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Effect of the characteristics of granular media on dynamic penetration test Numerical study using 2D - DEM.
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Abstract. The paper presents a numerical study on the inﬂuence of the properties of granular media on light
dynamic penetration test results. A numerical model based on the Discrete Element Method (DEM) in 2
dimensions has been carried out. The model is able to reproduce the penetration tests in dynamic conditions.
The model provide for each impact, the load–penetration curve that presents the evolution of reaction forces of
granular media acting on the tip of the penetration test. The load – penetration curves are investigated in terms
of tip resistance and analyzed by using the Discrete Fourier Transform in order to study the oscillations of the
curves. The inﬂuence of the properties of granular media on the load-penetration curve has been investigated.
We concentrated on the inﬂuence of particle friction and sample compacity. Besides the known results obtained
in the literature by the dynamic tip resistance analysis for macroscopic response, we found that for a particle
friction greater than 0.5, tip resistance and oscillations of signal are stable. Concerning the sample compacity,
although variation of volume fraction is tight (φ = 0.817 – 0.844), a clear variation in terms of tip resistance
and amplitude spectrum is highlighted.

1 Introduction
In the practice of geotechnical engineering, light dynamic
penetration testing device such as Panda penetrometer can
be used to mechanically characterize soils [1, 2]. Based on
recent technological developments made on this device, it
is possible to record for each impact the curve of tip stress
or tip force versus the tip penetration distance [3]. This
curve, referred to as load - penetration curve, provides information on dynamic tip resistance but also on additional
mechanical parameters involved during the driving of the
tip [3, 4].
In order to validate the methods of analysis and to better analyze the load - penetration curve obtained, many
works focused on penetration tests in dynamic conditions
with impacts by using DEM in 2D and in 3D [3–7].
In this paper, we will present at ﬁrst the numerical
model and parameters used to reproduce the dynamic penetration test in granular media presenting diﬀerent properties, using DEM, as well as the method used to analyze the
load - penetration curve [6, 7]. The following section explains how the load - penetration curve obtained from dynamic cone penetration tests was analyzed. At the scale of
the contact or of the particle, the shapes of the load - penetration curves are analyzed in terms of both frequency and
amplitude of signal oscillation by using Discrete Fourier
Transform (DFT). Finally, the inﬂuence of material pa e-mail: qatran@sol-solution.com
 e-mail: bastien.chevalier@uca.fr

rameters is discussed: particle friction coeﬃcient, volume
fraction.

2 Numerical Model
The numerical model in two dimensions is used with
Itasca software PFC2D [8] to reproduce the dynamic penetration test. The description of the model and the eﬀect
of the impact velocity are addressed in the papers of Tran
[6, 7].
In a rectangular with size of 0.60 x 0.45 cm, we generated 10 000 cylindrical particles of 0.4 cm, where the
ratio between maximal and minimal particle diameters
Dmax /Dmin is equal to 2; Dmax = 0.7 cm. The impacting
velocity is equal to 1.25 m.s−1 in order to obtain an average penetration distance that is representative of experimental tests (Fig. 1). The Table 1 summarizes the main
parameters of the model.
The eﬀect of friction coeﬃcient was studied, with a
volume fraction corresponding to random close packing:
friction equal to 0.00 was used during sample generation.
The friction coeﬃcient - μ varies from 0.05 to 1.00.
The eﬀect of volume fraction was also studied for different friction coeﬃcient were used in the radius expansion phase, in order to reach diﬀerent values of volume
fraction. In the phase of penetration test, particle friction
was equal to 1.0. The volume fraction of particle assembly
before penetration test - φ varies from 0.817 to 0.844.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Table 1. Parameters of the model

Parameter
Width box
Height box
Particle density
Normal contact stiﬀness
Tangential contact stiﬀness
Rod friction coeﬃcient
Tip friction coeﬃcient

Symbol
L
H
ρ
kn
ks
μrod
μtip

3 Investigation of load - penetration curve

Value
0.60
0.45
2700
1.250e8
9.375e7
0.0
0.3

Unit
m
m
kg.m−3
N.m−1
N.m−1
−
−

3.1 Macroscopic exploitation - Tip resistance

Tip force Fd is deﬁned as the vertical component of the
force applied by the granular material on the tip as it drives
in the granular with a penetration distance s. Figure 2
shows examples of load - penetration curves Fd = f (s)
obtained for 3 impacts with the numerical model. The response obtained with the model is similar to the one classically obtained experimentally [4].
The dynamic tip resistance Rd of the granular material
for one impact was calculated as the average tip force Fd
for penetration distance between 0 and smax :
 tsmax
1
(1)
.
Fd (t) ds(t)
Rd = smax
t=0

Then, < Rd > is the average value of dynamic tip resistances obtained for the ﬁve impacts and for the three
samples.
3.2 Frequency analysis by using Discrete Fourier
Transform

As the properties of the granular material change, the
shape and size of these variations change too. Consequently, it seems that the load - penetration curve can provide not only the tip resistance of granular media but also
information on the granular material properties.
Fourier transformation provides a powerful way for
study discrete data acquisition in the frequency domain.
We deﬁne the band - pass of frequency from ftrans to
flimited , for obtaining the full oscillation information of
load - penetration curve (Fig.3). The frequency ftrans is the
ﬁrst local minimum value of the amplitude spectrum that
corresponds to a transition zone where amplitude spectrum
decreases rapidly, fk < 100 m−1 . The frequency flimited provides the most signiﬁcant information to rebuild the signal
with inverse DFT and to ﬁlter the signal noise. flimited is
the frequency having an relative error (RE) smaller than
10 % (Eq.2).
The relative error RE between the reconstructed signal
of the k ﬁrst components - Fdk (s) and the original signal Fd (s), with N - points DFT, descripted by the following
equation has been computed:

Figure 1. Dynamic penetration test presented by Tran [6, 7]
with tip details.

25

Tip force Fd [kN]

20
15
10
5
N1
N2

0

N3

N

|Fdi − Fdi |0:k × (si − si−1 )

-5
0

2.5

5

7.5

10

RE= i=1

Penetration distance s [mm]
Figure 2. Load penetration curves examples obtained for diﬀerent impacts by numerical model [6, 7].

N


(2)
Fdi

× (s − s
i

i−1

)

i=1

In order to quantify the oscillations of signal for each material and in order to compare them to each other, we deﬁned the coeﬃcient A f as the average value of the product
of the frequency fk and the associated amplitude Ak detected in the band - pass range [ ftrans , flimited ]:
n


A f = i=1

2

Aik × fk
n

(3)
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Figure 3. Example of the amplitude spectrum of one impact with
diﬀerence N - points DFT. The amplitude spectrum becomes stable when N - points DFT increases.
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Figure 5. < Rd > and < A f > as function of particle friction μ.
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5 Effect of particle assembly density

0

Figure 6 shows the load - penetration curves of ﬁve successive impacts for diﬀerent values of volume fraction.
Higher volume fraction corresponds to higher penetration
resistance of the material. As the impact energy is constant, the maximal penetration distance decreases as volume fraction increases. Also, the curve oscillate with
greater amplitude for higher volume fraction φ. Figure 7
shows that the tip resistance < Rd > increases with volume fraction φ, even though the range of φ is quite narrow from 0.817 to 0.844. Tip resistance < Rd > is very
sensitive to volume fraction as already observed by other
authors [1, 2]. Thus, the tip resistance < Rd > is pertinent
parameter for the evaluation of the density. By the DFT
analysis, we found that it seems that when φ increases,
the average value of < A f > increases. It means that the
volume fraction have an eﬀect on the oscillation of load penetration curve (Fig. 7).
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Figure 4. Load - penetration curve examples obtained in a dynamic penetration test for diﬀerent particle friction coeﬃcients μ
= 0.05 - 1.00.

with n the number of frequencies detected in band-pass
range [ ftrans , flimited ].

4 Effect of particle friction
Figure 4 shows, for each value of particle ﬁction coeﬃcient - μ, the load - penetration curve obtained for one
impact. We observe that the magnitude of tip force Fd
is similar for μ equal to 0.50 and to 1.00. In addition, the
amplitude of oscillations of the curve increases as μ increases. Figure 5 presents average value of < Rd > and
of < A f > when μ varies from 0.05 to 1.00. For greater
values of μ (≥ 0.5), average tip resistance < Rd > presents
a plateau; average value of < A f > seems similar when μ
≥ 0.5. Thus, this tends to show that for materials having a
friction angle greater than 45 degrees regardless the shape
of the particles, the inﬂuence of the variation of friction
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In this paper, we presented the inﬂuence of characteristics
of granular media (μ, φ) on a numerical dynamic penetration test of Panda 3. For each characteristic material, the
penetration tests are analyzed in terms of the average tip
resistance < Rd > in a classical analysis on the one hand,
and on the other from the DFT analysis that allows us to
go further on investigation of the load - penetration curves
in terms of signal oscillation analysis.
The inﬂuence of the variation of friction becomes negligible on the tip resistance and shape of load – penetration
curve when friction angle is greater than 45 degrees. Concerning the volume fraction, a clear variation in terms of
tip resistance and amplitude spectrum was observed when
φ varies from 0.817 to 0.844.
The analysis of the signal presented in this paper could
be useful to extract more information from the penetrometer test results, about the physical properties of the material.
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Figure 6. Load - penetration curve examples obtained in a dynamic penetration test for diﬀerent granular volume fractions φ
= 0.817 - 0.844.
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Figure 7. < Rd > and < A f > as function of volume fraction φ.
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