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ABSTRACT. Dynamic penetration tests DPT have been routinely employed in the geotechnical characterization of the
subsoil in different types of engineering projects. The evaluation of the results of these tests has been performed considering
a limited number of parameters obtained in the field, so the definition of new parameters allows a more accurate evaluation
of soil characteristics. The purpose of this paper is to present a methodology for the evaluation of the dynamic modulus
(Ekd) based on the analysis of the dynamic force and velocity signals recorded in each hammer impact. Variable energy
DPT tests were performed on Fontainebleau NE34 sand specimens in a K0 calibration chamber. For each hammer impact
on the penetrometer, a decoupling and wave reconstruction method was applied to obtain the force and velocity signals at
the cone-soil interface, which are analyzed in the frequency spectrum to obtain the Ekd modulus. The results show that it is
possible to evaluate the dynamic modulus at different vertical loading conditions and independent of the impact energy level
of the hammer on the penetrometer.
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1 Introduction

Dynamic penetration testing DPT has been widely em-
ployed and has become a useful and indispensable tool
in several engineering projects, as it is an alternative to
perform a fast and low cost characterization of soil re-
sponse. In-situ characterization procedures using DPT pro-
vide valuable data to understand soil behavior and gather
the necessary information for the design of geotechnical
structures.

The evaluation of dynamic penetration tests has tradi-
tionally relied on methodologies such as dynamic driving
equations, wave analysis and empirical correlations. How-
ever, the complexity of soils and the need for a more ac-
curate assessment has led to the development of more de-
tailed and specific approaches, however, each of the analy-
sis is based on different assumptions and test performance
conditions, so the results may not be comparable from one
experience to another.

In the context of these differences, the creation of new
analysis approaches or the extension of existing ones is
necessary, considering elements that allow the compari-
son between tests or the definition of new parameters based
on approaches that can be applied indistinctly to different

equipment under different soil conditions.This article fo-
cuses on a specific methodology to evaluate the dynamic
modulus (Ekd) (Tran, Navarrete, & Garcia, 2018; Tran et
al., 2019) and effects of soil condition and loading condi-
tions. This parameter allows characterizing the dynamic
response of the soil based on the analysis of the frequency
spectrum of recorded signals during the test. This method-
ology is based on the analysis of the dynamic waves of
force (F(t)) and velocity (v(t)) generated by the dynamic
impact of a hammer on the striking head of a variable en-
ergy dynamic penetrometer and the reconstructed signals
at the cone-soil interface (Benz, 2009; Benz, Breul, &
Gourvès, 2022; López, 2022).

To capture and measure the dynamic signals, ac-
celerometers and strain gauges located on the penetrom-
eter’s striking head are used. These devices measures
the signals corresponding to each impact of the hammer
throughout the dynamic driving independently of the vari-
ability of the impact energy.

The tests were carried out using NE34 Fontainebleau
sand samples, reconstituted by dry deposition in a K0 cali-
bration chamber, considering a wide range of density in-
dices (ID) and the application of effective vertical loads
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(σ ,
v0) in a range of 10 to 400 kPa.
In the following sections of this article, the specific

characteristics of the granular material used are specified,
along with the operation and characteristics of the dynamic
variable energy penetrometer. The methodology for decou-
pling and reconstruction of the force (F(t)) and velocity
(v(t)) signals that allows obtaining the signals at the cone-
soil interface is described. A description of the method-
ology applied to evaluate the dynamic modulus( Ekd) and
the effects generated on it by the soil state and the applied
boundary conditions is presented.

Finally, the results of the laboratory tests are presented
and conclusions are drawn regarding the characteristics of
Ekd and its sensitivity to the applied soil and boundary con-
ditions.

2 Materials and methods

In order to evaluate the dynamic modulus (Ekd) variable
energy DPT ′s were performed on NE34 Fontainbleau sand
specimens. The specimens were reconstituted and tested in
a K0 calibration chamber. Regarding the penetration tests,
the tests were performed with a PANDA 3 variable energy
DPT equipment. The specifications of the materials, equip-
ment and methods used in the development of this research
are presented below.

2.1 Granular material

Fontainebleau sand NE34 is a material composed
mainly of silica (98%) with uniform grain size character-
istics. It presents a light beige color and its grains exhibit
mostly rounded to semi-rounded shapes, in addition to pos-
sessing a high resistance to breakage (Benahmed, 2001).
For this study, values of emin = 0.55 and emax = 0.85 have
been considered for the minimum and maximum void ra-
tios, respectively, which have been obtained by normalized
method (AFNOR, 2000). The main geotechnical parame-
ters of this type of sand are detailed in table 1.

Table 1. Geotechnical parameters for NE34 Fontainebleau sands
NE34.

Parameter Value
Specific gravity 2,56g/cm3

D50 0,21 mm
Cu 3
γmin 1,37g/cm3

γmax 1,72g/cm3

2.2 Calibration chamber K0.

The k0 calibration chamber (CC) was developed at the
Navier laboratory of the Ecole Des Ponts ParisTech (Le,
2014). The CC allows the application of geotechnical tests
on the reconstituted specimens, as well as to control the sat-
uration and pore pressure conditions inside the mold. This
system allows the reconstitution of soil specimens with di-
mensions of 73 cm in height and 55 cm in diameter.

The CC is composed of two cylinders, a central ring, a
base and a top cover, under the top cover and on the recon-
stituted specimen is installed an extensible rubber mem-
brane, which is driven by hydraulic pressure and which is
able to reproduce various soil conditions under different
vertical effective stresses (σ ,

v0). The assembly is coupled
and fixed by means of threaded rods and nuts at the top and
bottom 1.

Modifications were made to the top cover system to
allow variable energy dynamic penetration testing under
controlled vertical load and varying saturation conditions.
The modification allowed the application of variable en-
ergy during driving and the application of an incremental
vertical loading program to capture the soil response under
different conditions.(López, 2022)

Figure 1. Schematic diagram of K0 calibration chamber.

2.3 Variable Energy Dynamic Penetrometer

A DPT PANDA 3, dynamic variable energy penetrom-
eter (fig. 2) was used. This equipment developed in France
in the 1990´s has been widely used around the world in
different engineering applications, such as: road infrastruc-
ture, airports, railways, mining, among others (Benz et al.,
2013; Escobar et al., 2014; Escobar, Benz, Gourvès, Breul,
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& Chevalier, 2016; Espinace et al., 2013; López, Dupla,
Canou, & Benz, 2021; López & Benz, 2019).

The DPT is equipped with acceleration sensors with a
measurement range of 20000 g, and strain sensors with a
measurement range of ±45 kN. These measurements can
be converted into velocity and force measurements by inte-
grating the acceleration signal and applying Hooke’s law,
respectively. The signals from these sensors are sent to
a Central Data Acquisition Unit (UCA) (French: Unité
d’Acquisition de Données), via a cable connection. In this
unit, data are processed, stored and, additionally, transmit-
ted wirelessly to a mobile device for viewing and inter-
pretation. To complement the dynamic measurements, the
UCA is equipped with a displacement sensor connected to
the striking head (fig. 2).

Figure 2. Dynamic Variable Energy Penetrometer DPT general
scheme.

To extend the analysis of measurements during the
tests, the dynamic force (F( f )) and velocity (v(t)) signals
of each impact (fig. 3) can be analyzed in the time and fre-
quency domain. This feature allows taking advantage of
the evaluation of alternative geotechnical parameters, such
as: the mechanical impedance of the soil (Zs), the wave
velocity in the soil (Cp) through the application of the po-
lar shock method (Benz et al., 2022), the dynamic elastic

modulus (Ekd), dynamic tip resistance, among others (Tran
et al., 2018, 2019; Benz et al., 2022; López, 2022).
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Figure 3. Dynamic force and velocity signals measured at the
striking head.

The dynamic signals analysis at each impact of the
hammer is carried out by applying the wave theory. Due
to the morphological characteristics of the penetrometer, it
is possible to analyze the problem from a one-dimensional
approach (eq. 1). This approach is based on the assump-
tion of a constant wave propagation velocity (Cr), the elas-
tic behavior of rods, homogeneous cross section, as well
as on the consideration of negligible external lateral forces
applied on the rods.

δ 2y
δx2 =

1
c2

δ 2y
δ t2 (1)

The one-dimensional wave equation can be analyzed by
means of the D’Alembert solution. This solution proposes
the superposition of two waves propagating in opposite di-
rections: an incident wave (ui), and a reflected wave (ur)
(eq. 2).

u(x, t) = ui(x− ct)+ur(x+ ct) (2)

Measurement of ui and ur at a known point (xa) of the
device allows determination of the strain (ε(x, t)), stresses(
σ(x, t)), velocities (v(x, t)), and displacement (u(x, t)) at
any point (xn )along the penetrometer by applying a de-
coupling and wave reconstruction procedure (Benz, 2009;
Benz et al., 2022; López, 2022).

2.3.1 Decoupling and wave reconstruc-
tion

The wave generated by the hammer impact on the strik-
ing head travels through the penetrometer body in a de-
scending and ascending way, producing a wave superposi-
tion phenomenon, so it is necessary to apply a decoupling
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method that allows the visualization of the waves (Casem,
Fourney, & Chang, 2003; Jung, Park, & sik Park, 2006;
Lundberg & Henchoz, 1977; Benz, 2009; Benz et al., 2022;
López, 2022) (figure 4).
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Figure 4. Incident ui and reflected ur decoupling wave.

In the case of the PANDA 3 penetrometer, it was de-
termined that the most appropriate method is the one pre-
sented by Casem et al (2003) (Benz, 2009; Benz et al.,
2022). The proposed method allows obtaining the incident
(ui) and reflected (ur) wave signals at a known measure-
ment point (xa) inside the penetrometer using deformation
measurements (varepsilona(t)) and velocity (va(t)) (eq. 3
and eq. 4).

εd(x− ct) =
1
2
[εA(t)−

va(t)
c

] (3)

εr(x+ ct) =
1
2
[εA(t)+

va(t)
c

] (4)

If the force and velocity signals are available at a pen-
etrometer known point, the wave propagation medium is
homogeneous and the lateral friction effects are considered
negligible, it is possible to reconstruct the signals at any
point along the penetrometer (eq. 5 and eq. 6) (Carlsson,
Sundin, & Lundberg, 1990; Karlsson, Lundberg, & Sundin,
1989). The above characteristics are not completely ful-
filled, however, it is possible to apply an iterative process
of decoupling and reconstruction of the dynamic signals at
each impedance change point. In the case of the effects as-
sociated with the lateral friction of rods, it is indicated that
the energy losses associated with this interaction can be ne-
glected since they are less than 1.5% (Odebrecht, Schnaid,
Maia, & de Paula, 2005; Palacios, 1977).

FN(t) =
1
2
[FN−1(t +∆tn−(n−1))+FN−1(t−∆tn−(n−1))]

+
1
2

Zn[vN−1(t +∆tn−(n−1))− vN−1(t−∆tn−(n−1))]

(5)

vN(t) =
1
2
[vN−1(t +∆tn−(n−1))+ vN−1(t−∆tn−(n−1))]

+
1

2Zr
[FN−1(t +∆tn−(n−1))−FN−1(t−∆tn−(n−1))]

(6)

The force (Ft(t)) and velocity (vt(t)) signals recon-
structed at the soil-cone interface (figure 5 and 6), allow the
construction of a dynamic load-displacement curve which
represents the response of the soil to the dynamic load im-
posed by the cone (Benz, 2009; Benz et al., 2022). It is also
possible to analyze the signals in the frequency spectrum,
from which the dynamic modulus (Ekd) is calculated (Tran
et al., 2018, 2019; López, 2022).
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Figure 5. Señal de fuerza Ft(t) reconstruida en la interfas cono-
suelo.
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Figure 6. Señal de velocidad vt(t) reconstruida en la interfas
cono-suelo.
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2.4 Evaluation of the dynamic modulus Ekd

The soil response can be analyzed on the basis of the
frequency spectrum. The shock wave caused by the ham-
mer impact on the penetrometer produces vibration phe-
nomena both in the equipment and in the soil that can be an-
alyzed in the frequency domain by applying transfer func-
tions (eq. 7 and 8) to the force and velocity signals both at
the striking head and at the cone-soil interface. This feature
provides the possibility to determine the properties of the
penetrometer-soil system and to analyze how it responds
to the hammer impact on the equipment’s by means of pa-
rameters such as the dynamic modulus (Ekd), which is a
dynamic parameter representing the elastic response of the
soil in the frequency domain.

The dynamic modulus can be determined by employ-
ing the raw dynamic signals for each hammer impact on
the striking head. First, it is possible to obtain the dy-
namic stiffness (kd( f )) by the ratio between the force sig-
nal (F( f )) and displacement signal (S( f )) (eq. 9); then,
considering the conical tip as a circular plate embedded
in a semi-infinite elastic medium, it is possible to apply
the Boussinesq approach (eq. 10) to calculate the dynamic
modulus (Ekd) as a function of frequency ( f ) (fig. 7).

F(t)←→ F( f ) = FFT [F(t)] (7)

v(t)←→ v( f ) = FFT [v(t)] (8)

kd =
F( f )
S( f )

(9)

Ekd =
1−ν2

dp
kd (10)
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Figure 7. Ekd dynamic modulus spectra at the striking head and
soil-cone interface.

Fig. 7 shows the dynamic modulus spectra computed
for the signals obtained at the striking head and at the soil-
cone interface by applying the decoupling and reconstruc-
tion signal method. From these spectra, it is possible to
determine the frequency range for which both spectra are
linearly proportional. The range of proportionality depends
on the soil compaction state and the nature of the soil. The
higher the stiffness of the soil, the wider the frequency
range in which the proportionality of the spectra is main-
tained.

Considering the dependence of the range of proportion-
ality of the spectra on the soil state, it is necessary to de-
fine maximum ( fmax) and minimum ( fmin) frequency lim-
its, for which a maximum dynamic modulus (Ekdmax) and a
minimum (Ekdmin) are defined. The fmin is associated with
the measurement capabilities of the test device and is set
at a frequency of 24 Hz. The fmax is defined as the di-
vergence point of the dynamic modulus (Ekd( f )) (fig. 7).
Determining the values of fmax and fmin defines the average
pre-frequency value, which in turn defines the value of the
dynamic modulus (Ekd .)

2.5 Experimental procedure

To calculate the dynamic modulus (Ekd) and establish
the relationship between this parameter and the soil state, 4
dynamic penetration tests were performed in a k0 CC. Each
test was performed on specimens reconstituted by dry and
layered deposition to ensure a state of homogeneous com-
pactness and a density index (ID) (or relative density) of
0.3, 0.5, 0.7 and 0.9 for each specimen, respectively (fig.
8).

Figure 8. Reconstituted sand specimen.

To obtain the dynamic signals, a variable energy DPT
test was performed at the center of each of the reconstituted
specimens. In each test, acceleration and deformation sig-
nals were measured for each dynamic impact performed on
the striking head. From the measured signals the particu-
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lar velocity was obtained by applying the integration of the
acceleration and force by applying Hooke’s law with the
strain signal.

Figure 9. Dynamic penetrometer installed and dynamic driving
over the specimen.

For the measurements of each impact, the decoupling
and reconstruction method was applied to determine the
force and velocity signals at the soil-core interface. The
signals were analyzed in the frequency domain to estab-
lish the relationship representing the dynamic modulus
(Ekd( f )).

Each test was performed by applying an effective verti-
cal stress program (σ ,

v0) in levels of 10, 25, 50, 75, 75, 100,
200, 300 and 400 kPa to capture the soil response under
different loading conditions.

To avoid problems associated with boundary effects,
impacts generated after exceeding 10 centimeters of depth
from the top surface of the specimen were included in the
analysis, and those generated at a distance of less than 10
centimeters from the base of the specimen were excluded.
In addition, the verticality of the driving was ensured by
means of leveling measurements.

3 Experimental results

The dynamic modulus (Ekd) was obtained for each
hammer impact on the 4 sand specimens tested and for each

vertical effective stress level. A penetrogram presenting the
dynamic modulus (Ekd) for each impact on a reconstituted
specimen at an ID of 0.70 is shown in Fig. 10. In the penet-
rogram, it is possible to observe that the higher the vertical
stress applied to the specimen, the higher the magnitude
of Ekd . This result was obtained in each of the tests per-
formed.
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Figure 10. Dynamic modulus Ekd - ID relationship as a function
of vertical effective stress σ

,
v0.

The occurrence of outlier points was observed (fig. 10).
The occurrence of this phenomenon is related to the ec-
centricity of the hammer impacts that generate lateral de-
formations and interaction with elements of the calibration
chamber; however, the exclusion of these points does not
affect the evaluation of the dynamic modulus. To obtain a
representative parameter at different vertical loading condi-
tions, the average value of the Ekd in each vertical effective
stress interval was obtained.

The results obtained from the tests made it possible to
obtain the dynamic modulus (Ekd) for each hammer impact
and consequently the construction of relationships between
the dynamic modulus (Ekd), the soil density index (ID), and
the vertical effective stress applied (σ ,

v0) on the reconsti-
tuted specimen in the CC.
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The relationship between Ekd and ID can be presented
as a logarithmic relationship (11) (López, 2022), whose
general function is defined by a α factor and a β factor
(eq. 11). These factors are unique for each soil type and
its state; however, normalization factors can be applied to
make the results comparable with test results on other soil
types under a different range of vertical loading conditions.

Id = α ln(Ekd)+β (11)

Figure 11 shows the relationship established between
the density index (ID) and the dynamic modulus (Ekd) for
vertical stresses of 50, 100 and 200 kPa. It is possible to
establish that the curves fitting the relationship shift to the
right the higher the effective vertical stress (Higher verti-
cal effective stress implies a higher Ekd magnitude.). In the
case of the density index, it is observed that the denser the
state of the soil, the greater the magnitude of the dynamic
modulus (Ekd), establishing greater differences, the higher
the ID.
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A summary of the α and β parameters that model the
relationship between soil density state and dynamic modu-
lus for all ranges of effective vertical stress applied to the
specimens is presented in table 2; in addition, the r2 ratio
coefficient is presented. From the relationships and their
coefficient r2, it can be observed the high level of accuracy
of the correlation, demonstrated by values of r2 greater than
0.95.

Table 2. α and β parameter para relaciones Ekd-Id relationships.

σ
,
v0 α β r2

10 0,2143 0,2005 0,9524

25 0,2078 0,1531 0,9903

50 0,2306 -0,0228 0,9835

75 0,2241 -0,0702 0,9598

100 0,2288 -0,1271 0,982

200 0,2198 -0,1894 0,9896

300 0,2178 -0,2391 0,9883

400 0,2697 -0,5196 0,9741

4 Conclusions

A methodology for thedynamic modulus (Ekd) evalua-
tion has been presented by performing variable energy dy-
namic penetration tests on NE34 Fontainebleau sand spec-
imens reconstituted in a k0 calibration chamber at different
density states and subjected to different vertical effective
levels. Obtaining this parameter allows to extend the anal-
ysis of the soil response subjected to dynamic penetration
generated by the application of variable energy driving.

The results of the application of the Ekd evaluation
methodology based on the processing of dynamic force and
velocity signals at the soil-cone interface obtained by an it-
erative process of decoupling and wave reconstruction were
presented.

It is possible to conclude that the applied methodology
allows the evaluation of Ekd for each hammer impact on the
penetrometer to describe parametrically the soil response
soil subjected to a dynamic load at a known depth.

With respect to the soil density state, it is concluded that
the magnitude of Ekd increases as ID increases; likewise,
the greater the magnitude of the vertical effective load, the
greater the magnitude of Ekd.

Although there is a long history in the use of dynamic
penetrometers, the application of variable energy and the
application of the technique of decoupling and reconstruc-
tion of force and velocity signals under these conditions
has begun to become widespread since the 1990s. This is
why the analysis of the test results tending to the evaluation
of the soil response through new parameters such as Ekd
allows generating an extension in the possibility of using
this type of geotechnical equipment and allows extending
its application; however, many of the elements associated
with the analysis methods are still under development, so it
is concluded that there is a need for a continuous improve-
ment of the technique and an extension of the engineering
practice using variable energy penetrometers.
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