝐺0/𝑀𝐷𝑀𝑇)𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is obtained with the formulas of Marchetti et al. (2008) (Eqs. (2), (3), (4)), fixing the measured 
𝐾𝐷 at the same depth as (𝐺0/𝑀𝐷𝑀𝑇)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑.

Referring to Fig. 8a, in Case 1 mixed data points are considered as silt, while in Case 2 they are considered as sand. 
Case 1 in Fig. 8b indicates silt-sand and clay-sand points as sand and clay-silt as clay; Case 2 considers silt-sand and 
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clay-silt points as silt and clay-sand as clay. Taking into consideration Fig. 8c, in Case 1 both mixed data points are 
considered as silt, while in Case 2 the silt-sand point is considered as sand and the clay-silt point is considered as 
clay. Finally, in the Case 1 of Fig. 8d the only mixed data point (clay-sand) is considered as clay and in Case 2 as sand.

The observation that can be stated analyzing Table 2 is that in both Case 1 and Case 2, when the comparison 
at the same site between RMSE values of a single material obtained with the original and the modified version 
of Marchetti et al. (2008) is available, there is always a reduction of RMSE, except for sand in Case 1 at Bondeno. 
In Case 1, RMSE goes from 1.9 to 1.2 for silt at Bondeno and it goes from 0.9 to 0.3 for sand and from 5.4 to 5.2 for 
clay at Mirandola, while in Case 2, it goes from 1.34 to 0.99 for sand at Bondeno and it goes from 1.3 to 0.8 for sand 
and from 5.8 to 4.9 for clay at Mirandola. The only increase of RMSE is recorded in Case 1 for sand at Bondeno, 
where it goes from 0.4 to 0.7. This can be explained considering that the sand data point acquired at 3.5 m depth 
in Fig. 8c is an outlier, given that its position is totally different from those of the other sand data points present 

Figure 8. �Comparison of the experimental ratio 𝐺0/𝑀𝐷𝑀𝑇, obtained respectively at the site of Bondeno (a) and Mirandola (b), 
using the Marchetti et al. (2008) correlation with the original ID ranges. Comparison of the experimental ratio 
𝐺0/𝑀𝐷𝑀𝑇, obtained respectively at the site of Bondeno (c) and Mirandola (d), using the Marchetti et al. (2008) 
correlation with the modified ID ranges proposed in this study.
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in the same figure. If this point is not considered in the evaluation of RMSE, it varies from 0.4 to 0.3 for sand at 
Bondeno in Case 1, showing also in this case a reduction.

The distribution of many data points, classified as silt according to the 𝐼𝐷 range in Figs. 8a and 8b but around 
the “sand” 𝐺0/𝑀𝐷𝑀𝑇-𝐾𝐷 curve, could be explained with reference to the transitional behavior of this kind of soil 
deposits. This discrepancy is highlighted also by the comparison of the measured 𝑉𝑠 from Medusa SDMT (true 
interval) and the estimated 𝑉𝑠 from Marchetti et al. (2008) in Figs. 6c and 6d. This kind of soils could be defined 
as “intermediate” and they include silts, silty sands, sandy silts and other soil mixtures. These soil types are 
typically present both at the Bondeno and Mirandola sites (see 𝐼𝐷 profiles in Figs. 4b and 5b). Due to the variability 
of their main properties, the experimental behavior of these soils is still relatively poorly understood, and their 
characterization is a challenging issue, due to difficulties in undisturbed sampling, testing and interpretation of 
both laboratory and in situ experimental data (e.g. Schnaid et al., 2004; Schnaid et al., 2016).

These soils are considered as partially drained and their draining conditions could vary during penetration: 
their behavior and in  situ partial drainage effects have already been thoroughly described in previous studies 
near Bondeno (Monaco et al., 2021) and in Norway (Monaco et al., 2024). Both these two papers remark that the 
penetration and pressurization rates during the Medusa DMT testing have a great influence on the response of 
intermediate soils in terms of drainage. In this respect, A and B measurements were acquired not only at standard 
penetration rate (20 mm/s) and at standard pressurization rate (15 s), but also at low (2 mm/s and 30 s) and at 
high (60 to 86 mm/s and 7.5 s) values of the penetration and pressurization rates. Low values of the penetration 
and pressurization rate lead to more drained conditions, moving 𝐼𝐷 to the right towards the sand range. Penetration 
and pressurization rates higher than the standard rates make the conditions of the site more “undrained”, moving 
𝐼𝐷 to the left towards the clay range. This behavior easily describes how the test conditions highly affect the 
results of the site characterization with Medusa DMT. This work shows the significant improvement provided by 
the adoption of the modified Marchetti et al. (2008) empirical correlations in intermediate soils, instead of the 
original versions, but a more rigorous demonstration of their efficiency for a larger database of geotechnical in situ 
tests results is needed.

5. Conclusions

The use of shear wave velocity for soil characterization is a critical aspect of geotechnical earthquake engineering: 
in situ tests are nowadays accompanied by many empirical correlations that predict the 𝑉𝑠 profiles starting from 
the results of non-seismic tests such as SPT, CPT and DMT. These predictions may not be as accurate and reliable 
as the in situ direct 𝑉𝑠 measurements, because they are strictly dependent on geotechnical and geophysical site 
characteristics. As a consequence, their applicability is often limited to the area in which the database of non-seismic 

Table 2. �Values of RMSE (Root Mean Square Error) for each site, adopting both the original and the proposed modified 
version of Marchetti et al. (2008). In order to take account of mixed data points, two different cases are depicted 
for each site (Eq. 14).

Site (approach)

RMSE (–)
(Case 1)

RMSE (–)
(Case 2)

Silt Sand Clay Silt Sand Clay

Bondeno (Marchetti et al., 2008) 1.9 0.4 – 1.8 1.3 –

Bondeno (Marchetti et al., 2008 modified) 1.2 0.7 – – 1 0.1

Mirandola (Marchetti et al., 2008) 3 0.9 5.4 3.1 1.3 5.8

Mirandola (Marchetti et al., 2008 modified) – 0.3 5.2 – 0.8 4.9
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test has been developed. This paper has described the results of the SCPTu and Medusa SDMT testing held in two 
different sites in Emilia (Italy) in 2023.

The 𝑉𝑠 profiles directly obtained with the two different in  situ tests were elaborated adopting two different 
interval methods, the true-interval and the pseudo-interval approaches. The difference between the 𝑉𝑠 results 
provided by the two approaches can be related to the different accuracy of the interpretation methods according 
to Garofalo et al. (2016) and Amoroso et al. (2016). The true-interval method is better conditioned since it is based 
on a wider portion of the seismograms, and not just on their first arrival, reducing the sensitivity to measurement 
errors, more typical of the pseudo-interval approach. Moreover, the differences in the velocity estimates obtained by 
the pseudo-interval method at shallower depths may be likely due to inaccurate picking. Both the adopted interval 
methods assume linear seismic wave-paths between source and receivers, even if Kim et al. (2004) remarks the 
importance of taking into consideration the effective seismic wave-paths to elaborate realistic 𝑉𝑠 profiles. Given 
this observation, we can argue that larger differences between true-interval solutions at Bondeno are due to the 
surface variability and not to considering linear wave-paths.

The profiles obtained with the true-interval method Medusa SDMT were then chosen for the comparison of 
measured and CPT- and DMT-estimated values of 𝑉𝑠. This comparison shows a marked variability between profiles 
and it indicates limitations in the adopted correlations.

For CPT the Madiai and Simoni  (2004) empirical model significantly overestimated the measured values, 
while Hegazy and Mayne (1995) and Andrus et al. (2007) correlations seem to give better performance with lower 
overestimations or underestimations.

For DMT the Marchetti et al. (2008) equations give back a peculiar trend of estimated 𝑉𝑠 at both Bondeno and 
Mirandola site. This trend could be explained knowing that the materials investigated at both sites are intermediate 
soils. Intermediate soils typically exhibit partially drained behavior, that shifts to more drained or less drained 
conditions as a consequence of the testing procedures. This may lead to a misinterpretation of the nature of these 
soils, such as the definition as silts as materials that are instead closer to a sandy behavior. In this respect, this paper 
suggests a modification to the 𝐼𝐷 ranges associated with the original Marchetti et al. (2008) relationship to improve 
its performance in predicting 𝑉𝑠 in the Emilia plain. Specifically, the range of 𝐼𝐷 values in which silt is defined 
according to Marchetti  et  al.  (2008) is reduced, passing from 0.6 < 𝐼𝐷 ≤ 1.8 to  0.8 < 𝐼𝐷 ≤ 1.2. This modification 
showed improved performance of the DMT based empirical correlations but it should also be tested at other sites 
and larger databases, in order to be considered really useful at sites where intermediate soils predominate. Overall, 
these results demonstrate the value of further in-depth studies using variable-rate DMT and CPTu to improve the 
knowledge of soil characterization of intermediate soils.
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