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Abstract. In this work the dynamic fracturing of an ultra-high strength ce-
mentitious material is probed with in-situ ultra-high speed X-ray phase-contrast
diagnostics to investigate the phenomenology of dynamic fracture. Gas gun
experiments were conducted on two characteristic samples with two different
impact speeds, namely 80 and 190 m/s using the edge-on impact test configu-
ration. The samples were placed within the intense X-ray beam providing an
observation field of 12.8 mm in width and 8 mm in height. Thanks to equispaced
16 bunches of short X-ray pulses, the samples were imaged through an indirect
detector arrangement using the Shimadzu HPV-X2 camera lens-coupled to a
fast scintillator capturing through-thickness measurements with an interframe
time of 1.06 us. The comparison of fragmentation patterns between two sam-
ples revealed an important insight into velocity dependant spall formation as
well as the effects of crack closure and bridging.

1 Introduction

Under dynamic loading conditions, brittle solids fail by exhibiting a multiple fracturing
phenomenon with a transition from a probabilistic failure, such as in the case of a single
quasi-static crack, towards the deterministic failure where many cracks initiate and propagate
at the same time [1} 2. On a microscale, the cracks initiate from inherent flaws and grow
to eventually coalesce and form macrocracks. During this process, dynamic cracks can
propagate as fast as the material shear wave speed [3], leading to crack interactions such
as obscuration, coalescence, bridging and bifurcation [4]]. Several numerical strategies
have been developed in an attempt to simulate the complex phenomena of dynamic crack
formation and bifurcation, either through continuum or discrete framework (e.g [SH7]).
However, the coalescence of dynamic fractures remains a challenging task from a numerical
standpoint. Furthermore, the way in which microstructural material heterogeneities influence
the path of dynamic cracks still remains an open question [8]. In order to further advance the
developments of predictive numerical strategies, experimental works with rich diagnostics
are paramount. Traditionally, dynamic fragmentation experiments have been diagnosed
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with time-resolved surface measurements (full-field or pointwise), followed by post-mortem
analysis techniques, usually through microstructural inspection of recuperated fragments
(e.g. [9]). Although insightful, these approaches leave a gap regarding complex interplay of
sub-surface processes, such as inception and growth of cracks and pores that are strongly
influenced by the bulk material microstructure.

With the development of high-energy synchrotron photon sources, combining high
brilliance, short bunch pulse duration and high-energy, X-rays can be used to probe matter
during transient dynamics by capturing through volume information with high temporal and
spatial resolution [[10]. In this work, multiple dynamic fracturing phenomena under impact
have been probed by ultra-high speed (UHS) X-ray phase contrast imaging (XPCI) using
synchrotron radiation at the ID19 beamline of the European Synchrotron Radiation Facility
[L1]. Gas gun experiments have been conducted in the edge-on impact test configuration
on ultra-high strength concrete in order to induce strong fracturing at the sample rear face
in form of spall and tensile cracks. The results provide a unique insight into interactions
between microstructural pore network and the dynamic cracking processes such as crack
closure and bridging.

2 Materials and Methods
2.1 Experimental setup and X-ray diagnostics

Experiments were performed exploiting the single-bunch imaging capabilities on ID19
beamline [[12, [13] and a single stage gas gun installation available through the user experi-
ment program shown in Figure 2| [14} [I5]. The gas gun consists of a breech, 25 mm bore and
a sample environment chamber positioned perpendicular to the X-ray beam with the ability
to accelerate the sabot and the flyer up to 900 m/s impact speed [16]. The sample chamber is
equipped with Mylar windows having a sufficient X-ray transmission as well as stiffness to
maintain the vacuum within the sample chamber during the impact. A pair of fast response
laser light gates are located at the exit of the barrel which record the impact speed and are
used to initiate the triggering of the imaging diagnostics. The trigger sequence consists of a
precisely interlaced series of delay generators and coincidence logic gates which ensures the
systematic image sequence recording synchronised to the synchrotron bunch clock.

During the experiments, the ESRF operates with 16 bunch filling mode providing a con-
tinuous train of bunch electrons with 176 ns time spacing and pulse width of about 100 ps.
The X-ray pulses of equivalent time spacing are produced by two undulators set to a minimum
gap. The gas gun installation is located in the beamline experimental hutch approximately
145 m downstream from the source having the detector placed at about 7 m downstream from
the sample. This ensures that the recorded images are within the propagation-based phase
contrast regime. The X-ray beam is cropped on the sample using two sets of beamline slits.
The transmitted beam is encoded using an indirect ultra-high speed detector set-up consisting
of a Shimadzu-HPV X2 ultra-high speed camera and 1:1 Nikon 50 mm lens arrangement
coupled to a 250 um LYSO:Ce fast-decay scintillator (about 40 ns). The camera sensor has
400 x 250 effective pixel count with a nominal pixel size of 32 ym and on-board memory
able to store 128 full frames in a single burst imaging mode. Given the polychromatic beam
spectrum with a peak energy of around 30-40 keV, the propagation based interference be-
tween transmitted X-rays results in an increased contrast of material edges while preserving
the material geometrical representation by keeping the fringe effect well within the subpixel
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Figure 1: Experimental gas gun setup at ID19: a) Experimental beamline hutch; b) Optical
arrangement of the ultra-high speed indirect detector system

range. As a result of the entire optical arrangement, a very large field of view of 12.8 x 8 mm?
is captured within each radiograph providing the ability to study various transient dynamic
phenomena in both solids and liquids within a representative volume scale (e.g. [17-19]).
For the experiments presented herein, the detector acquisition was set to 1060 ns interframe
time with an integration time of 350 ns. This allowed continuous integration over two X-ray
bunches for a single radiograph (SNR around 12), which was considered as a good com-
promise between the amplitude of detected signal and the temporal resolution necessary for
sampling the fast fracturing phenomena and following the kinetics of spall fracture formation
through the coalescence of cracks.

2.2 Tested material

Tested samples consist of an ultra-high performance concrete (UHPC) whose mechanical
and microstructural properties differ from a conventional concrete mixture. In contrast
to conventional concrete, aside from cement, sand and water, the mixture contains finely
crushed quartz grains [9, 23]]. The optimised granulometric mixture (maximal grain size of
600 um) combined with a low ratio of water to cement allows for a relatively homogenous
and dense cementitious matrix to be obtained with high mechanical resistance proprieties
(Young’s modulus around 55 GPa). The water to cement ratio is 0.21, after 28-days of
curing at 20C° with 100 % relative humidity. This cementitious mix achieves after curing a
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compressive strength exceeding 150 MPa (according to standard NF P 18-470). The tensile
strength in bending of this material is about 19 MPa while the dynamic tensile strength
is around 35 MPa for strain rates between 100-200 s~' [20}, 22]. Two prismatic samples
(H=60 mm, L= 30 and t=6 mm) were tested with two different impact speeds, namely 80 m/s
and 190 m/s within the Edge-On-Impact configuration [24-26]. In both cases, curved cap
steel projectile (L=15 mm, D=10 mm, R=100 mm, type 15CDV6) within a dog-bone shaped
polycarbonate sabot (total mass 33.8 g) were used as a flyer plate to generate incident stress
wave in the sample. The relatively short stress wave leads to pronounced compaction and
fragmentation at the impact face and dense tensile fracturing at the back face due to scabbing
and spall formation. In order to inspect the microstructural porosity distribution before the
impact, the samples were scanned with a conventional laboratory X-ray source prior to the
experiments. The X-ray source operated at 150 kV and 200 pA acquiring a total of 5760
projections during four full-turns in helical scanning mode. At each angle, four radiographs
acquired at two frames per second were averaged together to reduce noise. In this way,
full sample dimensions were imaged with a resulting voxel size of 30 um/vx. The software
XAct was used to reconstruct 3D volume from the captured radiographs using a filtered
back projection algorithm and Tukey filter kernel. The porosity map was segmented from
reconstructed volumes using the Otsu threshold method. Then a series of morphological
operations (i.e. watershed, equivalent sphere and ellipse analysis) were performed using
the label toolbox in the open source Python software spam [27] as to obtain the porosity
distribution shown in Figure 2] The results showed that less than 20 % of porosity consisted
of pores with a diameter larger than 500 ym. The resulting volume analysis indicated an
overall porosity of the samples being around 2.5% of the total volume.
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Figure 2: Example of a porosity distribution in the UHPC sample obtained from X-ray com-
puted tomography analysis before impact experiments. (The smallest and largest diameter
are obtained with equivalent ellipse analysis [28]])

3 Results

The recorded radiography sequences of each experiment were first corrected by removing
outliers introduced by any potential scattering from the surroundings. Then the flat field
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and dark field corrections were performed using the flat field image sequence captured
straight after the test shot. The time sequences of captured UHS-XPCI radiographs on
two tested samples are shown in Figures [3] and ] For the case of the specimen impacted
with a lower impact speed of 90 m/s, several tensile cracks are observed to initiate at the
sample free-end (horizontal cracks in Figure [3). These cracks seem to propagate following
a path of higher porosity content and finally forming a fragment that surrounds the volume
of a lower porosity content. Similarly, in the case of the sample impacted with 190 m/s
impact speed, a tensile crack initiates at the sample free-end and tends to follow the path
towards the higher porosity content. However, a vertical spall fracture seems to form at
the approximately same time due to a sharper loading pulse. The spall crack seems to be
perfectly vertical without any pronounced influence of the local surrounding porosity content
on its path. Similar observations were made in uniaxial Hopkinson bar spalling experiments
with post-mortem analysis [21]]. Furthermore, an interesting observation is that during the
subsequent fracture evolution, the spall crack completely closes due to secondary stress wave
and gets completely bridged by the continuously propagating horizontal tensile fracture as
such as within a continuous medium.
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Figure 3: XPC radiographs captured during in-situ edge-on-impact test on an ultra-high
strength concrete sample impacted with 80 m/s, showing the initiation of tensile cracks at
free-end and progressive coalescence to form spall fragments. (Impact direction is from the
right hand side.)
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Figure 4: XPC radiographs captured during in-situ edge-on-impact test on an ultra-high
strength concrete sample impacted with 190 m/s, showing the opening, closing and bridg-
ing of the spall fracture at the sample rear face due to the secondary stress wave. (Impact
direction is from the right hand side.)

In order to verify the presence of the secondary stress wave, analysis of the rear face
particle velocity profile deems necessary. However, due to the difficulties of incorporating
point-wise probe measurements based on laser interferometry, image analysis was used to
obtain the space-time evolution of the rear face horizontal velocity component at the sample
free-end. The squared variance of transmittance is used to isolate the sample free edge in
each radiography. Then, a signal processing approach was adopted assuming that the edge
does not substantially deform within 100 ym from the sample free-end. The horizontally
sampled variance signal is then followed in time and at each vertical pixel position by max-
imising the normalised cross-correlation product between subsequent frames. A Gaussian fit
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is performed on the distribution of spatial lags where the mean is directly related to the dif-
ferential horizontal displacement between two radiographies on a sub-pixel level. Finally, the
Savitzky Golay polynomial fit of order two over five time points was used to derive the tem-
poral distribution of cumulative displacement to obtain the horizontal velocity field depicted
in Figure[5] The space time velocity fields clearly demonstrate that on the same time scale,
the sample impacted with higher impact speed shows the arrival of the second stress wave at
about 50 us. Finally, the average velocity on the entire free surface is shown in Figure
This information is often used for inverse calibration of phenomenological numerical models.
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Figure 5: Space-time evolution of the rear face velocity profile for two tested samples.

4 Conclusions

In this work, the dynamic fracturing of an ultra-high strength cementitious material is probed
with in-situ ultra-high speed synchrotron radiation X-ray phase-contrast imaging to visualise
the dynamic through-volume fracturing. Gas gun experiments were conducted on two char-
acteristics samples with two different impact speeds and results revealed the phenomena of
a formation of a spall fracture in parallel to dense tensile fracturing from the sample free-
end. For the case of impact at higher speed, the spall fracture closure occurred allowing
to be bridged by a perpendicular propagating tensile crack. The direct observation of these
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processes is pivotal in better understanding the leading physical mechanisms involved in dy-
namic fragmentation and improving the performance of the representative numerical models.
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