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Abstract. Our aim is to characterize the interface behaviour between an aggregate material and steel. This work focuses on
contact pressures and sliding velocities reaching 100 MPa and 10 m/s. The set-up consists in a cylindrical sample of the aggregate
material which slips into a steel tube. The tube is both a confinement vessel and a sliding surface. Thanks to confinement, the
material can be tested under high stresses without failure. The interface pressure is generated by an axial compression. The sample
is pressed on a spring, so it can be simultaneously compressed and rubbed on the tube. The set-up has been tested in the case of
a quasi-static loading and the 100 MPa pressure has been reached. Then the set-up was mounted on a Split Hopkinson Pressure
Bar device in order to reach higher velocities. Numerical simulations have been realized to check the feasibility and the relevance
of this dynamic test. These results are analysed and compared to the experimental ones.

1 Introduction
The ignition of a plastic bonded explosive submitted to
an impact depends strongly on the contact conditions
at the boundaries. As a result, a perfect knowledge of
the interface behaviour is necessary to predict exactly
the evolution of such a set [1–4]. The aim, to take up
this challenge, is to design a device to study the friction
between steel and an explosive under the conditions of an
impact: contacts pressures and sliding velocities reaching
respectively 100 MPa and 10 m/s.
A specific apparatus is required to simultaneously obtain high pressures and high velocities. Several techniques
have been developed to measure friction coeﬃcients under
these conditions: explosively driven friction test [5], plate
impact [6], torsional Kolsky bar set-up [6–9], dynamometer ring with a rectangular specimen launched by a gas gun
or a hydraulic machine [10] and pin-on-disk apparatus [3].
For safety reasons, the presented experiments have
been carried out with an inert material, denoted I1, whose
mechanical properties are close to explosives ones. It
is a fine powder mixed with a binder which has been
compacted. Its mechanical behaviour has been previously
studied [11]. Its elastic properties are a 0.4 Poisson’s
ratio and a 3 GPa Young’s modulus. It is a quasi-brittle
material with a Drucker-Prager’s threshold. Let σ, P and
Q respectively denoting the stress tensor, the hydrostatic
pressure and the octahedral scission:
P=

1
tr(σ)
3

 
 

1
Q=
σ − PI : σ − PI
3

(1)

(2)

where I is the identity tensor
The behaviour remains elastic if the following criterion
is respected:
Q + BP < A
(3)

The cohesive stress A depends on the strain rate. It varies
from 12 MPa at low strain rates to 40 MPa at the strain
rates reached during Split Hopkinson Pressure Bar (SHPB)
tests, typically 100 s−1 . The internal friction coeﬃcient B is
equal to 0.3. In the case of a uniaxial compressive loading,
the criterion corresponds to a maximum axial stress of
30 MPa at low strain rates and 100 MPa at the strain rates
reached during SHPB tests. As the material has a brittle
behaviour, contact pressures higher than the compressive
strength can lead to an unexpected fracture and thus to
erroneous measurements.
Quasi-oedometric tests consist in confining a cylindrical sample in a rigid ring [11–13] and applying high
stresses on brittle materials without reaching their shear
resistance criterions. Indeed, under increasing magnitudes
of hydrostatic pressures, materials with a Drucker-Prager’s
threshold can reach higher octahedral scissions.
The proposed set-up is thus based on a quasi-oedometric
configuration. A SHPB device is used to obtain the high
velocities.

2 Set-up
A previous study of the influence of the sliding velocity on
the friction has been performed [14]. The axial compression of the sample was applied by a clamping screw but
the interface pressure remained too low (the screw breaks).
A new system has been designed in order to reach higher
interface pressure (figure 1): the specimen is now pressed
on a spring, so it can be simultaneously compressed and
rubbed on the tube. The spring is a washers assembly. Its
flexibility allows a suﬃcient displacement to ensure the
same friction conditions on the entire interface. It must be
highlighted that unlike classical tribometers, such a system
allows to obtain the normal pressure and the friction with
the same actuator.
The two longitudinal strain gauges glued on the aluminium rod are diametrically opposed to eliminate the
flexural strains caused by dissymmetry. The aggregate
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Fig. 2. Experimental evolutions of Fm and Fro respectively the
force applied by the machine and the normal force in the rod.
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Fig. 1. Sketch of the confined friction set-up.
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material specimen has a diameter of 20 mm and is 40 mm
long. The steel confinement vessel is made of steel (the
Young’s modulus is 210 GPa and the Poisson’s ratio is
0.33). Its outer diameter is 35 mm.

0

0.05

0.1

0.15

0.2

0.25

f

Fig. 3. Numerical relation between the logarithm of the forces
ratio ln(Fro /Fm ) and the friction coeﬃcient f .
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3 Experimental results and numerical
analysis
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The confined friction set-up is mounted on a testing machine and on a SHPB system. Friction tests are conducted
at diﬀerent sliding velocities.
Both tests are modelled with the finite element method
to identify friction parameters. The simulations were performed using ABAQUS CAE with an axisymmetry
assumption.
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Fig. 4. Comparison between the experimental and the numerical
strain on the tube.

3.1 Quasi-static test
Thanks to the spring flexibility, the sliding velocities reached
at the friction interface are of the order of the velocity
imposed by the machine to the assembly, i.e. 1 mm/min.
The testing machine sensor indicates the force applied
by the machine Fm . Moreover, the strains measurements on
the aluminium rod provide the value of the normal force in
this component, denoted Fro . Experimental measurements
are displayed on figure 2.
Figure 2 shows Fro as a linear function of Fm . The
value of ratio is linked to the interface behaviour.
Numerical simulations are performed using an implicit
code. A Coulomb’s friction law is imposed at the interface
between the specimen and the tube: the ratio between the
tangential stress and the normal pressure is assumed equal
to a constant coeﬃcient f during a friction process. The
simulations also show a linear dependence of the force
applied by the machine on the normal force in the rod. The

numerical relation between the forces ratio and the friction
coeﬃcient f is determined and presented on figure 3.
This numerical relation enables to determine the friction coeﬃcient from the experimental value of the force
ratio. f = 0.18 is obtained with Fro /Fm = 0.383 as on
figure 2.
Numerical simulations are run with this value of the
friction coeﬃcient to check the model validity. The external circumferential strains of the tube εtu are calculated and
these numerical results are compared to the corresponding
measurements.
Figure 4 shows that the experimental and the numerical
values of the strain εtu are in good agreement.
Finite element calculations have been performed using
an elacticity assumption. As the aggregate material has a
low strength, failure can occur and can lead to an erreneous
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Fig. 7. Schematic of the friction set-up mounted between the bars.
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Fig. 5. Sketch of the sample with the values of Q+BP at the
maximal load. The maximal value is approximatively 11 MPa.
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Fig. 8. Numerical evolution of the strain at the middle of the input
bar. The first part corresponds to the incident wave and the second
ones to the reflected waves, depending of f magnitude.
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Fig. 6. Contact pressure along the interface at the maximum
load. The position z = 0 corresponds to the top of the specimen
(figure 1).

calculation. Q+BP must therefore be calculated in the
sample to verify the assumption.
According to finite element simulations, the criterion
(3) is respected everywhere in the specimen. It confirms
the elasticity assumption consistency.
The contact pressure is numerically determined at the
interface. A strongly heterogeneous distribution is obtained. Figure 6 shows that pressure has reached the desired order of magnitude. The high value of the Poisson’s
ratio is an advantage.

3.2 Dynamic test
The static test analysis showed that high pressure can
be generated with this configuration. Our aim is now to
combine high pressure and high velocity. The friction setup is then mounted on a SHPB device. Bars are made
of aluminium (Young’s modulus equal to 74 GPa and
Poisson’s ratio equal to 0.33) and have a diameter of
40 mm. The striker, the input bar and the output bar have

respectively a length of 1.25 m, 3 m and 1.8 m. The way
the new apparatus is assembled is detailed on figure 7.
The impact of the striker results in an incident compressive wave εi in the input bar. Wave reverberations
occur in the set-up and it results in a transmitted wave εt in
the output bar and in a reflected wave εr in the input bar.
The incident and the reflected longitudinal strain waves
have to be measured at a place where they are separated
in the time. The gauge is therefore glued at the middle of
the input bar. The circumferential strain on the tube εtu is
also recorded (figure 1).
The incident strain wave depends only on the impact
velocity and on the characterics of the striker and of the
input bar. It does not depend on phenomena occurring in
the friction set-up. The other strains depend on the set-up
behaviour: they can be seen as the mechanical response of
the friction set-up to the imposed incident strain.
Finite element simulations of the experiment have been
performed using ABAQUS. Several friction coeﬃcients f
have been used to study the influence of the friction on the
mechanical response.
Figures 8–10 represent the numerical strains which
should be experimentally measured. Several friction conditions have been used with the same incident wave. The
value of the friction coeﬃcient has a noticeable influence
on the mechanical response of the set-up.
The dynamic friction coeﬃcient is identified by fitting
as well as possible the numerical and the experimental
results. The following figures give some comparisons between the experimental strains and the numerical ones
obtained with f = 0.4 which seems to be the best fit.
Additional simulations of the experiment with no contact
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Fig. 9. Numerical evolution of the strain of the output bar at
the position of the gauge (500 mm from the set-up). The waves
correspond to the transmitted waves, depending on f magnitude.
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Fig. 12. Numerical and experimental evolutions of the strain of
the output bar (at the position of the gauge).
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Fig. 10. Numerical evolution of the circumferential strain on the
tube (at the position of the gauge), depending on f magnitude.
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Fig. 13. Numerical and experimental evolutions of the circumferential strain on the tube (at the position of the gauge).
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Fig. 11. Numerical and experimental evolutions of the strain at
the middle of the input bar.

between the spring and the cap (figure 1) were also performed to understand the influence of the spring.
Comparisons between the numerical results obtained
with and without the spring-cap contact on figures 11–13
show that spring stretching has not an immediate influence
on the mechanical response. At the beginning of the test,
the compression of the sample is actually due to the inertia
of the rod and the spring.
The numerical results obtained with f = 0.4 are in
good agreement with the experimental results but only
at the beginning of the signals. The analysis of the tube
strain and the reflected strain displays that the experimental

minimal

Fig. 14. Numerical evolution of the pressure (extreme values
along the interface).

and the numerical results begin to diﬀer slightly before
the appearance of the spring-cap contact influence. It is
very noticeable in the case of the reflected wave. The
discrepancy between experiment and simulation could
therefore be explained by a non adapted modelling of the
spring stretching.
However, the beginnings of the experimental signals
prove that the dynamic friction coeﬃcient is higher than
the static one. Indeed, the numerical simulation with f =
0.2 close to the static coeﬃcient f = 0.18 gives diﬀerent
results from those obtained with f = 0.4 which are the
closest to dynamic experiment.
The interface pressure is between 20 and 120 MPa
(figure 14). According to the simulations, sliding velocities
are heterogeneous at the very beginning to the test. They

01017-p.4

DYMAT 2012
80

forces (kN)

60

2.
40

3.

20

0
0

500

time (µs)

1000

1500

4.

force on the input face
force on the output face + friction force

Fig. 15. Numerical evolution of the forces applied on the specimen. “Input face” denotes the specimen face on the input bar
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bar side.

5.

reach an approximate value of 2–3 m/s before the appearance of the spring-cap contact influence.
A satisfactory equilibrium of the specimen is shown on
figure 15.

6.

4 Conclusion

7.

In quasi-static loading conditions, the tribometer enables
a reliable identification of the interface behaviour between
the aggregate material and steel. High interface pressures
can be easily generated during the friction process thanks
to the original configuration.
An increase of the friction with the sliding velocity
is established. It is coherent with [14]. The experiments
performed during our first study and those presented in this
paper show how it is diﬃcult to apply simultaneously high
pressures and high velocities. Indeed, in [14], velocities
were of the order of 10 m/s but mean pressures did not
exceed 20 MPa. On the contrary, in this paper, pressures
reach 100 MPa but velocities drop to 2–3 m/s.
Simulations and experiments analyses show that the
tribometer presented here could be improved in dynamics.
Firstly, the use of a spring to simultaneously compress and
rub the sample on the tube is not so relevant. Indeed, as
wave propagation is not immediate, the influence of the
spring stretching is strongly delayed. Moreover, phenomena linked to wave propagation make the behaviour of the
spring complex during the stretching phase.
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Mécanique, (2011), in french.

