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Abstract. Performance prediction of fibre-reinforced concrete structures under impact is of
major importance in a wide range of industrial applications. Therefore, the study of the dynamic
behaviour of the material is necessary to quantify the dynamic mechanical properties of the
material in terms of both mechanical response and fracture behaviour : dynamic fracture energy
and tensile strength. This study aims to design a modified Hopkinson bar bending test with a
series of numerical simulations prior to the actual test in order to select a feasible experiment
configuration. Results of a dynamic bending experiment on a steel fibre-reinforced concrete
specimen loaded up to failure are presented.
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1 INTRODUCTION

Performance prediction of fibre-reinforced concrete structures under impact is of major im-
portance in a wide range of industrial applications. Therefore, the study of material dynamic
behaviour is necessary to quantify its dynamic mechanical properties in terms of both the me-
chanical and fracture behaviours. Tested under high strain rates, cement-based materials tend
to be strain-rate sensitive, which causes the mechanical behaviour to be significantly different
from what is observed under quasistatic conditions [1, 2]. To cite a few, tensile strength and
fracture energy are both loading rate-dependent material properties.

Investigations of the behaviour of materials under high loading rates have resulted in new ex-
perimental techniques. The Hopkinson pressure bar was first introduced by Bertram Hopkinson
as a way to measure the elastic wave propagation in a metal bar [3]. This technique was then
refined by Kolsky [4] to measure stress and strain, by using two Hopkinson bars in series, and is
now known as the split Hopkinson pressure bar (SHPB). The first tests investigated the dynamic
compressive behaviour of materials.

Since then, many experiments have been performed for the characterization of the tensile
strength over a wide range of strain rates, whereas only a few data are available for the fracture
energy. The aim of this work is to provide a method for analyzing the Hopkinson bar bending
test prior to the experimental procedure via numerical simulations. Such method allows us to
examine the effects of many parameters (geometry and loading conditions) that experimentally,
would be costly and time-consuming. First, different configurations for the dynamic bending
test, including aspects such as loading methods, sample configurations and impactor speed are
investigated. Second, based on the numerical simulations, the final configuration of the dynamic
bending test is chosen. Using the Hopkison bars apparatus, the experiment is then conducted on
a fibre-reinforced concrete specimen. Two high-speed cameras are used in order to capture the
entire event from the onset of loading, through crack initiation and propagation. Full displace-
ment fields are obtained with digital image correlation done on a number of relevant images.
First results are presented and analyzed.

2 DESCRIPTION OF THE EXPERIMENTAL METHOD
2.1 Definition of the test configuration

The bending test has been employed in Hopkinson bar dynamic fracture testing in several
configurations (Fig. 1). Loading methods are varied: with only one bar for a one-point bending
test (one-bar/1PB) [5], or for a three-point bending test using one bar (one-bar/3PB) [6], two
bars (two-bar/3PB) [7] or three bars (three-bar/3PB) [8, 9]. The three-bar/3PB loading configu-
ration includes the impactor, the incident bar and two transmission bars which are the supports
of the beam tested. The specimen is placed between the incident and transmission bars and the
striker is propelled towards the incident bar. A stress wave travels then through the incident
bar. Upon reaching the sample, due to the mismatch of mechanical impedances between the
bar material and that of the specimen, part of the incident stress wave is reflected back into
the incident bar, and the rest is transmitted through the sample to the transmission bars. The
incident, reflected, and transmitted stress waves are then analyzed to deduce the sample’s me-
chanical response by using one-dimensional wave propagation theory; considering that the bars
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are sufficiently long.
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Figure 1: Different configurations of dynamic bending tests: (a) one-bar/1PB (b) one-bar/3PB (c) two-bar/3PB (d)
three-bar/3PB [10].

2.2 Data reduction

Wave speed: The accurate measure of the wave speed in the bars is the first step in a valid
data reduction for the Hopkinson bar experiment. This is done with a bar-to-bar test. By
recording the time-of-arrival of both the incident and reflected waves at the incident bar strain
gauge (11 and ¢, respectively), and knowing the length between the strain gauge and the end of
the bar(L;,), the bar wave speed can be accurately calculated with equation 1:

2L,

P— (1

Cp —
The same is done between the signals measured from the incident gauge and the transmitted one,
knowing the distance separating them. For the aluminium bars used in the lab’s experimental
apparatus, the mean value of the wave celerity is then computed: we find it to be equal to 5200
m/s.

Dispersion correction and time shifting: The waves during the test are measured using
four strain gauges configured in a full Wheatstone bridge circuit. The strain gauges are used
in pairs: the first pair is connected along the axis of the bar; one strain gauge is mounted
axially and the other radially; the second pair of strain gauges is connected in the same manner
but diametrically opposed. The electrical signals measured with the strain gauge bridges are
converted to strain according to equation 2:
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where, V,,; is the electric potential measured, V;,, is the electric potential applied across the
strain gauge, f, the amplification factor, 1/, the Poisson’s ratio of the aluminium and GF' the
gauge factor.

The time shifting of the waves consists of setting an origin matching the arrival of the incoming
wave at the bar-specimen interface. Theoretically, it is estimated knowing the wave celerity
and the distances between the gauges and the ends of the bars. Transport in space also requires
taking into account the effect of dispersion, since waves with different lengths propagate in a
medium at different speeds. This effect is observable in the Hopkinson bars, due to the three-
dimensionality of the bar. Taking into account the dispersion correction, the measured waves
are transported to the input bar-specimen interface using the software DAVID [11].

Sample boundary velocity: A measure of interest not typically reported, but can be readily
calculated, is the bar end velocity. The velocity of the incident bar end v; can be calculated
using Equation 3:

Vi = Cp X (8@ — 67«) (3)

where, ¢; and ¢, are respectively the incident and reflected strain measures taken from the
incident bar strain gauge and time shifted as exposed in the preceding paragraph.

Input force: The input force at the interface between the input bar end and the specimen F;
can be calculated using Equation 4:

E:EbXSbX(Ei—ET) (4)

where, Fj, and S, are the Young’s modulus and the section of the aluminium bar, respectively.

3 MODELING OF THE HOPKINSON BAR EXPERIMENT
3.1 Numerical approach

A three dimensionnel finite element model of the Split-Hopkinson Pressure Bar (SHPB) test
of a pre-notched prismatic beam is developed. The dimensions (diameter and length) of the
striker and the incident bar are fixed (Fig. 2). Different dimensions of the beam are studied:
40x40x160, 60x60x240 and 100x 100x400 (in millimeters). The numerical analysis is con-
ducted using the explicit dynamic finite element code LS-DYNA [12].

Element type and mesh: Under-integrated eight-node solid hexahedron elements are se-
lected for modeling the specimen and the bars. The specimen is described using fine mesh with
finite elements having an aspect ratio of one in order to capture well the non-linear phenomena.
The part of the experimental setting staying elastic are described using a coarser mesh with an
aspect ratio larger than one. The summary of FE distribution in different portions of the FE
model is given in table 1 and the finite element mesh in the specimen and the input bar end are
shown in figure 3.

Material model: The selection of the appropriate material model is a critical step in the
analysis since it determines the response of the structure to the type of loading it is subjected to.
Experimental evidence [1, 2, 13, 14, 15] indicates that the material, which will be studied in the
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Figure 2: Model of the dynamic three-point bending test.

Figure 3: Mesh of the specimen and the input bar end.

Entity Nodes Elements

Striker 4329 3680
Input Bar 22126 20700
Specimen 115816 107100

Table 1: Mesh details of the components in the FE model.

future, is quasi-brittle and exhibits sensitivity to strain-rate. Therefore, an elasto-plastic damage
model with rate effects, namely the continuous surface cap model (MAT-159) is chosen [16].
It takes into account strain softening, modulus reduction due to damage as well as rate effects.
The striker and bar materials show a yield strength higher than the stress state expected during
the test. Consequently, they are modeled as linear elastic materials.

Contact definition: The contact algorithm uses the penalty method, which allows pene-
tration to occur but penalizes it by applying surface contact force models. Automatic surface
to surface contact type category is used for the simulations, being adequate for the modified
Hopkinson bar experiment which does not involve penetration of bodies.

Application of constraints: The axial direction of the striker and incident bar being along
the X-direction of global cartesian coordinate system, the specimen displacement is constrained
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in this direction to achieve a three-point bending configuration. As for the one-point bending
configuration, no constraints are applied, and the specimen is in a free-free condition.

3.2 Results and discussion

The response of the beam under different loadings (i.e., different initial striker velocities) are
studied and three specimen sizes are considered. The global energies of the FEM are checked
for negligeable hourglass energies. The numerical simulations of the three-point bending test
show that damage initiates before an equilibrium state occurs (Fig. 4). Smaller spans have
also been tested, but the equilibrium was nevertheless still not reached. The supports in the
three-point bending test configuration do not come into play initially which puts the beam in
a free-free condition. Thus, cracking occurs before supports are engaged. The specimen’s
deformation is caused by striker loading and material inertia only. Since the mechanical state

Cracking
nput force

Output force

Mormalized values

0,1 0,2 03 04 0,5

Time, ms

Figure 4: Input, output forces and cracking initiation with respect to time.

of the specimen is identical to the one of an unsupported beam, it is suitable to use a one-
point bending test configuration. The force-displacement evolutions at the load point of the
beam are plotted in figure 5 for various dimensions of the specimen. One can observe that the
experimental device needed (bearing for specimen) and the response are influenced by the size
of the specimen. As a matter of fact, the specimen is practically held with no supports which
makes it hard to be kept in place with increasing weights. Thus, the specimen has to be kept
relatively small. Depending on the striker velocities, the specimen breaks more or less early.
As shown in figure 6, with higher velocities, the input force is higher for a given displacement
as well as the maximum displacement. Also, damage and therefore cracking of the specimen
is reached earlier for higher initial velocities (Fig. 7). Finally, the configuration chosen for the
test is the one-point bending with one input bar and no output bars. As for the initial velocity
of the striker, the range reachable in the LMT facilities is sufficient to lead to the failure of the
specimen, whatever its size may be.
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Figure 5: Force-displacement curves for different specimen sizes.
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Figure 6: Effect on the striker velocity on the force-displacement curves.
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Figure 7: Damage in the specimen at t=1.4 ms for striker velocities of (a) 5 m/s (b) 8 m/s and (c) 10 m/s.
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3.3 The experiment

3.3.1 Description of the apparatus and the measurement techniques

The apparatus consists mainly of a gas gun, a striker, an incident bar, and a computer-
controlled data acquisition system. The incident bar is 4.5 m long, while the projectile used
is 0.8 m long. Both the bar and the projectile are made of aluminum alloy and have a com-
mon diameter of 60 mm. The striker, input bar and specimen are positionned as mentionned
in the previous section. The material tested in this work is a steel fibre-reinforced concrete
with nominal specimen dimensions of 4x4x 16 cm and a 2-cm deep pre-notch. Figure 8 shows
the final experimental configuration adopted for the dynamic one-point bending test and the

measurement techniques used.
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Figure 8: One-point bending test configuration.

Two strain gauge brigdes mounted at two locations on the incident bar provide strain mea-
surements. The first one is used to trigger the camera’s system and start recording, whereas the
second one is used to determine the time histories of the stress and strain at the bar-specimen
interface. Two high-speed cameras are used: the Photron Fastcam SA-5 and the Shimadzu
HPV-X. The Photron Fastcam SA-5 camera is capable of recording images with a maximum
resolution depending on the frame rate. It is used to capture the entire event from the onset
of loading, up to crack initiation and propagation. To do it, the camera is run at a nominal
frame rate of 50,000 frames per second resulting in a recording throughout the total time of the
test with a resolution of 256 x472 pixels. For the Shimadzu HPV-X, the maximum frequency
can reach up to 10 million frames per second for a 50,000 pixels resolution with a memory
capacity capable of recording up to 256 images in total. Thus, this camera has recorded images
of the area near the crack tip in order to obtain precise information about the crack initiation
and propagation throughout the duration of the loading. The camera is run at 200,000 frames
per second resulting in a total recording of 1280 us with a resolution of 250x400 pixels. The
images are used to perform digital image correlation with the Correli Q4 code developed in
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the LMT Cachan [17]. The artificial random pattern, obtained by spraying black spots on the
surface of the beam, and the positionning of high-speed cameras are taken into account in order
to measure a reliable displacement field.

3.3.2 Experimental results

Photos taken from the Fastcam SAS follow the evolution of the crack at different times as
shown in figure 9. Time reference corresponds to the triggering of the camera (i.e., arrival time
of the wave at the location of the first gauge placed on the input bar).

(a)t = 20pus

(b) t = 780pus

()t =940us

(d)z = 1180ps

Figure 9: High speed photographs of specimen subjected to impact loading.

The incident and reflected strain waves obtained experimentally are presented in figure 10
after being corrected for dispersion and time shifting. The velocity at the interface between the
input bar and the specimen is calculated from the measured waves and is shown in figure 11.
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Figure 10: Incident (g;) and reflected (¢,) strain
waves after being shifted to the specimen’s face.
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The input force calculated at the interface between the input bar and the specimen is shown
in figure 12.

Input force, kM

i]
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Figure 12: Evolution of input force (F};) in time.

The digital image correlation gives access to the strains and displacement fields as shown in
figure 13. The initiation of the crack is easily detected even when it is not discernible to the
naked eye (Fig.9b and Fig.13b). It can be quantified via the discontinuity of the Y-displacement
(Fig.13b, ¢, d) by calculating the displacement jump and it is found to be equal to 0.32 mm,

1.91 mm and 3.36 mm at the 3 respective times.
500
0
0
-5
-2
-10
-4
-6
200 300

[%]
n
(=]

[
=
[=]

iy
o
=
]
" 250

[l ]
|7 =1
(=T =

—
(=]
=]

0.4
-0.6
-0.8

200 300 200 300

200 300
Y (pixels) Y (pixels) Y (pixels) Y (pixels)
(a) t = 20pus (b)t =780pus (c) t =940us (d)t = 1180us

Figure 13: Displacement fields in the Y-direction measured with digital image correlation at different moments of
the test.

4 CONCLUSIONS

This paper details the design of a dynamic bending test, through prior numerical analysis.
The numerical simulations show that in the three-point bending test configuration, cracking oc-
curs before the supports are engaged. Since the mechanical state of the specimen is identical to
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the one of an unsupported beam, the latter can be used for the analysis of quasi-brittle materials
for which failure occurs at the onset of the test. After having chosen the suitable parameters
for the test configuration, the experiment is performed. First results of a test in which a steel
fibre-reinforced concrete specimen loaded up to failure are presented and show the cracking
initiation and propagation. A future iteration of this experimental procedure might attempt to
have a more localized force application. Additional work should also be put into an accurate
computation of a fracture energy for the dynamic case where no equilibrium state is obtained.
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