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ABSTRACT: The seismic dilatometer (SDMT) has been used in several soil investigation
campaigns, both at research test sites and in construction projects. This paper presents com-
parisons of shear wave velocity (VS) profiles in different soil types using the SDMT and other
testing methods like cross-hole (CH), down-hole (DH), suspension logging (SL), and surface
wave methods at well-documented test sites. The results refer to geographical locations
around the world including Italy, New Zealand, Brazil, and Germany. The available experi-
ence presented in the paper indicates that VS measurements obtained with SDMT are gener-
ally accurate and correspond closely to the CH results considered as a reference in the
comparisons.

1 SEISMIC DILATOMETER TEST

The seismic dilatometer (SDMT, Marchetti et al. 2008) is the combination of the standard flat
dilatometer (DMT, Marchetti 1980) and an add-on seismic module for measuring the shear
wave velocity VS in addition to the mechanical DMT results.

The seismic module (Figure 1a) is a cylindrical element interposed between the bottom of
the push rods and the DMT blade, equipped with two receivers (geophones) fixed at a vertical
distance of 0.50 m. The seismic source, located at the ground surface, is a pendulum hammer
which horizontally strikes a rectangular steel plate pressed against the soil by the weight of a
vertical load and oriented with its impact axis parallel to the axis of the receivers, so that they
can offer the highest sensitivity to the generated shear wave. In order to generate horizontally
polarized (SH) shear waves and to avoid, or reduce, the generation of converted waves (i.e.,
compression waves generated by refraction at the interfaces), the horizontal direction of the
hammer blow should be perpendicular to the line connecting the center of the anvil and the
intersection of the sounding (or push rods) with the ground surface. When a shear wave is
generated at the surface, it reaches first the upper receiver, then, after a delay, the lower
receiver (Figure 1b). The signals picked up by the two receivers (Figure 1c), amplified and
digitized at depth, are transmitted to a computer at the surface for real-time interpretation of
the VS.
The technique commonly used for interpreting the recorded signals is based on the interval

velocity method. VS is calculated using the following relation:
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VS ¼
S2 � S1

Δt
ð1Þ

where S2 and S1 are the straight distances (i.e., the assumed shear wave travel paths) between
the source and the two receivers (Figure 1b) located at depths Z2 and Z1 at the instant of the
energization and Δt is the delay in the arrival of the wave recorded at the lower and upper
receiver, generally evaluated with the numerical cross-correlation of the two wave traces. The
signals may then be plotted as rephased with the evaluated delay Δt, as shown in Figure 1c.

The “true-interval” interpretation of VS from the two-receiver test configuration is generally
well conditioned, being based on the waveform analysis of the two signals rather than relying
on the first arrival time or specific single points in the seismogram. This interpretation is not
affected by possible inaccuracy of the “zero time” (trigger) at the hammer impact, as in the
one-receiver configuration (pseudo-interval). The observed repeatability of the VS measure-
ments obtained by SDMT is remarkable (≈ 1%, i.e., a few m/s).
During a SDMT sounding, VS measurements are executed at regular depth intervals, typic-

ally every 0.50 m (while the mechanical DMT readings are taken every 0.20 m).
Recently the seismic dilatometer equipment has been upgraded by including two additional

receivers for measuring the compression wave velocity VP in the seismic module. Results of
the application of this new instrument (SPDMT), which provides both VS and VP measure-
ments in addition to the mechanical DMT results, were reported by Amoroso et al. (2016).
The following paragraphs present comparisons of VS profiles in different soil types using

the SDMT and other testing methods like cross-hole (CH), down-hole (DH), suspension log-
ging (SL), and surface wave methods at well-documented test sites. The results refer to geo-
graphical locations around the world including Italy, New Zealand, Brazil, and Germany.
Each technique for measuring VS in situ has advantages and drawbacks. The CH test is gen-

erally considered as a reference technique, mostly due to its capability of reducing interference
between direct, refracted, and reflected waves, of investigating great depths (in-depth seismic
source), and of measuring VS in thin layers too. However, its high cost, related to the need to
execute two-three boreholes and additional checks (e.g., verticality by inclinometer, casing
grouting by sonic log), limits its widespread diffusion in routine site investigations. The less
expensive DH test, which requires one borehole, is more frequently employed in practice. Its
major drawbacks are the limited investigation depth, due to wave amplitude attenuation with
depth (seismic source at ground surface), and possible misinterpretation due to refracted
waves in heterogeneous deposits. The two-receiver DH configuration is by far preferable to
the one-receiver layout. The SL may be an advantageous option for deep testing, where an
uncased hole can be used. Some problems may arise in the upper few meters, which are usually
cased and outside of the water table, where an invasion of the soil by the sealant (which would
distort measurements) cannot be excluded. “Caliper” and deviation measurements are

Figure 1. Seismic dilatometer test (SDMT). (a) DMT blade and seismic module. (b) Schematic test layout.
(c) Example of SDMT seismograms as recorded and re-phased using the cross-correlation technique.
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recommended in the topmost part of the borehole. The results may also be affected by the
characteristics of the specific logging probe. Non-invasive surface wave methods are simple,
cheaper than invasive tests, and more and more frequently employed in practice. These
methods permit the investigation of large soil volumes and the determination of average
parameters. Their major drawback is the very complex interpretation, which descends from
the non-unicity of the solution of the mathematical inverse problem. These methods are diffi-
cult to apply in non-horizontally layered deposits.
The pros of using direct-push in situ tests providing multi-measurements, in particular

“hybrid” tests that combine the advantages of full-displacement penetrometer probes with
downhole geophysics, such as the SDMT and the seismic piezocone (SCPTu), were empha-
sized by Mayne et al. (2009). The capability of providing multiple seismic and mechanical
measurements is a more efficient approach to geotechnical site characterization and permits to
obtain a variety of soil parameters for both seismic (VS, small strain stiffness) and common
design practice (soil profile, shear strength, operative stiffness). Compared to borehole seismic
methods, the SDMT and the SCPTu are cost-effective and time-reducing techniques (no bore-
hole and casing grouting required). The good coupling between the soil and the receivers,
which are cabled in the probe, provides accurate VS measurements. The major drawbacks are
the limited investigation depth (as in DH) and the impossibility of pushing the probe in non-
penetrable soils.

2 MIRANDOLA (ITALY) TEST SITE

The InterPACIFIC (Intercomparison of methods for site parameter and velocity profile char-
acterization) project (Garofalo et al. 2016) provided a valuable case study for comparison of
the seismic dilatometer results with independent cross-hole (CH), down-hole (DH), and sus-
pension logging (SL) data at the Mirandola test site (Italy) and verification of the reliability of
S-wave velocity measurements. A series of blind tests was organized, in which several partici-
pants performed both invasive and non-invasive tests without any a priori information about
the site. The trial site is located in the Po river plain, corresponding to a strong motion record-
ing station of the Italian Accelerometric Network situated in the vicinity of the epicenters of
the two main shocks of the 2012 Emilia-Romagna seismic sequence. Two boreholes positioned
6.8 m from each other were drilled to a depth of 125 m to reach the geological and seismic
bedrock; DH and CH tests were performed by different teams.
According to Amoroso et al. (2016), a seismic dilatometer sounding with the SPDMT was

also carried out down to roughly 20 m in the nearby area, detecting alluvial deposits with an
alternating sequence of silty-clayey layers of alluvial plain and sandy horizons (Figure 2a).
For seismic wave velocity determination, the S-wave pendulum hammer was positioned 0.8 m
from the rods. The data recording equipment was programmed to record 700 samples at a
sampling time of 200 μs using an external trigger. Figure 2b shows the VS profile obtained
with the SPDMT in comparison with the VS profiles from DH, CH, and SL, provided by the
InterPACIFIC teams at the Mirandola test site. VS data estimated from the trial SPDMT are
in very good agreement with the other invasive test results from all the interpretation methods
considered. The true-interval velocity analysis by means of the cross-correlation of seismic
traces delivered more stable results with respect to the first-break picking. Further details on
the considered interpretation methods can be found in Amoroso et al. (2016).

3 CHRISTCHURCH (NEW ZEALAND) TEST SITE

The 2010–2011 Canterbury earthquakes (New Zealand) provided many case histories of lique-
faction and lateral spreading. In the aftermath, a number of seismic dilatometer tests were per-
formed in Christchurch within the scope of the Ground Improvement Trials Project (van
Ballegooy et al. 2018, Amoroso et al. 2018) for the New Zealand Earthquake Commission
(EQC), the Ministry of Business, Innovation and Employment, Housing New Zealand
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Corporation, Network for Earthquake Engineering Simulation (NEES), and the U.S.
National Science Foundation (NSF). The study was commissioned in response to the need for
ground improvement following the 2010–2011 Canterbury Earthquake Sequence (CES). At
many sites, both SDMT and CH measurements were acquired to obtain VS profiles. Accord-
ing to Cox et al. (2018), the CH tests were performed using the direct-push cross-hole test
(DPCH), a new invasive near-surface seismic testing method that combines the desirable char-
acteristics of borehole-based CH seismic testing with the relative ease and speed of direct-push
testing methods like cone penetration testing.
As an example, this paper shows the results obtained at a site close to the Avon River, Site 3

(Wainoni). The site is composed of sands and silty sands (Figure 3a) that liquefied during the
2010–2011 earthquake sequence and was classified as affected by “No lateral spreading but

Figure 2. Mirandola (Italy) test site. (a) Schematic soil profile. (b) Comparison between VS values from
cross-hole (CH), down-hole (DH) and suspension logging (SL) results of the InterPACIFIC project (grey
lines, Garofalo et al. 2016) and seismic dilatometer (SPDMT) results (black line and symbols, Amoroso et al.
2016).
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minor to moderate quantities of ejected material” in the September 4, 2010, earthquake and by
“Moderate to major lateral spreading; ejected material often observed” in the February 22,
2011, earthquake (Amoroso et al. 2015). Figure 3b shows the comparison between VS data
from SDMT and CH tests that were downloaded from the New Zealand Geotechnical Data-
base (2017). VS estimations are generally in good agreement over the entire investigation depth.

4 SANTO ANDRÉ (BRAZIL) TEST SITE

An intensive site investigation including laboratory and in situ tests was performed in a lateritic
soil in Santo André (São Paulo, Brazil) for the foundation design of a new building (Décourt
et al. 2016). Below a shallow layer of soft silty clay about 2 m thick, the soil profile is composed
of alternating layers of stiff silty clay and fine to medium clayey sand down to the investigated
depth. Four CH and four SDMT tests were conducted to assess the shear wave velocity. The
map in Figure 4a shows the test locations where CH and SDMT tests were positioned at a dis-
tance of 1.5 m. For the first test, SDMT-1, three independent VS measurements were performed
at each depth with distinct hammer blows, exhibiting an average variation coefficient of 0.5%.
Figure 4b shows the comparison of the shear wave velocity measurements at each of the four
test locations. The profiles of VS show a very good agreement between CH and SDMT results.

5 CUXHAVEN (GERMANY) TEST SITE

The Cuxhaven test site is a sand pit in operation located south of the town of Cuxhaven in
northern Germany, close to the North Sea coast (Figure 5a). The pit is the property of

Figure 3. Wainoni, Christchurch (New Zealand) test site. (a) Schematic soil profile. (b) Comparison
between VS values from CH and SDMT (Amoroso et al. 2015).
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PlambeckErd- und Tiefbau GmbH and is mainly used for sand recovery and deposition of
construction waste. During the exploitation, approximately 18 m of sand were excavated prior
to testing. Since 2014, the area has been used for large-scale geotechnical projects such as
monopile installation studies in Vibro-Project (Gattermann et al. 2015) with accompanying
research and follow-up projects. In total, six monopiles measuring 4.3 m in diameter and with
an embedded length of 21 m were installed at the trial site.
The Cuxhaven test pit was chosen primarily due to very high cone resistances (up to 40

MPa), as a possible indication of overconsolidated aged sand. Further laboratory tests (Bir-
yaltseva et al. 2016a) revealed homogeneous (in terms of minimum and maximum void ratios
and grain size distribution) sand layers with granulometric curves comparable to typical
North Sea sands. The research projects carried out by Fraunhofer IWES and the University
of Bremen included a collection of laboratory and in situ tests such as piezocone tests (CPTu),
velocity, density, electrical and magnetic logging, spectral analysis of surface waves (SASW),
and seismic dilatometer tests. The results are partly presented in this paper and an overview of
the testing program is given in Figure 5b. The Cuxhaven test site was also extensively investi-
gated by other research teams (Quinteros et al. 2018).
Geological history (Biryaltseva et al. 2016b) and recent usage of the sand pit may have

caused overconsolidation of the sandy deposits, which should be reflected in the cone resist-
ance and shear wave velocity values. CPTu data show densified sand in the first 4 m, underlain
by an approximately 1-m-thick cohesive, sand-dominated till layer, followed by two dense
sand units down to 17 m below ground level (m bgl). Clayey, sandy, and pebbly till forms a
thick layer between 17 and 22 m bgl, underlain by very dense and dense sand.
After excavation, the ground water level (GWT) lies approximately 3.5 to 5 m below the

test pit surface and is considerably dependent on precipitation. The layer above the GWT is
considered to be overconsolidated due to removal of the 18 m of sand covering it.
Two seismic dilatometer tests (SDMT1 and SDMT2) were carried out in the eastern part of

the test pit (Figure 5b) in June 2017, about two months after dynamic pile testing. SDMT1 is
located 4 m away from the pile P6, approximately in the middle of two cross-hole (CH) bore-
holes. SDMT2 is 13 m away from the pile P1, in the vicinity of the P-S-logging borehole
LOG1. P-S-logging was performed in an open, mud-supported borehole. To prevent the bore-
hole from collapsing above the GWT, the first 5 m were covered by metal casing, which
allowed measurements below 5 m bgl. The location of two additional seismic dilatometer tests
(SDMT3 and SDMT4) performed independently in 2015 and reported by Quinteros et al.
(2018), denoted as ‘SDMT (Q 2018)’ in the legend, is also indicated in Figure 5b.

Figure 4. Santo André (Brazil) test site. (a) Location of the SDMT and CH tests. (b) Comparison of VS

measurements using CH and SDMT (Décourt et al. 2016).
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SASW measurements were performed using an electro-mechanical harmonic shaker source
generating a swept sine in the frequency range 3-200 Hz and two seismic accelerometers. The
initial receiver spacing was set to 4 m and successively increased in 2 m increments until the final
spacing of 28 m was reached. In the western section of the test pit, several SASWs and one P-S-
logging measurement were obtained close to the logging borehole LOG2 and the pile P4.
The profiles with depth of VS measured by different techniques are presented in Figure 6. It

can be noted that both SDMT1 and SDMT2 results show good agreement with CH
(Figure 6b) and P-S-logging data (Figure 6a) at the corresponding locations. However, it can
also be observed that the area is spatially non-homogeneous in terms of VS, as shown by the
SASW data.
SDMT measurements also reflect this dishomogeneity, especially in the upper 2 m. In

particular, the VS measured by SDMT3 and SDMT4 (Quinteros et al. 2018) at depths of
about 1 to 2 m, shown in Figure 6c superimposed to SASW profiles obtained at the
location pile P4, appear substantially higher than the same-depth VS obtained by
SDMT1 and SDMT2 at different locations. Part of this scatter could be due to inherent
uncertainty in the interpretation of down-hole VS measurements at very shallow depths.
However, considering the geological and recent stress history of the site, it is probable
that the variability of VS near the ground surface could reflect variable overconsolida-
tion effects across the site.
Below 2 m in depth, the VS measured using SDMT are generally in good agreement

with the values obtained using both invasive (CH, P-S-logging) and non-invasive
(SASW) techniques.

Figure 5. (a) Location of the Cuxhaven (Germany) test site. (b) Overview of conducted in-situ testing
(open circles denote monopiles).

Figure 6. Comparison of VS measured with SDMT and with other invasive and non-invasive techniques
at the Cuxhaven (Germany) test site at the locations LOG1 (a), pile P6 (b), and pile P4 (c).
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6 CONCLUSIONS

The paper illustrates the results of several soil investigation campaigns including seismic dilat-
ometer test (SDMT) at both research and construction test sites in Italy, New Zealand, Brazil,
and Germany. The comparisons of SDMT-measured shear wave velocity profiles with the
results of different invasive and non-invasive techniques in different soil types show good
agreement in general. The good agreement observed with the results of in-hole techniques,
such as cross-hole, often considered as a reference testing technique, is particularly relevant. A
good agreement is also observed with the VS obtained via suspension logging.
The results presented in this paper provide further support to the available experience,

gained during some 15 years of seismic dilatometer testing, which indicates that the VS meas-
urements obtained with SDMT are generally accurate and dependable for geotechnical engin-
eering design practice.
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