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Abstract. Recent developments in dynamic penetration testing made it possible to measure a force-displacement
response of the soil during each single blow. Mechanical properties other than the classical tip resistance could be
deduced and possibly linked to properties usually measured from model tests. However, the loading process implied in
penetration test is highly non homogeneous and very different from those of laboratory model tests. It is then important
to find out how to link the properties obtained from both kinds of tests. As a preliminary step in this process, a numerical
model was built to reproduce penetration tests conducted in static and dynamic conditions. Two-dimensional Discrete
Element Method, based on molecular dynamics was used. A rod was driven in a confined sample either with a constant
velocity (static conditions) or by applying a blow on it (dynamic conditions). The magnitudes of rod velocity used in
both static and dynamic conditions tests were similar. The model was validated based on the qualitative comparison
between classical experimental results and numerical results. The repeatability of numerical tests was also checked in
terms of tip resistance and volume deformations.
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INTRODUCTION
In geotechnical engineering, penetration tests such
as CPT, DCP, SPT, Panda are commonly used to
determine the mechnical properties of soils.

FIGURE 1. Experimental dynamic penetration test result
(Benz-Navarrete, 2009).

Recent developments in dynamic penetration tests
made it possible to measure, for each blow, the force
displacement response of the soil (Benz Navarrete,
2009). Additional mechanical parameters other than
the tip resistance could be deduced from this response.
However, due to the highly non homogeneous way of
loading in penetration test, the relation between these
parameters and classical mechanical properties of soils
remains difficult to understand. It is important to focus

on the micro-scale mechanisms involved in order to
evaluate their influence on the macro-scale parameters
measured in dynamic tests.
Several authors investigated the mechanisms
involved in penetration tests, and particularly for
constant velocity penetration, called ‘static’
conditions. Discrete Element Method (DEM) was
commonly used to model such tests in 2-dimensions
(Huang and Ma, 1994; Huang and Hsu 2004; Calvetti
and Nova, 2005; Jiang et al., 2006) and also in 3dimensions (Benz-Navarrete, 2009; Arroyo et al.,
2011; McDowell et al.; 2012). Few of them studied the
penetration test in conditions other than ‘static’
conditions, even if a lot of penetration tests involved a
rod driven by a series of blow, i.e. ‘dynamic’
conditions.
The penetration process involves the driving of
several rods and a spike in the soil. This process
results in very large deformation of the penetrated
material. In ‘dynamic’ conditions, the duration of the
blow of the hammer on the rods in very short of few
milliseconds. DEM is particularly indicated to model
such solicitation in granular material. In this study,
molecular dynamics-based DEM was used (Cundall et
al., 1979), with Itasca software PFC2D.
In this paper, a numerical model of penetration test
was built with 2-dimensional DEM. to test samples of
granular material. The purpose is to obtain a profile
response of the sample under dynamic penetration as
obtained classically in experimental conditions (Fig.1)
and also a force displacement response for each blow
(Fig.2). In order to validate the numerical model,

penetration tests in ‘static’ conditions were also
conducted. Once validated, this model should be used
to analyze the mechanisms of penetration in ‘dynamic’
conditions.

FIGURE 2. Force-displacement response during one blow
in dynamic penetration test (Benz-Navarrete, 2009).

gravity and final friction value before applying on its
top surface a vertical confining pressure equal to 4
times the weight of the sample. At the end of the
generation process, the ratio of horizontal to vertical
stress was of, 0.5, which is close to the at rest earth
pressure coefficient. The vertical confining pressure
was assumed to represent an over height of material
located above the sample. The effect of free surface
could be eliminated (see Fig.1), and the number of
particles reduced.
Penetration tests were conducted with a vertical rod
with a spike at its bottom edge. The rod was driven
vertically following two different ways: at constant
velocity (‘static’ conditions) or by applying a blow at
the top of the rod (‘dynamic’ conditions) (Fig.3).
Friction coefficient was equal to 0.3 for the spike and
to 1.0 for the top plate. Three different samples with
different particle arrangements were tested (S1, S2 and
S3).

NUMERICAL MODEL

TESTS IN STATIC CONDITIONS

The numerical model was made of a sample of
5 000 cylindrical particles with a length of, 4 mm,
placed in a box with size of, 0.30 x 0.45 m. Particle
diameters are equally distributed between maximal
and minimal diameter presenting a ratio of, 2. Linear
contact laws were used with normal and tangential
stiffness of kn = 106 N.m-1 and ks = 0.75 x 106 N.m-1.
Coulomb friction criterion was used between particles
with a coefficient of, µ = 1.0. Nor local either viscous
damping was used.

The penetration test was conducted on the three
samples with a constant velocity of, 1.25 m.s-1. The tip
resistance Fc vs. depth obtained for S1 is given on
Fig.4. Tip resistance Fc was steady in the sample and
the no free surface effects could be observed. Below
0.20 m depth, an oscillation of tip force could be
observed due to the effect of the test box bottom.

FIGURE 3. Penetration test models in ‘static’ and
‘dynamic’ conditions.

The model was prepared with two steps. First, the
particles were progressively inflated without any
friction or gravity until a minimal porosity of 0.155
was obtained. The sample was then stabilized under

FIGURE 4. Tip resistance vs. depth for sample S1 in ‘static’
conditions.

The density of probability of Fc between depth 0.05
and 0.20 m for the 3 samples is shown on Fig.5. A
very good repeatability of the penetration test was
obtained in static conditions. The average value of F c

and its scattering were very similar from one sample to
the other.

The force - displacement response obtained with
the numerical model was qualitatively close to the
classical result obtained in experiments. Three phases
could be observed: a loading phase for very small
displacement, a plastic phase where the major part of
deformation were observed, and an unloading phase
where the rod stabilized.
The curves of tip resistance vs. depth obtained in
both static and ‘dynamic’ conditions are compared on
Fig.7 for the sample S1. The magnitudes of tip
resistance obtained with both test conditions were very
close. The response of particles to the two different
solicitations was similar.

FIGURE 5. Probability density of Fc for ‘static’ conditions.

The penetration test in static conditions was well
reproduced by the numerical model. With the vertical
confining stress, it was possible to measure a steady
tip resistance through the height of the sample. The
same result is obtained in experimental test on
homogeneous soils as soon as the testing depth is far
enough from free surface.

TESTS IN DYNAMIC CONDITIONS
Before conducting a test in ‘dynamic’ conditions, a
‘static’ penetration of the samples was performed until
a depth of 0.05 m was reached. Then, five blows were
successively applied on the rod with an impacting ball.
The energy transferred to the soil comes from the
kinetic energy of impacting ball with a mass of, 0.5 kg
an initial velocity of 1.25 m.s-1. The duration of the
shock between impacting ball and rod was of, 2.2 ms;
the peak value of the rod velocity was of 1.20 m.s-1.
The magnitude of the rod velocity was then very close
between ‘static’ and ‘dynamic’ conditions. The three
samples were tested. The force displacement response
obtained for one of the blows is shown on Fig.6.

FIGURE 7. Tip resistance vs. depth for sample S1 in ‘static’
and ‘dynamic’ conditions.

In order to compare more precisely the resistances
obtained from both tests, a dynamic tip resistance F d
was calculated for each blow, given by:
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where e(ti) is the penetration distance and f(ti) resulting
vertical force between rod and particles at the time ti.
In the same time, a ‘static’ tip resistance Fc was
calculated for the range of depth corresponding to each
blow. Figure 8 shows the values of Fd versus Fc for the
total of the 15 blows conducted. The correlation
obtained was fairly good considering the scattering
obtained in the responses of the samples to the
solicitation.
FIGURE 6. Force vs. displacement for one blow.

CONCLUSION

FIGURE 8. Correlation between Fd and Fc (the dotted lines
represents the amplitude of standard deviation around the
average point <Fc>,<Fd>).

In terms of sample deformation, the volume
variation of the sample during tests was computed in
each case and compared between ‘static’ and
‘dynamic’ conditions (Fig.9). The penetration process
resulted in a slight expansion of the samples. The
expansion in dynamic conditions was more important
than in static conditions.

In this paper, a discrete numerical modeling of
penetration tests was proposed. The penetration was
conducted with two different processes: at constant
velocity on one side and with impact load of the rod on
the other side. Both conditions were performed with
similar magnitude of the rod velocity and several
samples were tested. The results showed a very good
repeatability of the tests and a revealed a material
response close to what was expected, according to
experimental results. The correlation between sample
response in static and dynamic conditions was fairly
good, in terms of tip resistance as well as volume
deformation. The numerical model was considered
validated from this point of view.
The direction of this research will be dedicated to
the analysis of the mechanisms involved in the
penetration process in dynamic conditions. The
analysis should also focus on the interpretation of the
force displacement response measured for one blow
and on the mechanical properties extracted from its
three phases. Finally, parametric study on the
numerical model should be conducted to evaluate their
influence on macro-mechanical properties.

FIGURE 9. Volumic strain of the sample during test for ‘static’ and ‘dynamic’ conditions for S1, S2 and S3.
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