Proceedings of the 7th International Conference on Geotechnical and Geophysical Site Characterization
Barcelona, 18 - 21 June 2024

Ligthweigth and heavy-duty instrumented, servo assisted
dynamic cone penetrometers for shallow soil
characterisation

Miguel Angel Benz Navarrete'”, Pierre Breul?, Quoc Anh Tran?, Caroline Forestti
and Tuan Anh Luong?®?

1Sol Solution, Research, Innovation and Development department, Riom, France
2Institut Pascal, Université Clermont Auvergne, Aubiére, France
SGustave Eiffel University, SRO Laboratory, Marne la Vallée, France
#Corresponding author: mbenz@sol-solution.com

ABSTRACT

Based on the principle of the Panda® penetrometer, a third-generation of variable-energy dynamic cone penetrometer has
been developed in France: the Panda 3®. This is an instrumented dynamic penetrometer which, by measuring strain,
acceleration, and displacement on the rods, close to the anvil, and then decoupling the deformation waves created by the
impact and propagating within the rods during penetration, makes it possible to obtain for each blow, at the soil/cone
interface, a dynamic load penetration curve, called DCLT curve. Several experimental and numerical studies have been
carried out to develop different techniques for processing DCLT curves and dynamic signals to assess input energy,
dynamic and pseudo static cone resistance, dynamic stiffness, elastic modulus, and compressional wave velocities of soil.
This technique has been adapted to the DPSH cone penetrometer (ISO 22476-2), for which it was necessary to servo-
assisted the impact force as a function of the soil penetration obtained after each blow to improve then the quality of the
signals and DCLT curves obtained. Recently, in France, a vast experimental program involving two universities and two
geotechnical companies was carried out to develop this new technique. A large laboratory and in-situ test data base was
performed. After a brief presentation of the theoretical and technological development of this new technique is presented.

Keywords: Soil characterization, Dynamic Penetrometer, Panda 3, Grizzly EV, instrumented DCP, wave
equation, DCLT curve, cone loading test.

Newton's impact theory, which can be challenged for

1. Introduction. DPTs benefits.
. . . . ) Nowadays, the demand for geotechnical in-situ

Dynamic Penetration Testing (DPT) is a worldwide testing methods is constantly increasing and the
soil characterisation technique. It is certainly the oldest development of dynamic penetration tests represents a
in situ geotechnical test, with the first known experience simple and important means to characterise soils, to study
dating back to the 17" century n Germany (Goldmann, them and to model the spatial variability of their main
1699). Atthe beginning of the 20" century, the first major properties. The aim is to reduce the risks associated with
development also took place in Germany with the soil uncertainties and hazards, particularly in shallow
development of a lightweight dynamic penetrometer, the surface work, and to provide in-situ data to facilitate
Kinzel Prifstab, later standardized in 1964 as the "Light numerical soil modelling. In addition, we need today to
Penetrometer Method”, cf. (Broms & Flodin, 1988). develop cost-effective methods based on simple
_ The principle of the test is simple and due to its rapid equipment to study surface soils in large numbers, simply
implementation, affordability, and suitability for a wide and quickly, and if possible, in an eco-friendly and
range of soils, DPTs are currently used in geotechnical sustainable way to reduce the impact on the environment
practice in many countries (Broms & Flodin, 1988; (or geotechnical supervised structure).
Sabtan & Shehata, 1994; Salgado & ‘yoon, 2003; In the current context, the dynamic penetrometer
Sanglerat, 1972; Scala, 195_6’ Sowers & He_dges, 1966; represents an attractive development opportunity for
Webster et al., 1992). in Europe, their use and geotechnical campaigns, provided that:
characteristics are described in (CEN, 2007; 1S0-22476- - Include current technologies in terms of sensors and
2, 2005) . . . acquisition chains.

However, its technical and technological - Develop simple, intelligent, cost-effective robust
development have remained in most cases the same as dynamic penetrometers.
described by N. Goldmann 300 years ago. Furthermore, - Develop more efficient signal analysis techniques
the interpretation of DPT has remained largely empirical, based on advanced approaches (e.g., transient

and the analysis of the penetration phenomenon has

X L analysis, wave equation).
always been based on a theoretical principle founded on



- Create and develop laboratory and field databases to
facilitate the analysis and interpretation of dynamic
penetrometer measurements.

- Develop eco-friendly, sustainable and adaptative
processes to conduct tests in the field.

- ldentify areas of application where these techniques
can complement conventional methods by providing
additional data.

- Organize the necessary lobbies to standardize
practices and establish specific obligations (devices
characterizes, test procedures, material verification,
energy calibration...) to ensure the quality of data
collected in the field using these tools.

With regard to the modernization of the technique,
associated technology, and the corresponding theory for
analyzing the phenomenon of dynamic penetration in
soils, it is noteworthy that over the last 30 years, thanks
to the miniaturization of sensors, the widespread
availability of computers, increased computing power,
the development of numerical methods, and the
enhancement of constitutive and engineering soil models,
a substantial amount of work has been conducted in the
study of dynamic penetrometers.

2. Instrumented dynamic penetrometer.

Because of the rudimentary (and even severe) nature
of the test and its mode of operation, which involves large
amounts of energy and significant inertial effects,
instrumenting dynamic penetrometers is no easy task.

However, theoretical work on driving elongated
elastic bars (Barré de Saint-Venant, 1867) such as piles,
penetrometers... (Smith, 1960), and the necessity for
experimental data to substantiate these theories, have led
researchers to instrument bars during the driving process.

In terms of the instrumentation of dynamic
penetrometers, it can be noted that a milestone in this
field was established through the works of (Fairhurst,
1959) who first instrumented a penetrometer for studying
rock percussion in laboratory experiments.

Later, in France (Aussedat, 1970) was truly the first
to instrument a dynamic penetrometer to study, in
laboratory, soil behaviour by applying the theory of wave
propagation. In 1979,  (Schmertmann,  1978;
Schmertmann & Palacios, 1979) published his work on
SPT instrumentation, with the aim of gaining a better
understanding of the drive phenomenon and, above all,
demonstrating the influence of the energy transmitted on
the obtained results. Since then, numerous studies have
been carried out on the instrumentation of the SPT
dynamic penetrometer.

In 1990, (Gourves, 1991; Gourves & Barjot, 1995) in
Clermont-Ferrand, France, developed the first
instrumented and industrialized dynamic penetrometer.
He not only installed sensors to automatically measure
and record the driving energy and penetration per blow
but also introduced the innovative concept of variable
energy drive. Some years later, (Khalaf & Briaud, 1992;
Liang & Sheng, 1993) instrumented a penetrometer in the
laboratory to obtain wave equation parameters in pile
driving problems. (Byun & Lee, 2013; Kianirad, 2011;

Nazarian et al., 1998) and later (Byun & Lee, 2013)
instrumented a lightweight dynamic penetrometer to
introduce cone index correction by energy transfer and
evaluate the soil strength. In Japan, (Matsumoto et al.,
2015) instrumented SPT and DPTs to measure energy the
drive energy and improve their analysis. Moreover,
(DeJong et al., 2017) instrumented the Becker
penetrometer, enabling the wave equation to be applied
for analysis, thus improving the characterisation of
gravelly soils.

However, none of these works has made it possible to
improve systematically the technology associated with
DPT either to implement new methods of measurements
and analysis, or to obtain in situ soil stress and strain
necessary for the most current geotechnical problems.

In 2009, in France, based on Panda penetrometer,
(Benz et al., 2013; Benz-Navarrete, 2009) developed the
first instrumented lightweight variable-energy dynamic
penetrometer (The Panda 3®, hereafter iLDCPT)
equipped with strain gauges, accelerometers and
displacement sensors. This innovation enables the
measurement of energy transmitted at each blow and the
application of an analysis based on the wave equation to
obtain a dynamic load penetration curve (hereafter,
DCLT curve) for each impact. More recently, in 2016,
(Benz Navarrete et al., 2019; Escobar Valencia et al.,
2016) the same principle has been applied to the DPSH
penetrometer. In its operating mode, researchers
developed an automatic servo-control system to adapt the
impact energy based on the soil's hardness, resulting in
higher-quality measurements. The first DPSH servo
assisted with energy measurement was developed (the
Grizzly-3®WY, hereafter iDPSH-EV).

3. Instrumented Lightweight and DPSH
cone penetrometers with variable energy
driving.

The principle remains the same as that of Panda: drive
the penetrometer at variable driving energy and recorded
each blow. However, the theoretical basis,
instrumentation, and measurement analysis are more
sophisticated. (Benz Navarrete et al., 2021) describes the
primary fundamental principle of iLDCPT (Panda 3) and
iDPSH-EV (Grizzly-3).

3.1. Principle

During the penetration test, and for each blow
provided, the sensors installed at the instrumented anvil
recorded the strain, acceleration, and displacement. From
these recordings, an integrated and automated numerical
procedure is used to separate the fundamental descending
and ascending waves propagating inside the
penetrometer rods (immediately after the hammer blow
and for the duration of the cone's penetration into the soil,
~ 50ps) and being the solution of the wave equation.
Knowing these waves makes it possible, to compute, by
means of reconstruction methods, the stress, strength,
velocity, and displacement, as well as the energy
transmitted, at cone/soil interface.
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Figure 1. Instrumented Iightweigh dynamic penetrometer Panda 3 — Main principle. Equipement and instrumentaiton of iLDCP

(Panda 3

In simplified form, a dynamic cone load-settlement curve
(DCLT) is plotted for each blow recorded in depth. From
these curves and all the data recorded; various parameters
are determined, including dynamic and pseudo-static
resistance, dynamic stiffness, shear modulus, shear wave
velocity, etc.

3.2. Wave decoupling and cone signal
reconstruction

The waves propagating inside the rods are described
by the wave equation. To solve it, it is necessary to
separate the descending and ascending waves in the
recorded acceleration and strain measurements.

In this way, wave decoupling can be performed by
different methods. These are distinguished on the types
and number of sensors used as well as initial and
boundary conditions. In iLDCPT and iDPSH, the method
employed is based on a single xa point measurement, at
the instrumented anvil, where strain ea(t) and acceleration
aa(t) are recorded, from which the velocity va(t) is
calculated. In the point xa of measurements, the
downward &(t) and upward &(t) waves are separated by:

1
£r(©) = 3 e ®) - 22

1 v, (t) )
£ (6) = 3 ea() + ]

Assuming and neglecting the external forces (skin
friction, impedances changes...) along the rods, the
information about &:(t) and &(t) allows us to calculate the
signals of the force F¢(t) and the velocity vc(t) for every
point C situated under the measurement point A,
especially at the cone/soil interface (Eg. 2). In Eq. 2,
Atac=(Xc - Xa)/Ct is the time taken for the waves to travel
the distance between the measuring point A on the anvil
and the cone/soil interface C.

The displacement s¢(t) is obtained by integration of
the signal v¢(t), and energy transmitted to the soil Ec(t),
by integrating the product of Fc(t) and vc(t).

E A,

Fe() = [gA(t + Atge) + ea(t — Atac)]

1
+ fzt[v*‘(t + At,) —v,(t
- Atac)]

be() = 3 [0aCt + Atu) + 0y (¢ — At

E.A,
+ ( 27 ) [ea(t + Atye)

— g4t — Aty.)]

where E;, A: and Z; are respectively the elastic modulus,
cross section et celerity of the tip respectively. In the Fig.
1, the measurement principle is presented, and an
example of measurements process is show. Signals
recorded at point A (point 1), decoupling waves (point 2)
and velocity, displacement (point 3) and stress (point 4)
signals reconstructed at cone/soil interface.

@

3.3. The DCLT curve — Analysis

By convention, the total force Fc(t) for each blow is
represented as a function of displacement sc(t), and this
is referred to as the dynamic DCLT curve. An example
of several DCLT curves obtained in field are presented in
the Fig. 2.

In a first approach, to analyze DCLT curves, (Benz et
al., 2013; Benz Navarrete et al., 2021) propose to model
the cone-soil interaction by mean of a perfect visco
elasto-platic model, as commonly proposed for pile
driving problems (Smith, 1960). An analytical
methodology — similar to that used for dynamic load test
of piles [has been implemented in order to establish, from
DCLT curves, different parameters: dynamic (q¢w) and
pseudostatic (gsw) cone resistance, reloading (Erw) and
unloading modulus (Ed ).
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Figure 2. Example of dynamic load penetration curve
(DCLT), superimposed on each other, obtained in situ at 5
meter depth.

In addition, the authors implement the shock polar
method (Aussedat, 1970) to calculate compression (Vpw)
and shear wave (Vsw) from the computed cone/soil
signals Fc(t) and Vc(t) (Benz Navarrete et al., 2021,
Oliveira et al., 2020; Teyssier et al., 2020). However, in
this method, which is time domain dependent, any lag or
shift in the measurement can influence the results,
particularly when deeper tests are analyzed.

3.4. FRF analysis

Recently, (Tran et al., 2019) propose an alternative
more reliable approach, based on FRF functions (Davis
& Guillermain, 1979). FRF is a transfer function
expressed in the frequency domain and it allows the
spectral response of conical tip signals (acceleration,
velocity, and displacement) to be analyzed as a function
of the input or imposed load (force/strength). By
normalizing the output signals with respect to the input
signal, the characteristics, and the response of the
dynamic penetrometer system, such as accelerance,
mechanical impedance (or mobility) and dynamic

stiffness, can be determined.

Blows #1222-1236
10 Petrinja, site E3
Depth = 12,15-12,25m

Accelerance, [(m/s?)/N]

Mobility, 105 [(m/s)/N]

Frequency, [Hz] !
Figure 3. Example of FRF fonctions : Accelerance (top) and
Mobility (bottom) obtained in-situ at 12 meter depth.

The FRF known as "dynamic stiffness” ka(w) is
calculated from mechanical impedance by considering
the strength Fc(w) as the input load and the penetration
sc(w) as the output response (Eq.2)

2nw Fo(w)
Ve(@) @)

®, Vc(w) and Fc(w) are the frequency, velocity and
force spectrum respectively. If we consider a
homogeneous elastic penetrometer of known geometry,
when the frequency approaches to 0~Hz, the dynamic
stiffness ka(w) approaches the static stiffness (ks).
However, in practice, the frequency of the dynamic
impulse cannot be 0 Hz and a coefficient a representing
the ratio between kq( @) and ks, is introduced, where 1.5 <
a < 3.0 (Davis & Guillermain, 1979).

kq(w) =

3.5. Cone/soil or base penetrometer model

The cone/ground interaction or base penetrometer
reaction can be assumed dynamically as follows:

Qc(8) = mac(t) + Cyue(t) + kps(t) ()

where Qc(t), m, C, and kp are respectively: total
strength, dynamic mass, damping and dynamic stiffness.
Several cone/soil models can be applied at the base of the
penetrometer to compute Qc(t), with most of them
derived from pile-driving. In a first approach, (Benz
Navarrete et al., 2021; Benz-Navarrete, 2009) proposes
the Smith model. This is a simple linear visco elasto-
platic model that is limited to obtaining soil parameters
by inverse analysis (EI Naggar & Novak, 1994; Gazetas
& Makris, 1991; Novak, 1991; Salgado et al., 2015). In
fact, the cone soil-base model can be represented by the
approach proposed by (Holeyman, 1984; EIl Naggar and
Novak, 1994). Soil stiffness can be explained as:

4GgRy
ko = 2
=y @
Moreover, it can be written
ks(1—vy)
I/;Zps =G = 4R, > (3)

where Gs is the soil shear modulus, Ry is the
equivalent radius of conical model below the tip, 15 is the
soil Poisson’s ratio (v ~ 0.33), Vs is the shear wave
velocity, and ps is the soil density (considered ~1800
kg/m®). In practice, for each blow performed and
recorded during instrumented DCP driving, dynamic
stiffness kq(w) is automatically computed from FRF
curves. Assuming « = 2.5 and solving Eq. 2 and Eq. 3,
shear wave velocity Vs can be also established.

(Fig. 4) is an example of the results obtained at the
end of a test using instrumented dynamic cone
penetrometers. In the figure, cone resistance qd (obtained
through the Dutch formula), dynamic gqqw and pseudo-
static gsw cone resistance obtained through signal
analysis, the dynamic stiffness kq, (EQ. 2), shear wave
velocity Vsw, (EQ. 3) and the shear modulus G for the
tested soil is presented. The energy transmitted (EFV) to
the penetrometer for each impact is also displayed.
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Figure 4. Example of curvesinstrumented lightweight dynamic penetrometer Panda 3 — Main proinciple

3.6. Instruments and instrumentation

3.6.1. The Panda 3 — Lightweight iLDCP

iLDCP is composed of 6 main elements: hammer,
instrumented anvil, rods, conical tips, central acquisition
unit (UCA) and android tablet (HMI-Human Machine
Interface) (Fig. 1). The section of the cones used is 4cm?
to minimize skin friction along the rods during testing.

The UCA is an electronic data acquisition (DAQ)
device designed to control and centralize information and
recordings from various sensors. It processes this data
before wirelessly transmitting it to a tablet computer,
where an application is used for interaction with the
device. The main characteristics of both the sensors and
the acquisition system UCA are presented in Table 1. The
total weight of the device is less than 20kg (including 5
meter of rods), which makes it easily transportable and
easy to handle. Table 1 presents the main characteristics
of the penetrometer.

3.6.2. The Grizzly 3 EV — Servo assisted iDPSH

iDPSH is an instrumented computer-servo-assisted,
tracked penetrometer DPSH (Fig. 5).

electro-mechanical
servo system
4 energy levels
-DPL
-DPM
-DPH
- DPSH

Hammer
63,5kg

Instrumented anvil
2 Accelerometers.
2 strain gages

Rods (32 mm
diameter & 1m long)

Displacement sensor
Encoder LDVT

Tablet
Figure 5. Servo assisted iDPSH (the Grizzly-3-EV)

Table 1. Main features of dynamic penetrometers

Instrumentation & DAQ characteristics

Component Value
Accelerometer (g’s) (x 2) 20,000 g
Strain gage (N) (x 2) 45,000 N
Displacement (mm) 0,1mm
Samp. rate (Hz) 500000
Samp. resolution (bits) 24 bits
Record time/blow (msec) 200 msec

Penetrometers features
iLDCP iDPSH-EV

Driving system Manual Automatic
Type of energy Kinetic Potential
Hammer weight (kg) 1,726 Kg 63,5
Penetrometer weight (kg) 3.5 500
Rod length, Lr (m) 0.5 1
Rod weight, Wr (kg/ml) 1.16 5.98
Rod diameter, Dr (mm) 14 32
Cone diameter, Dc (mm) 22,6 50,5
Cone section, Ac (cm?) 4 20
Report Rc/Rp 1,61 1,58
Cone apex angle, o(°) 90 90
Penetration power (J/cm?) 0,2 to 28 2.51t023.7
Max depth (m) <15 <30

The main characteristics of the device are
summarized in Table 1. The test principle,
instrumentation, and measurements are the same as those
for the iLDCP. Nevertheless, to enhance the quality and
reliability of DCLT curves obtained in soft soils (where
473 drive energy is excessive), it was necessary to devise
a way to automatically adjust the drive energy in these
cases, without requiring any operator intervention.

The main improvement and innovation incorporated
into iDPSH is the servo-assistance assembly. This
assembly comprises an electromechanical system and
sensors installed on the penetrometer mast to
automatically change the drive energies according to 1SO
22476-2. The computer adjusts the driving energy for
each blow by modifying the drop height of the hammer
based on the penetration measured for the previous blow.
This ensures the maintenance of a constant
energy/settlement ratio throughout the test and maintain
a balance between plastic and elastic settlement per blow.
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Figure 6. Petrinja, Craotie. Comparison of the shear wave velocity Vs obtained using the DCP instrument and MASW.

4. Laboratory and field test

The development of new equipment encompasses not
only the assembly of the test apparatus itself but also
preliminary opportunity and feasibility studies, proposals
for operating procedures, laboratory and in-situ
validation, and the development of an approach that
allows us to derive data from test results for use in
geotechnical problems.

4.1. Static and dynamic load test

A series of dynamic (iLDCP) and static (CLT)
penetrometric cone loading tests were carried out in the
laboratory. The aim of these tests was to compare the
curves obtained using the two techniques and to assess
the relevance of the DCLT curves. The soils studied were
Hostun sand HN31 (SH) and Fontainebleau sand NE34
(SF). Each sample tested was reconstituted to two
different density states in a metal calibration chamber
372 mm in diameter and 805 mm high. The boundary
conditions were as follows: displacements prevented
radially and zero vertical stress at the surface (type BC3
chamber).

Loading tests were conducted along the axis of the
specimen. The penetrometer was manually driven to
various depths, and each impact was recorded to obtain a
DCLT curve. Once the required depth was reached, the
driving was stopped, and the CLT test was carried out a
constant rate (0.01 mm/s).

Fig. 6 shows the results obtained. In general, the
DCLT and CLT curves exhibit good repeatability and
agreement. Similar orders of magnitude can be observed
for the stresses in the curves produced by these two
techniques.

4.2. Density index and overburden pressure

As part of the studies conducted to propose a
methodology for analyzing liquefaction risk assessment
of sandy soils using instrumented penetration tests, a
series of tests were performed on sand (Fontainebleau
and Hostun) samples in calibration chamber. For each
sand, different samples were made by varying the density
index, with the confining pressure adjusted for each
specimen -10, 20, 50, 75, 100, 200, 300, 400 Kpa).

—~ 30
& Hostun HN31 sand - 0,=25kPa
2 95 H 1d=0,90 sees G, =50kPa
=2 SR c:w,:mo kPa
® 20 F . 1 G',,=200 kPa
= K P G',,=400 kPa
B 15 . - :
8 y o .
g 10 p o afeT
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E 5
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Figure 7. DCLT curves obtanied in laboratory, in a

calibration chamber, for Hostun sand. Effects of vertical
pressure (top) and index of density (bottom).
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On each sample, a dynamic penetration test was
conducted and for each hammer blow, strain, forces,
acceleration, displacement, DCLT curves and cone
resistance profiles were recorded. At the end, graphs, or
charts for correlating qq, density index and overburden
pressure.

Fig. 7 illustrates an example of the DCLT curves
obtained for Hostun sand at various densities and
different vertical stresses. DCLT curves are sensitive to
changes in the state of the specimens tested. At the
conclusion of the tests, we can establish a correlation
between the index of density, the confining pressure, and
the measured cone resistance qd.

Figure 8 illustrates this formulation based on
laboratory results obtained for dry sands (Hostun and
Fontainebleau), with a density index variation ranging
between 0.3 and 0.9.

Shear wave velocity, Vs (m/s)

Shear wave velocity, Vs (mis)

4.3. Shear wave velocity assessment.

The soil shear wave velocity (Vs) is one of the key
features in studying soil behavior under cyclic stresses
like earthquakes. The shear wave velocity is today the
reference parameter for soil classification under seismic
stresses as well as for the study of the risk of liquefaction
on structures. Various comparative tests using
instrumented DCP, have been carried out and presented
in the past (Teyssier et al., 2020; Tran et al., 2019).

More recently, as part of missions to study the Paleo
liquefaction of sandy soils, iDPSH tests in addition to
MASW were carried out in Croatia, on an area that had
experimented liquefaction during the Mw 6.4 Petrinja
earthquake on the 29" December 2020.

In fact, to evaluate the relevance of the measurements
carried out, we compared them with measurements
performed with MASW available for each site. In
addition, we are interested in assessing the
complementarity of these two techniques, which would
improve the vertical resolution of measurements taken
with surface seismic methods. Fig. 9 shows the results
obtained using both methods (instrumented DCP and
MASW) at the Petrinja. At the three sites studied and
presented at Petrinja (Fig. 9), the measurement of Vs
shows a good agreement, both in terms of vertical
evolution and amplitude. However, and assuming no
errors in MASW interpretation, it can be observed that
the Vs values on the surface (0 < z < 4 m) are generally
lower than those deduced from the MASW tests, mainly
for D1 and D2 site. A good agreement between both
methods was obtained in site E1.
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5. Conclusions

Dynamic penetration test are widely used around the
world and currently provide a single failure parameter,
the cone resistance gq. However, its technical and
technological development have remained in most cases
a, rudimentary. In this work, based on the works carried
out on the French variable energy penetrometer, (The
Panda), a lightweight dynamic variable energy
penetrometer and a super heavy DPSH has been
instrumented to measure the strain g(x, t), acceleration
a(x, t) and displacement s(t) variations caused within the
rods by the compressional wave created immediately
after each hammer blow and during penetrometer
driving. By using a wave decoupling and reconstruction
method, it has been possible to directly obtain the DCLT
curve of the soil at each blow. As demonstrated by a
series of tests, the resulting DCLT curve is reproducible,
sensitive, and reliable to the test conditions as well as to
the soil conditions. The technical feasibility of the
method as well as the reliability of the results has been
proved in situ by a series of tests with continuous
recordings up to a depth of 7 m.

This work has revived interest in the dynamic
penetrometer technique for shallow soil characterization,
particularly the instrumented variable energy driving
penetrometer. It is proving to be a valuable tool for
various cases encountered in practice, and the results
obtained complement those of other techniques such as
CPT, MASW, and SPT. As for other equipment, dynamic
penetrometers must, by default, measure the energy
transferred to the rod during the test.
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