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ARTICLE INFO ABSTRACT
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Extreme scenarios related to sudden increase of stress states, such as mechanical impacts or collisions, can lead to
severe physical damage on structures. However, through their compaction phase, porous materials absorb a part
of mechanical energy and efficiently mitigate the shock wave induced damage. Autoclaved Aerated Concrete
(AAQ) is one type of cellular materials which exhibits such capability and also being non-flammable, which is of
interest for most structures that must resist both impacts and fire. With good insulation properties and its low
density, AAC is therefore a material of choice in protective design against shock loading.

It is however difficult to study in real time, especially because of the cloud of dust produced during
compaction. In the present study, two AAC of respective densities of 550 kg/m> and 115 kg/m? are considered.
Plate impact tests were performed at the European Synchrotron Radiation Facility (ESRF) and the compaction
process was observed in-situ by ultra-fast X-ray phase-contrast radioscopy for impact velocities ranging from 250
to 400 m/s.

Through the records analysis, a compaction front is identified..The tracking of the compaction front and the
initial velocity of the projectile provide a portion of the AAC compacted state. In line with the findings, an
extended analysis extracting the mean pore size and the evolution of the densities and speed of sounds is con-
ducted by the use of laser induced shock waves on samples pre-compacted. An analytical model is proposed to
reproduce the compaction front dynamics, considering equivalent mass-spring systems.

Shock wave
Compaction
X-ray imaging
Plate impact

1. Introduction

Aeronautical and space systems constantly need to improve their
mechanical performance while reducing energy consumption, in the
interest of cost-effectiveness. In flight, as well as during maintenance
operations, these systems can be exposed to impacts of varying severity,
from falling tools to hyper-velocity impacts, for example. This range of
threats calls for an adapted structural design using highly technical
materials. Composite materials and structures are known to be one of the
best choices due to their high mechanical strength and light weight [1].
However, they may not be sufficient to withstand severe impacts such as
ballistic or micrometeorite impacts. In addition, they remain flammable
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and require a sophisticated implementation that can be costly. Thus,
combining them with other materials, such as ceramics [2] or light
metals [3,4] in the design of the structure can offer enhanced perfor-
mance. However, these combinations impose a weight penalty that re-
mains a challenge.

Porous materials may overcome the weight penalty and bring into
play compaction as an active mechanism for energy absorption. Sin-
tering and plasma spraying techniques offer the possibility of having
porous metals and ceramics [5,6] for which mechanical modelling under
dynamic loading can be found in the literature [7,8] but the porosity
content is not significant enough to limit the weight penalty. Syntactic or
expanded polymeric foams could offer an interesting areal density to
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energy absorption [9-11] but are flammable. Metallic foams are of in-
terest and have been recently used in ballistic protection design [12] but
remain costly. Additive manufacturing (AM) is an interesting technique
to produce cellular materials with a controlled porosity [13], but
manufacturing times for sufficiently large samples (> 10 mm) with small
porosities (10-100 um) are still too long. Recently, shock compression of
porous carbon foams was the object of fast X-Ray experiments using the
Phase Contraste Imaging (PCI) technique [14] on plate impact experi-
ments. It allowed the construction of the Hugoniot curve with the same
accuracy as that obtained with material speed measurement by Photonic
Doppler Velocimetry. Among other alternative materials, Autoclaved
Aerated Concretes (AAC) have an interesting potential of energy ab-
sorption [15,16], are inflammable and can be manufactured at large
scale with castable possibilities. They also have a very low carbon
footprint and can be easily recycled in mortars and cements [17,18].
They were elaborated in the mid-1920s in Sweden [19] and are still
nowadays involved in civil engineering for their effective insulation
properties.

Unfortunately, commercial use of AAC materials in protective
structures has been hampered by limited information on their compac-
tion behaviour, which has received very little attention to date. One of
the first attempts was proposed by Belouettar [20] on AAC of density of
550 kg/m> up to a strain-rate of 10 s}, that remains insufficient for being
representative of the strain-rate occurring during high velocity impacts
events (> 10* s1). A recent study pointed out the relevance of thicker
AAC wall to better resist the effects of blast loading [21]. The authors
modelled their experiments using Abaqus software but without consid-
ering compaction, which was not assumed to play a major role in these
experiments. A plate impact approach was followed by Mespoulet et al.,
[22]. They covered a large range of strain-rates from quasi-static loading
to plate impact (above 10° s’l) on 550 kg/m3 AAC. To do so, they used
direct and reverse plate impact experiments with samples of large
diameter (¢ > 70 mm) with respect to the pore size. The back-face ve-
locity of an aluminium plate impacted with a AAC projectile was
measured by Photonic Doppler Velocimetry (PDV) [23]. They obtained
only one characteristic point of the compaction curve (P, p). They
confirmed that the brittle behaviour of AAC does not allow a direct
visualisation for observing the compaction during impact because of the
emitted dust during AAC crushing. Liu et al., [24] studied a similar AAC
with a 500 kg/m? density until a strain-rate of 100 s™’. They evidenced
that the dynamic strength of AAC material increases with strain-rate in
compressive uniaxial loading but they could not observe the compaction
wave. Recently, Aminou et al., [25,26] investigated the compaction of a
115 kg/m® AAC and evidenced its beneficial use in protective structure
applications. They could propose a stress-strain measurement of this
AAC and use it in a SPH model in LS-Dyna that matched well to exper-
imentally measured out-of-plane displacement of a blasted plate having
a sacrificial cladding of such AAC.

The above overview of the scientific literature points out that the
AAC density of 500 kg/m?® is popular in building construction and its
behaviour under high strain-rate is difficult to investigate because of
obscuration during crushing. It is noted that few relevant studies exist on
the compaction of AAC by plate impact with rapid X-ray observation,
even though promising approaches were carried out on compaction of
granular ceramics [27] and in porous titanium [28] with Hopkinson
bars.

The aim of this study is to provide such experimental data and to
propose an analytical model for the prediction of the compaction wave
speed in AAC materials. A methodology for a dynamic characterization,
from quasi-static behaviour to compaction under shockwave, applicable
to all AAC variants is proposed. To do so, two different variants of AAC
were chosen from Xella manufacturer, Multipor and Siporex, of con-
trasted densities of 115 kg/m® and 550 kg/m® respectively. Samples
were subjected to quasi-static compression tests and plate impact ex-
periments at the ESRF facility [29,30], where dynamic compaction was
observed with ultra-high X-ray radioscopy. To develop the mechanical
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modelling, intermediate compressed samples of various residual stiff-
nesses were subjected to speed of sound measurements. The analytical
modelling is developed and detailed in the discussion, and finally con-
clusions from this work are presented.

2. Materials and methods

AAC invention is attributed to Michaelis in 1880 [31] but a
manufacturing process by autoclave was patented by Ericksson in 1924
[32] to launch AAC on the construction market. The basic recipe of AAC
is a mixture including: Pure white silica sand (60-70 %), Cement (15-20
%), Lime (12 to 18 %), Water, Expanding agent (<0.05 %) in mass
fraction. This expanding agent is composed of aluminium that reacts
completely with excess lime in aerated concrete. It transforms into
aluminium hydroxide and then into tricalcium aluminates, non-volatile
mineral products. Density and physical characteristics are tuned by
precisely adjusting percentages and exact compositions of both mate-
rials are given in [33].

2.1. Multipor and siporex

Multipor is an ultra-light mineral foam, non-flammable with good
thermal and acoustic insultation properties. Siporex is a structural AAC
for building construction. Both material manufacturing induces a low
carbon footprint and both a compliance with ECHA (European regula-
tion n°1907,/2006 for zero emission of chemical substances dangerous
for health). Both materials are manufactured by Xella and their me-
chanical characteristics are given in Table 1.

A microstructural analysis by the use of optical micrographs of a flat
sample plane was attempted in order to estimate the average pore size
for respectively Siporex and Multipor. Although this analysis remains
bidimensional, a Python subroutine could extract the contour of each
pore after picture binarization with a median threshold (Fig. 1). In the
picture, the area is 3160 mm? for Siporex (up) and 1200 mm? for mul-
tiport (down), the resolution is for both pictures is 8256 x 5504 pixels.
The average diameter @y, of each pore was estimated as:

S
onre =2x \/; (1)

where S is the average pore surface inferred from the micrograph.

The pore population was then plotted by class of size of 75 um and
the respective average diameters resulting from this analysis are 0.7 mm
for Siporex and 1 mm for Multipor (Fig 2).

2.2. Compression to intermediate densities

In order to assess the sound velocity of compacted phase of Multipor
and Siporex, both materials were subjected to compression in a hy-
draulic press at respectively 40, 80 and 160 MPa in a cylindric tube of 40
mm of inner diameter. Resulting specimens, 3 per pressing force, were
extracted, measured and weighed in order to determine their densities.
Results are given in Table 2.

The evolution of the density with the compaction stress is fitted with
expression (2) from experimental results exhibited in Fig. 4 for each AAC

Table 1
Siporex and Mutlipor mechanical characteristics.

Density Young Shear Average Yield limit Y,
po (kg/ Modulus Modulus pore compression
m®) dry E (MPa) G (MPa) diameter (MPa)
ag (mm)
Multipor 115 30 - 0.792 0.35
[33]
Siporex 550 2740 1096 1.047 4.5

[33]
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Fig. 1. Binarisation of optical micrographs of Siporex (a) and Multipor (b) for pore counting.
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Fig. 2. Pore size distribution in a) Siporex, b) Multipor.

Table 2
Densities and speeds of sound for various compaction stage of Multipor and Siporex samples.
Multipor Siporex Multipor Siporex Multipor Siporex

Compaction stress [MPa] Density p [kg/m®] Speed of sound Cy, [m/s] Young Modulus E [GPa]
0 11545 550+5 522* 1651* 0.03 2.75
40 1025.8 + 10 1263.3 £ 10 1654440 1738+100 2.81 3.82
80 1111.3 £ 50 1367.6 £+ 50 2023£75 1815+75 4.55 4.50
160 1266.6 + 100 1417.4 £ 100 2537+100 1927+40 8.15 5.26

* indicates that the data is deduced from Eq. (2).

at various compaction stages:

P(P) = (p.—po) (1 =€) +py @

with p, is the critical density that is the experimental asymptotic density
in the prospected range of compaction, py is the initial density, P the
hydrostatic pressure and k a constant.

2.3. Speed of sound measurement by laser driven shockwave

In order to characterise the speed of sound dependency on density for
both materials, the longitudinal speed of sound was measured by laser

induced compression wave [34] applied on AAC samples previously
compacted to different densities.

In this experiment (Fig. 3), a thin circular plate of compacted AAC
material of diameter 40 mm and thickness 3 mm is placed horizontally
as a target subjected to a weak shock wave generated using the pulsed
laser with the BELENOS facility at ENSTA, which is a Nd:YAG pulsed
source of 1064 nm wavelength and pulse duration of 7.5 ns. The laser
beam is focused in glass confinement geometry [35] on a 4 mm diameter
spot in vis a vis of which a PDV system probes the free surface velocity.
In order to have a better reflection of the PDV laser at the AAC back face,
a 15 pm thick aluminium layer is stuck on the free surface of the com-
pacted AAC. In order to create a better-known laser-matter interaction
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Fig. 3. Experimental setup for measuring the speed of sound in a compressed
AAC sample.

and avoid water diffusion into the AAC, another 15 um thick aluminium
foil is stuck on the irradiated face too. The observed transit time then
allows the estimation of the speed of sound for each compacted sample.
Results are shown in Table 2. Young modulus E for each compaction
stage is estimated with formula (3).

The laser driven shock experiment provides the longitudinal elastic
wave speed. Actually, at the very beginning, the compression induces a
shock wave but it rapidly decays to an elastic wave after propagation
over some hundreds of microns beneath the loaded surface, so the mean
celerity throughout the sample thickness is close to the longitudinal
elastic wave speed. It was also noted that the Poisson ratio y of the AAC is
nearly null, so at the end, the speed of sound was then estimated by the
use of formula (3) at a given density p:

~ \/E 3
p

For the other compaction stages, uncertainties for Multipor increased
with the compaction stress while decreased for Siporex.

Measured speeds of sound are also shown in Fig. 4. Speed of sound
and density both exhibit a monotonic function of pressure that hardens
when pressure increases and tends towards quasi-asymptotic values.
Even though both matrix material of Siporex and Multipor look very
similar to each other, once compacted, they point out towards different
densities and speed of sound, respectively 1400 kg/m® and 2000 m/s for
Siporex and 1250 kg/m?® and 2500 m/s for Multipor.

E(1-7y)
1+7)@-27)p

2.4. Plate impacts experiments

2.4.1. Meso-scale gas launcher
The meso-scale gas launcher facility at the ESRF ID19 beamline has
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been used for a series of ultra-fast X-ray imaging of AAC compaction
under plate impact at various impact velocities on both AAC materials.
The facility, described in [29], is a single stage light gas launcher of 3 m
length and of inner bore 25 mm able to reach impact speeds in the range
of 200-800 m/s in an evacuated interaction chamber. It has been used
successfully to study dynamic fracture in brittle materials [36,37] and
the dynamics of shock interactions with spherical cavities [38]. The
target material of interest is positioned within the chamber in the path of
the X-ray beam offering a frame view of horizontal length of 12.8 mm by
a vertical length of 8 mm, as detailed in paragraph 2.4.2 and in Fig. 5.
The projectile comprises an aluminium 2024 disc of 2.493 mm thick and
24 mm diameter supported by a polycarbonate sabot. The projectile is
conducted to the target that is made of an aluminium 2024 buffer of
1.006 mm thick at which the AAC sample is glued with cyanoacrylate
glue, centred at the buffer’s back face. The dimensions of the AAC
samples are approximately of a square section of 7.5 x 7.5 mm? and
about 20 mm long. The masses and dimensions of the projectiles and
samples are given in Table 3.

2.4.2. Ultra-high speed X-ray imaging

Real-time observation of shock-induced compaction of the cellular
structure of AAC was tracked through sample volume and in-situ utilis-
ing the single bunch X-ray imaging capabilities at the ID19 beamline of
the ESRF [36,39]. The gas gun was aligned perpendicular to the
oncoming X-ray radiation supplied by two axially aligned long-period
undulators (4,=32 mm, N,=50) located 150 m away from the sample.
The incoming beam consists of an intense polychromatic spectrum with
considerable flux in the domain of hard X-rays with a median energy of
about 26 keV. Along the vacuum flight tube (i.e., between the source and

Ve Vacuum chamber
Sample
Aluminium Holder
buffer .
Aluminium
Glue projectile

Sabot

12 mm 1mm

camera HPVX-2
Fig. 5. Scheme of the experiment showing the AAC sample subjected to X-ray
during plate impact at ID19.
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Fig. 4. Speed of sound and density evolution according to the quasi-static compression applied on the sample under hydraulic press.
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Table 3

Details of Multipor and Siporex experiments at ESRF ID19.
Shot Material Density (kg/m>) Mass of sabot (g) Impact velocity (m/s) Thickness in Xray direction (mm) Short name File_name
1 Multipor® 115 18.27 250 9.44 MP1 1ID19.12_33.57
2 Siporex® 550 18.31 250 8.09 S1 1ID19.14.13_ 43
3 Multipor® 115 18.33 400 9.46 MP3 ID19.15.19_28
4 Siporex® 550 18.32 400 8.00 S2 1ID19.16_23_57
5 Siporex® 550 18.33 335 6.82 S3 1ID19.18_.3518
6 Multipor® 115 18.32 340 9.81 MP5 1D19_20_37_53

the sample) the beam is conditioned with two sets of slits: primary slits
at 40 m away from the source for on-axis collimation and heat-load
moderation, and a set of secondary slits about 135 m away from the
source for collimation. Only necessary source beam filtering was
employed for heat load moderation provided by permanent optical el-
ements (i.e., 0.8 mm diamond and 2 mm beryllium windows). The ESRF
operation was in the so-called 16 bunch mode where the 844.5 m
circumference storage ring is populated with 16 equispaced
electron-bunches (4.68 mA/bunch), providing a short X-ray illumina-
tion (i.e., 60 ps FWHM) each 176 ns. After passing through the sample,
the transmitted X-ray pulse train is recorded utilising the indirect de-
tector assembly as described in Escauriza et al., [40], positioned 9 m
away from the sample. The free space propagation allows phase contrast
due to (partial-)coherence of the source to form and hence enhance the
visualisation of dissimilar material interfaces as well as the propagation
of the dense compaction front. A pair of HPV-X2 fast framing cameras
(Shimadzu, Japan) were optically relayed through pellicle beamsplitters
to a 500 pm thick LYSO:Ce (Ce-dopped Lu;_,Y,SiOs, Hilger Crystals,
UK) single-crystal scintillator with 40 ns decay time. The visible light
spectrum produced by the scintillator was collected onto the camera
sensor utilising a pair of tandem Nikon 50 mm F/1.4 lenses producing an
effective magnification of 1X and resulting pixel size of 32 um/pixel.
Each camera was set to an interframe time of 530 ns and effective

Background Greyscale Image

JAVAL®

Greyscale Image

exposure of 200 ns, capturing 128 frames of 250 x 400 pixels count in
burst mode, offering a view frame window of 12.8 x 8 mm? The entire
detector was synchronised with the pulsating storage ring radio fre-
quency through series of trigger logic operations. The resulting config-
uration yielded a time sampling of 3.77 MHz and down to single bunch
temporal resolution where the two-camera system captures 2 out of
every 3 X-ray bunches. The instruction trigger signal was provided by
the voltage drop from the velocity trap at the gas gun barrel exit,
allowing for fine tuning the recorded event.

3. Results
3.1. plate impact picture analysis

Pictures are recorded with a 16 bits resolution of grey levels. For
each shot, a flat field is taken after the shot, without sample. For each
picture, raw pictures of the flat field are cropped by lower and upper
horizontal bands of 50 pixels (Fig. 6a). Then, in the remaining central
section, the grey level is averaged by pixel column and plotted along the
abscissa (Fig. 6b).

By doing this grey level profile of the flat field for each picture, a
space-time (x-t, where x is the abscissa given by the pixel number in the
impact direction and t is the ordinate given by the image number) diagram
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Fig. 6. a) Cropping of the flat-field picture, grey levels are averaged by column on the remaining picture and plotted along abscissa b). ¢) Cropping of the shot
picture, grey levels are averaged by column on the remaining picture and plotted along abscissa d).
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can be built representing the average scintillation of the LYSO:Ce plate
during X-ray bursts during the observation time (Fig. 7a). The same
operation is performed with pictures recorded during the plate impact
experiment (Fig. 7b).

It can be seen in Fig. 7a that a yellow area is visible between image
number 17 and 32 and between pixels columns 50 and 250, showing
that the energy repartition in the X-ray beam is not homogeneous and
can be evidenced as well as for the plate impact space-time diagram. The
idea is to define a x-t matrix for the spatial and temporal correction of
the pixels grey level. For the space-time diagram (Fig. 7b), a vertical
dark blue band is visible around the pixel column 300, it is actually the
target holder mentioned in the experimental setup. The blue oblique
band corresponds to the moving projectile composed of the impacting
plate and the sabot. The slope of the plate matches the impact velocity. A
thin light blue stripe can be seen in this blue band, it is actually the
separation of the aluminium impacting plate of the aluminium buffer
plate holding the AAC sample on its opposite face. However, the gas in
the barrel still pushes the sabot that pushes the flying plate against the
buffer plate at about frame 45. Around that time, the left edge of this
oblique blue band shows an inflection, changing its slope. In the left part
between pixel column 0 and 254, an oblique line starting from frame 9 to
frame 50 can be seen. It is actually the front of the compaction wave
induced by the plate impact. One can see that its slope is below that of
the buffer plate, meaning that the front of the compaction wave prop-
agates faster than the buffer and impacting plates. Still in the left part, in
the non-shocked media, narrow vertical stripes from instant O to the
compaction front can be observed. They actually traduce a lack of
density due to the presence of a pore.

If this analysis allows obtaining the speed of the compaction wave, it

20000 {

rJM\/\
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does not allow extracting quantitative density values from the grey level
information since the scintillation is not homogeneous in the flat field. In
order to extract densities information, a picture treatment is proposed.
The first step consists in subtracting the space-time (x-t) picture of the
plate impact to that of the flat-field averaged line by line and column by
column. Then, the averaged flat-field is subtracted to the raw x-t picture
from the shot (Fig. 8a) and normalized by its maximal value (Fig. 8b).

Then, another approach consisting in normalizing by column is
tested. An (x-t) correction matrix is made by multiplying the grey level
by either the - max or the average (two methods are tested) - of pixels
values of the columns for each abscissa in the processed x-t picture.
These two methods are respectively named “max” and “mean” and are
compared in Fig. 9.

After this image flattening, the average density of the non-impacted
sample can be calibrated to that of the initial density of the AAC. For
each AAC an initial grey level is obtained for two respective densities of
115 kg/m® and 550 kg/m®. The density calibration is performed on the
x-t picture before normalisation in a non-shocked region of the x-t dia-
gram, illustrated by a red rectangle in Fig. 9. The averaged pixels value is
thus given for each shot and is equalised to the initial density of the
material according to the two proposed picture treatment methods.
Results are gathered in Table 4.

Having reference values for at least two different densities of AAC
materials, an extrapolation of density with the grey value is proposed
with the Beer-Lambert law (4)

1= Ioeiump[

4

where I is the light intensity recorded by the camera, Iy the light in-
tensity of the flat field, u, the mass-attenuation coefficient, p the
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Fig. 7. example of space-time (x-t) diagram made with the picture analysis of the flat field for shot 1 in Multipor® target at 250 m/s (a) and for the plate impact

experiment (b).
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Fig. 8. a) subtraction of the x-t obtained for shot 1 in Multipor® target at 250 m/s to that of the averaged flat-field in grey scale from 0 to 65,535 (16 bits), b) Ratio

the experiment x-t to the that of the flat-field, normalized.
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Fig. 9. Comparison between both flattening methods by max (left column) or mean (right column). The density in the target + flyer is plotted along the red dashed
line (frame 45). Example taken on the x-t diagram of shot MP5: target Multipor® impacted at 340 m/s by a 2 mm thick Al flyer.

Table 4
Average density in “16 bits grey level” extracted from the red rectangle of the x-t diagram in non-impacted area (Fig. 9) with the “max” and “mean” flattening methods.
Flatening method Material Density (kg/m®) Sample 1 Sample 2 Sample 3 Average Variability
«max » Multipor® 115 4704 4552 4156 4471 +231
Siporex® 550 10,953 11,175 9256 10,462 +857
« mean » Multipor® 115 3187 3100 2859 3049 +139
Siporex® 550 7509 7602 6275 7129 +605

material density and t the sample thickness crossed by the X-rays (given
in Table 6).

The determination of u,, for each material is done by considering the
region of interest before compaction in Fig. 9. For the materials at rest,
densities p and light intensities I at rest and during compaction are
known and shown in Tables 5 and 6, so that for each shot, an averaged
U, can be determined by using expression (4) and in Table 7. Then,

knowing up, for each sample and each material and the local light in-
tensity I for any pixel, the density of the sample can then be estimated at
any time for any pixel using Beer-Lambert law by using again relation
4.

The x-t correction matrix for lines and columns are then utilized in
order to flatten raw x-t pictures. The result is given in Fig. 9 and points
out that there are almost no differences. The ‘max’ method will be
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Table 5
Intensity I extracted from x-t diagrams for the 6 shots.
Flattening method Material Density kg/m> I Sample 1 I Sample 2 I I Average Variability
Sample 3
Max Multipor 115 33,116 34,897 35,350 34,455 964
Siporex 550 29,504 28,665 29,279 29,149 354
Mean Multipor 115 22,777 23,645 24,077 23,499 541
Siporex 550 20,227 19,499 19,850 19,859 297
Table 6
Intensities I0 for the flat-field pictures for the 6 shots.
Flattening method Material Density kg/m> Ip Iy Iy Iy Variability
Sample 1 Sample 2 Sample 3 Average
Max Multipor 115 37,273 39,601 39,902 38,925 1175
Siporex 550 40,457 39,841 38,536 39,611 801
Mean Multipor 115 25,635 26,832 27,177 26,548 661
Siporex 550 27,736 27,101 26,125 26,988 663
Table 7
mass-attenuation u,, coefficient for the 6 shots.
Flattening method Material Density kg/m> Sample 1 Sample 2 Sample 3 Average Variability
Max Multipor 115 0.137 0.147 0.140 0.141 0.004
Siporex 550 0.077 0.080 0.067 0.074 0.006
Mean Multipor 115 0.137 0.147 0.140 0.141 0.004
Siporex 550 0.077 0.080 0.067 0.074 0.006

chosen in the analysis since it is the less costly in term of computational
time.

The flattening treatment from the density x-t diagrams is applied to
the shots mentioned in Table 3 and corresponding x-t diagrams after
derivation and normalisation are shown in Fig. 10. Wavefronts and in-
terfaces appear clearly. These diagrams allow a better contrast for the
determination of the wave velocities visible in the x-t diagram. In this
sense, local extrema are extracted and fitted with linear functions, an
example is given in Fig. 11 for the impact on Multipor® at 250 m/s. This
step allows the determination of the impact velocity that can be corre-
lated with the one measured by the photodiode. The extraction of the
impact speed from the x-t diagram shows a relative difference with
respect of the photodiode measurement that is maximum 2 %. This
speed extraction offers a good accuracy and points out the relevance of
extracting the speed of the compaction wave from x-t diagram. Extracted
speeds and densities are exhibited in Table 8. It can be seen that the
compaction front is sharper but slower in Multipor® than in Siporex® as
expected in porous materials because the higher porosity, the slower the
speed of sound [41].

This analysis also reveals a visible separation, in a delimited time,
between the buffer and the projectile, marked in Fig. 7 but also visible in
all x-t diagrams of Fig. 10. In addition, the compaction wave does not
follow a straight trajectory but exhibits a curvature that coincides with
the end of the separation. The inflection in the compaction wave velocity
before re-impact is due to the densification phase of porous materials
during which the wave speed is slowed down due to the shape of the
Hugoniot curve of the porous materials [7]. One can also notice that the
very beginning of the compaction wave is not really clear, which could
be attributed to the fact that the cyanoacrylate glue is absorbed in a thin
layer of the AAC and makes a denser material with a wave speed higher
than that of the compaction wave.

The extraction approach has been applied to all 6 x-t diagrams to
obtain the average density gradient at every 5 frames (every 2.64 ps).
The density profiles are plotted in Fig. 12 showing on the left column the
Multipor® samples and on the right column the Siporex® samples. A
first remark can be done on the fact that the compaction does not result
in a clear density step. This can be the consequence of the flattening as

well as the fact that pore size is not negligible with regard to the field of
view of the camera. In addition, the base line before the coming of the
compaction wave should be the initial density of the material at least for
the first frames. Even though it is not far from this value, it is not really
smooth and is even drifting. The drift could be a consequence of the
propagation of a highly dispersed elastic wave in the matrix of the AAC.
The oscillating base line can also be explained by the size of pores with
respect to the size of the field of view. This could account for the large
scatter between the average densities with minimal and maximal ones
from Table 5, also visible in Fig. 9. Considering now maximal values of
the density on the compaction wave, it increases with time and tends
towards an asymptotic value. The density growth rate is more important
in the early instant of the compaction wave propagation. This is again
due to the plateau effect that follow porous materials. A second rising
front, very steep that exceeds 3500 kg/m® is actually associated to the
aluminium buffer. The order of magnitude of the density of aluminium
would be expected but the grey scale calibration is made on 7.5 + 1 mm
thick AAC while the buffer is a disk of 80 mm of diameter so it is not
surprising that the extracted density does not match with that of
aluminium.

4. Analytical modelling
4.1. Homogenisation

The experimental data above has been used to develop a simple 1D
analytical model for dynamic compaction. The motivation of developing
this model is to not use mesh dependant approaches and to establish a
spatial discretisation from the material microstructure. Thus, the
structure of the real material is simplified according to the microstruc-
tural analysis, mechanical and geometrical data, as shown in Fig. 13 in
order to obtain a 1D succession of basic elements along the impact di-
rection, considering that then sample section remains constant during
compaction.

The initial structure of the AAC material was observed by microscopy
in order to extract a mean pore size . for both Multipor and Siporex (see
Section 2.1). The total mass of the AAC sample is expressed by:
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Fig. 10. x-t diagrams obtained from the Shimadzu camera after flattening. Left column shows those for Multipor® and right column for Siporex®. For the upper line,
aimed impact velocities are 250 m/s, 400m/s for the middle line and 335 m/s for the last line. Interframe time is 528 ns, pixel size is 32 um.
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Fig. 11. Wavefront and interface tracking in shot on Multipor® at 250 m/s. Impact velocity is determined between frame 0 and 10 and is 252 m/s, very similar to

that determined by photodiodes.

Myotal = a lspo 5)

For the prepared samples the following values are considered: a =
7.5+ 0.2 mm and [, =20+1 mm.
By assuming all layers of same size and mass, the AAC sample will be

represented as an effective homogeneous material discretised into a
column of identical elements of same volume and mass. The AAC ma-
terial is composed by two phases: 1) air filled pores and 2) a mineral
matrix. A geometrical consideration allows the determination of the

number of cells along the sample length, that is N = %:but also along the
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* Maximal densities and speeds extracted from x-t diagrams between compaction wave and buffer. Densities are estimated with the conversion function (4) at frame 40

(before re-impact).

Shot Material Initial density density * (kg/  Compaction wave Impact Impact vel from Thickness in X-ray File_name
name (kg/m3) m?) speed* (m/s) velocity * diodes direction (mm)
(m/s) (m/s)
MP1 Multipor® 115 575 260 252 250 9.44 ID19.12_33.57
S1 Siporex® 550 1384 363 248 250 8.09 ID19.14.13.43
MP3 Multipor® 115 679 429 392 400 9.46 ID19.15.19_28
S2 Siporex® 550 1698 550 393 400 8.00 ID19.16_23 57
S3 Siporex® 550 1428 499 340 335 6.82 ID19.18_35_18
MP5 Multipor® 115 705 371 333 340 9.81 1D19_20_37.53
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— 53 us 1600 4 — 53 us
—— 7.95 us —— 7.95 us
— 10.6 us — 10.6 us
. — 1325 us . — 1325 us
1 — ) —
: Al o
) .55 us ) .55 us
> —— 212 us > —— 212 us
@ ——— 23.85 us g —— 23.85 us
8 8 26.5 us
— 29.15 us
— 31.8us
200 4 —— 34.44 us
T T 0 T T T T T T
800
— 53 us 1600 - — 5.3 us
700 1 —— 7.95pus —— 7.95us
J— 1400 e
600 10.6 us ) 10.6 us
= — 1325us | _ 15004 —— 1325 us
IE 500 —— 159 us lE —— 15.9 us
) —— 18.55 us 9 1000 A —— 18.55 us
> 400 1 212 us > 800 212 us
g 300 4 - 23.85 us g - 23.85 us
8 26.5 us & 600+ 26.5 us
200 A —— 29.15ps 400
— 31.8us
100 —— 34.44ps 200 4
0+ T T T T T T 0 T T
800
— 53 us 1600 - — 53 us
700 A —— 7.95 s —— 7.95pus
/ — 1400 4 JR—
6004/ 10.6 us 10.6 us
- ( — 13.25 us ~ 1200 — 1325 us
& 500 | —— 15.9us & —— 15.9us
) ‘/ —— 18.55 us 9 1000 + —— 18.55 us
< 400 17 —— 212pus 3 004 —— 212ps
g 300 4 ‘\ —— 23.85 us g —— 23.85 us
3 | 26.5 us & 600+
200 1/ 400 -
100 200
0+ T T T T T T 0 T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Position (m) Position (m)

Fig. 12. Average density evolution in AAC sample along time. Left column is for Multipor sample, right column for Siporex one. Impact velocities for upper line: 240

m/s, middle line 340 m/s, bottom line 400 m/s.

edge of the sample section, leading to a total number of cells Nyyiy =

(v

Thus, the single cell mass can be expressed as: mg

L

L

— Mol
Nootal

4.2. Moving spring model

The proposed approach considers a uniaxial deformation of the AAC
sample. A 1D analytical elementary model inspired from the Elastic-
Perfectly-Plastic- (E-P-P-H) model [42] is used and presented in

10

Fig. 14. It considers the cell during compaction, that is to say the layer of
material in between the compacted and the uncompacted part of the
porous material, as a spring of given stiffness k and elementary mass m;.
The initial state of the sample is composed of a succession of as many
cells as pores in the total sample length L. The initial length [, of each
cell is equal to the mean pore size of the AAC sample determined in
Section 2.1. The first layer of cell (thus the spring) is supposed to have a
stiffness k. This assumes that the specimen consists of successive ho-
mogeneous layers of the same size of cellular concrete cells (Fig 15).
In the E-P-P-H model, three different phases for the material are



J. Tartiere et al.

Impact
direction

International Journal of Impact Engineering 204 (2025) 105376

/

<

||| I
\

|

N = i—s 1D cells

(4

v

Fig. 13. Schematic of the homogenisation and simplification of a complex porous material into a simplified 1D succession of volume elements.
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Fig. 14. Description of the Elastic-Perfectly-Plastic-Hardening approach for
describing the compaction of cellular materials, inspired from [42,43].

considered and drawn in a pressure density diagram (see Fig. 14)

a reversible or elastic phase, up to an elastic pressure Pg, that is
actually the yield strength of the material. The porosity is very close to
the initial porosity of the material. During this elastic phase, the pressure
increases linearly. Each spring is subjected to a force F; defined by
relation (8):

compaction wave towards the free surface of the sample and results
in a mass transfer from uncompacted medium to compacted one.

e Elastic phase:

The elastic phase is governed by the harmonic oscillator Eqs. (9) and
(10) applied to a cell of stiffness k placed between two masses m; and my:

d

m = (= bk @)
d

mz% - -k 8

with l= |x2 —x; | and the stiffness k = % with E the Young Modulus of the
AAC (Table 2), S the material cross section.

By subtracting (10) by (9) and considering that % =0and |x; —
Xx1| = x2 — x1, one can deduce expression (11) which is a classical
equation for a single spring mass system for non-null initial speed:

dv; BA(l-1) k
Fi=m—=k(l- 6 _— = -
i@ =M (I-Db) (6) iz - (I-1) 9
. mm L . o o _
-An irreversible densification phase: under the effect of compression, W%th Meq = 7 'tmy» the initial speed being vi(t = 0) = vz(t=0) —v1(t=0)
the pores close up, the porosity decreases and thus the density in- with:
creases. This densification is assumed to occur at constant pressure Vi(t=0)=0
that is the elastic pressure Pr=Y). In this stage, the constant force is F { Vot =0) = —vp (10)
= —Y,S where S is the cross-section area normal to the longitudinal
direction of the sample. and the initial positions being:
-a phase of compression of the dense material: above a critical den-
sity, the compressibility drops sharply, so the pressure and force tend { x(t :70()) :7*010 1)
to become infinite and the crushing is stopped. The critical density X (t=0)=
values will be the pc values determined for Mulipor and Siporex in . . .
Section 2.2 where vy is the impact velocity.
-The mass of the compacted fraction of the material is then added to The typical solution is given by Egs. (14):
that of the projectile m2 ar.1d th'e compactlor.l pro.cess connue's in the 1)~ I — Yo in (@0cqt) 12)
uncompacted part. In this view, the spring is moving with the Doeq
lo
<
Vo e
=) m AAC S
o= Free
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v

Fig. 15. Schematic description of the AAC by a series of spring-mass which initial length 1 is equal to the mean pore diameter and stiffness equal to that of pore wall

(AAC compacted).
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with woeq = 4 /m%q the natural frequency of the equivalent spring mass

system.
Thus, Egs. (9) and (10) can be written as Egs. (15) and (16):

dw; w3 .

—— =Vp——sin t 13
dt OCUOeq (wOeq ) ( )
dV2 w%z .

— == t 14
it vomoeq $in (woeqt) 14)

with wg; = 1/% and wgy = ,/m%that are integrated in (14-17) as ex-

pressions of respective mass m; and mass my for respectively speed and
position, using (12) and (13):

2

o o
V1 = —Vo—2 cos(@oegt) + Vo ot (15)
2 q p
Oea Oeq
2
o, o,
V2 = Vo2 cos (wot) — vo( 02 +1) (16)
Oea CUOeq
Yo . o,
X1 = ———sin(wot) + Vot — a7
Wpeq @oeq
Vo . o,
X = —5—sin(wot) 7vo( 02 +1)t 1s)
@peq Doeq

The elastic phase ends when the elongation of the spring mass system
is equal to the yield strain of the AAC material.

e For the crushing phase:

In this phase, the projectile mass my is completed with the compacted
mass of AAC (Fig. 16). The mass m; of the AAC at initial state is also
reduced by the compacted slice transferred to the projectile. Movement
equations can thus be written as (21) and (22):

dV]
de
The speed and displacement are then deduced by integration:
dxl _ Y()S
G Tmy TV @D
dx YoS
2 %% v (22)
dt my
YoS £
X, = - 5 + Viot + X10 23)
my 2
Al plate
Compacted AAC
A AC
o[ 1 482598259
| <0 SO0 <0
)l ! OO OO (@) o (@) o
,,,,,,,,,,,,,,,, S
T

Fig. 16. Crushing stage of the AAC sample under plate impact.
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Y,oS t2
X2 = - T Vaot + X20

2 (24)

For the first iteration: x;9 = 0 and x99 = X109 + [ are the initial po-
sitions of respective masses m; and my. vi9 = Vg and vyy = O are the
initial velocities of respective masses m; and my.

For the next iteration, vy is the average speed of the mass m; at the
end of the previous iteration.

4.3. Comparison with experiments

The presented moving spring model is used for computing the
compaction wave evolution for each experiment. Results are matched
with their respective x-t diagrams in Fig. 17 in which the buffer front
face and the compaction wave are plotted in Fig. 17. For the compaction
front, three lines are plotted, one is the compaction front computed with
the average density (white dashed line) of the AAP, then the compaction
front is computed with the variability of density determined from
Table 8 and Eq. (6): the lower limit is plotted in cyan dashed line and the
upper one in green dashed line. It does not make a noticeable difference
for Multipor® (Fig. 17, left column) since the variability in grey scale is
narrower than that for Siporex®. It is observed that the proposed model
fits fairly well the x-t diagram from experiments, at least until the re-
impact that is not considered by the model.

A comparison of deduced compaction wave speeds with average and
lowest densities with respect to that extracted from x-t diagrams is given
in Table 9. The model using the lower limits of the densities provides a
good agreement (<5.8 %) with respect to the x-t diagram showing that
the proposed approach can be considered as predictive.

5. Conclusion

This study aimed to develop an analytical predictive model of the
dynamic compaction of autoclaved aerated concretes (AAC), leveraging
physical parameters derived from new experimental observations. His-
torically, the inability to observe rapid events through the volume of
these materials posed significant challenges. This limitation was
addressed through the advent of ultra-fast X-ray imaging offered by
synchrotron radiation at the ID19 beamline of the ESRF, marking a
pivotal advancement in this field. Two commercially available AAC,
Siporex® and Multipor®, with initial density of 550 kg/m® and 115 kg/
mS, respectively, were selected for investigating their compaction pro-
cess under shock. AAC materials were subjected at three impact veloc-
ities: approximately 250 m/s, 340 m/s and 400 m/s. Frames captured by
the ultra-high-speed X-ray detector were used to construct the space-
time (x-t) diagrams after a suitable image calibration that was eluci-
date in this work. This treatment allowed the direct through-thickness
visualisation of the propagating compaction front. The derivative of
the flattened images highlighted wave fronts and interfaces, enabling
the determination of compaction wave speed and interface velocity.

Comprehensive physical characterisation was carried out in order to
obtain physical parameters that were used for derivation of an analytical
model for these materials under shock loading. In addition, optical mi-
croscopy and image analysis facilitated the assessment of mean porosity
size in both materials. Quasi-static compactions using a hydraulic press
were performed on AAC samples in order to obtain samples at varying
compaction levels. Measurements of density through weighing and
sound velocity through laser-induced shock waves, enabled the deriva-
tion of an explicit relation of density and sound velocity to compaction
pressure. These relationships formed the foundation of an analytical
model, represented as a moving spring-mass system to describe the
compaction front.

The density profiles under the plate impact exhibited a mono-
tonically increasing trend, closely mirroring the quasi-static results and
confirming the model’s reliability. One of the difficulties of this
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Fig. 17. Left column Multipor, with striking velocities of 250, 340 and 400 m/s, right column Siporex with striking velocities of 250, 335 and 400 m/s.

Table 9

Comparison of compaction wave speeds obtained from x-t diagram and with the
model using average density or lowest density. The relative difference is given
with respect to the compaction speed from the x-t diagram.

Shot impact compaction compaction % compaction %rel
name  speed wave from wave, rel wave low
(m/s) x-t (m/s) average (m/ density (m/
s) s)

MP1 250 260 264 1.5 262 0.8
MP5 340 371 371 0.0 369 -0.5
MP3 400 429 429 0.0 427 -0.5
S1 250 363 401 10.5 364 0.3
S3 335 499 548 9.8 496 -0.6
S2 400 550 636 15.6 582 5.8

approach was the evaluation of the dispersion of the measured density,
particularly for the case of Siporex®. While the comparison of the
analytical model using an average density with the experimental results
in term of compaction wave speed exhibited good agreement for Mul-
tipor®, discrepancies emerged for Siporex®. However, incorporating
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the lowest density within uncertainty bounds improved the alignment
and rendered good agreement for both materials.
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