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Abstract: In the present study, microconcrete (MC) samples were exposed to dynamic quasi-17 

oedometric compression (QOC) tests and visualised in-situ by the means of MHz synchrotron 18 

X-ray phase-contrast imaging in the ESRF synchrotron in order to analyse the damage mecha-19 

nisms governing the mechanical behaviour of concrete under high-strain-rate confined com-20 

pression. To do so, small cylindrical samples were placed in polymeric confinement cell and 21 

dynamically compressed along their axial direction using SHPB (Split-Hopkinson Pressure 22 

Bar) set-up available in ID19 beamline in the European Synchrotron Radiation Facility (ESRF). 23 

The damage process was visualized with MHz X-ray phase-contrast imaging along with an 24 

ultra-high-speed camera operating at a recording frequency approximately 1 Mfps (million 25 

frames per second i.e., 880 ns interframe time). The axial stress and strain temporal profiles 26 

were obtained from standard Kolsky’s (SHPB) data processing. In addition, data of radial stress 27 

and strain within the sample were deduced from non-linear analysis of the mechanical behav-28 

iour of the polycarbonate confining cell instrumented with a strain gauge. Finally, the onset and 29 

growth of microcracking observed from the equatorial zone of large spherical pores is corre-30 

lated with deviatoric and pressure measurements showing how the pore collapse process devel-31 

ops during the applied mechanical loading.  32 

 33 

 34 
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 37 

1. Introduction 38 

 39 

The mechanical response of concrete under high confining pressure and high strain-rates is 40 

of major importance in various applications such as the vulnerability of concrete structures 41 

subjected to hard impact or contact detonation [Forquin, 2017]. In such loading situations, con-42 

crete is subjected to shear deformation and compaction (irreversible diminution of the volume) 43 

under confinement pressures ranging from few tens to several hundreds of MPa [Hanchak et 44 

al., 1992; Li et al., 2005; Forquin et al., 2008a]. Concrete behaviour in terms of shear strength 45 
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and compaction versus pressure and strain-rate need to be describe through a constitutive model 46 

in view of numerically simulating the response of concrete structure under such impact or blast 47 

loading [Forquin et al., 2015; Antoniou et al., 2018; Perkins et al., 2023; Jacobsen et al., 2023]. 48 

 49 

During the last decades, several experimental approaches have been developed and used to 50 

characterise the mechanical behaviour of concrete under high pressure. For instance, triaxial 51 

tests consists in applying a purely hydrostatic pressure on a cylindrical specimen by means of 52 

a fluid followed by an additional axial compression. In the first (hydrostatic) stage the volumet-53 

ric strain is measured as function of the applied hydrostatic pressure by measuring the shorten-54 

ing of the sample, so the compaction law (hydrostatic pressure versus volumetric strain) can be 55 

deduced. In the second stage, the axial stress (in absolute value) exceeds lateral pressure exerted 56 

by the confinement fluid that is kept constant so the deviatoric stress that corresponds to the 57 

axial stress (in absolute value) on withdrawal of the radial stress can be measured as function 58 

of the applied axial displacement: 59 

 𝜎𝑑𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 = |𝜎𝑎𝑥𝑖𝑎𝑙 − 𝜎𝑟𝑎𝑑𝑖𝑎𝑙| (1) 60 

The hydrostatic pressure defined by averaging the three principle stresses is also deduced: 61 

 𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 = −
𝜎𝑎𝑥𝑖𝑎𝑙+2𝜎𝑟𝑎𝑑𝑖𝑎𝑙

3
 (2) 62 

The maximum deviatoric stress reached during the test provides the so-called deviatoric 63 

strength. By considering a series of triaxial tests performed at different lateral pressures, a limit 64 

state curve is built from the end-points provided by each test. Finally, a limit state curve of the 65 

tested concrete can be obtained under static loading [Gabet et al., 2008] or dynamic loading 66 

[Fujikake et al., 2000]. 67 

 68 

An alternative to triaxial tests is the so-called quasi-oedometric compression (QOC) method 69 

[Burlion et al., 2001; Forquin et al., 2007; 2008; 2010]. A cylindrical sample is introduced 70 

within a confinement cell that consists in a simple (usually metallic) ring of longer height than 71 

the sample length. Next, the sample is axially compressed using two compression plugs by 72 

means of a conventional mechanical press (in static) or the SHPB apparatus (in dynamic con-73 

dition). Gradually during the axial compression, the specimen tends to expand along the radial 74 

direction, exerting a non-constant lateral pressure against the confinement cell. In the course of 75 

the test, the sample experiences a rise of both axial and radial stresses, which results in the 76 

deviatoric stress evolving as function of the applied pressure. In addition, provided the axial 77 

and radial strain within the sample are known, the volumetric strain (equation (3)) can be ob-78 

tained as function the hydrostatic pressure (adopting the compaction law). 79 

 𝜀�̅�𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 = (1 + 𝜀�̅�𝑥𝑖𝑎𝑙)(1 + 𝜀�̅�𝑎𝑑𝑖𝑎𝑙)
2 − 1 (3) 80 

The QOC testing technique was extensively used to characterise the confined behaviour of 81 

concrete under static and dynamic loading. Several works focused on investigating the influ-82 

ence of particles size and shape [Forquin et al., 2008c; Arias et al., 2008] and of the porosity 83 

[Forquin et al., 2008a] on the confined behavior of particle-reinforced cement composites, but 84 

also to analyze the role plaid by free-water on the quasi-static and dynamic confined responses 85 

of microconcrete [Forquin et al., 2008b; Forquin et al., 2010], common concrete and high-per-86 

formance concrete [Piotrowska and Forquin, 2015] and to study the effect of coarse aggregates 87 

strength on the static and dynamic behaviour of concrete under high confinement [Piotrowska 88 

et al., 2016]. 89 

 90 



However, the analysis of damage mechanisms (i.e., inception and propagation of microfrac-91 

tures) at microscale driving the overall confined behaviour of concrete at macroscopic scale 92 

still remains elusive. Nevertheless, this information is crucial for establishing in a better under-93 

standing of the relationship between concrete composition and microstructure, and concrete 94 

behaviour under confined compression with the efficiency of the protective solutions in severe 95 

conditions. 96 

 97 

Over the last years, experimental approaches combining dynamic testing instrumentation 98 

and ultra-high-speed phase-contrast X-ray radiography have been developed on the ID19 beam-99 

line at the European Synchrotron Radiation Facility (ESRF) [Rack et al. 2024]. Thanks to high 100 

brilliance and considerable flux under hard X-ray radiation, it is possible to obtain real-time X-101 

ray imaging information up to single bunch temporal resolution (i.e., 60 ps) within opaque ma-102 

terials [Olbinado et al., 2017], thus allowing for visualisation of non-repeatable damage pro-103 

cesses and full-field deformation of materials subjected to high-strain-rate and shock loading. 104 

Some examples include visualization of ductile deformation and failure processes involved in 105 

Ti-6Al-4V [Cohen et al., 2019], damage inception and propagation under high-rate compres-106 

sion in geomaterials [Farbaniec et al., 2021, Wang et al. 2024] or composite materials 107 

[Pournoori et al. 2023, Sun et al. 2024], as well as real-time visualization of high-rate spall 108 

failure in geomaterials [Lukić et al., 2022]. However, to the best of our knowledge, this work 109 

presents the first real time observation of confined behaviour of concrete under high strain-rate 110 

compression with specific aim at investigating the porosity collapse with ultra-high-speed 111 

phase-contrast X-ray imaging. 112 

 113 

In the present work, the first results obtained on the dynamic QOC experiments performed 114 

at the ID19 beamline of The European Synchrotron Radiation Facility (ESRF) are presented 115 

and compared to previous experimental data achieved with a larger testing apparatus. The ob-116 

tained full field radiography data from in-situ ultra-high-speed X-ray phase-contrast imaging 117 

illustrate how inception and propagation of dynamic fracturing develops along the axial com-118 

pression loading.  119 

 120 

2. Materials and Methods 121 

 122 

2.1 Material microstructure and mixture proportions 123 

 124 

Cylindrical specimens of MC were machined with reduced-scale drilling tools. The maximum 125 

grain size and means grain size, respectively about 2 mm and 0.5 mm, makes this MC very 126 

attractive to perform experiments with relatively small specimens. A similar MC (Dmax = 5 mm) 127 

was previously studied in the past under dynamic quasi-oedometric compression tests [Forquin 128 

et al., 2008b; 2010] considering cylindrical sample 29 mm in diameter and 40 mm in length. In 129 

the present study, much smaller samples were tested with a diameter ranging from 5 to 7.5 mm 130 

and a length ranging from 5.6 to 8 mm. However, the initial length to diameter ratio was kept 131 

slightly higher than 1 as in the previous studies. 132 

 133 

Table 1. Microconcrete composition 134 

Sand (kg/m3) 1783 

Cement (kg/m3) 400 

Water (kg/m3) 200 

Water/cement 0.5 

Max/mean grain size (mm) 2/0.5 



 135 

2.2 Dimensions of samples and confinement cell tested in ESRF 136 

 137 

The MC samples subjected to synchrotron radiation imaging experiments are cylindrical sam-138 

ples from 5 to 7.49 mm in diameter, with an initial length (h0
sample) ranging from 5.66 mm to 139 

8.11 mm (Table 2). The confinement cells are all made of PC (Poly-Carbonate) polymer. The 140 

same outer diameter (Øouter
cell) equal to 12.7 mm was set for all cells. Two lengths of confining 141 

cells (Hcell) were considered: 8 and 10 mm in order to consider the different lengths of MC 142 

samples. Moreover, three values of inner diameter (Øinner
cell) were considered for PC cell in 143 

order to match as well as possible with sample diameter. A single strain gauge was installed on 144 

each confining cell in the mid-plane of the cell (z = 0) and considering a hoop orientation (i.e. 145 

perpendicularly towards the ring axis). The PC cell being supposed to be loaded beyond its 146 

elastic limit, each confining cell was used only once. 147 

 148 

The field of view, 12.8 mm in width and 8 mm in height, is centred towards the MC sample. 149 

Therefore, whereas the whole sample length, diameter and confining length can be observed in 150 

the field of view, the full diameter of the confining cell could not be visualised. 151 

 152 

Table 2. Dimensions of MC samples and PC confinement rings 153 

Materials Samples Øinner
cell (mm) Øouter

cell (mm) Hcell (mm) h0
sample (mm) 

MC-D5 

samples 

MC-D5_1 5.24 12.7 8 5.66 

MC-D5_2 5.24 12.7 8 6.07 

MC-D5_3 5.0 12.7 8 5.89 

MC-D5_4 5.0 12.7 8 6.02 

MC-D5_5 5.24 12.7 8 6.06 

MC-D7.5 

samples 

MC-D7.5_1 7.49 12.7 10 8.18 

MC-D7.5_2 7.49 12.7 10 8.11 

MC-D7.5_3 7.49 12.7 10 7.63 

MC-D7.5_4 7.49 12.7 10 7.93 

 154 

2.3 SHPB apparatus and data processing 155 

 156 

In the present work, 12.7 mm diameter SHPB facility available in ID19 beamline was used to 157 

perform dynamic QOC tests applied to concrete. The system is described in detail in [Cohen et 158 

al., 2019]. The lengths of input and output bars are 1310 mm and 1110 mm, respectively. The 159 

striker bar, of same diameter is 250 mm in length. The striker, the input bar and the output bar 160 

are all made of the high-strength steel (PH 17-4 H900, yield strength 1200 MPa). When the 161 

striker hits the free end of the input bar, a compressive incident wave is generated in the input 162 

bar. Once the incident wave (𝜀𝑖) reaches the specimen, a transmitted pulse (𝜀𝑡) develops in the 163 

output bar and a reflected pulse (𝜀𝑟) travels downstream in the input bar. The input and output 164 

forces and the input and output velocities at the specimen faces are deduced from Kolsky’s 165 

post-treatment of these waves, thanks to strain gauges glued on the input and the output bars 166 

according to the following equations [Kolsky, 1949]: 167 

 {
𝐹𝑖𝑛(𝑡) = 𝐴𝑏𝐸𝑏(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡))

𝐹𝑜𝑢𝑡(𝑡) = 𝐴𝑏𝐸𝑏(𝜀𝑡(𝑡))
 , (4) 168 

 {
𝑉𝑖𝑛(𝑡) = −𝑐𝑏(𝜀𝑖(𝑡) − 𝜀𝑟(𝑡))

𝑉𝑜𝑢𝑡(𝑡) = −𝑐𝑏(𝜀𝑡(𝑡))
 , (5) 169 



where 𝐴𝑏 is the area of the input and output bars, 𝐸𝑏 corresponds to their Young’s modulus and 170 

𝑐𝑏 is the speed of a 1D wave propagating in these bars (𝑐𝑏 = √𝐸𝑏/𝜌𝑏), considering 𝜌𝑏 as the 171 

density of the bars. According to measurements of density (𝜌𝑏  = 7.817) and wave speed 172 

(𝑐𝑏 = 5020 m/s) the following Young’s modulus was deduced (𝐸𝑏  = 197 GPa). Finally, the 173 

mean axial stress and nominal axial strain in the sample are deduced:  174 

 𝜎𝑎𝑥𝑖𝑎𝑙̅̅ ̅̅ ̅̅ ̅(𝑡) =
𝐹𝑖𝑛(𝑡)+𝐹𝑜𝑢𝑡(𝑡)

2𝐴𝑆
 , (6) 175 

 𝜀𝑎𝑥𝑖𝑎𝑙̅̅ ̅̅ ̅̅ ̅(𝑡) = ∫
𝑉𝑜𝑢𝑡(𝑢)−𝑉𝑖𝑛(𝑢)

ℎ0
𝑠𝑎𝑚𝑝𝑙𝑒

𝑡

0
𝑑𝑢 , (7) 176 

where ℎ0
𝑠𝑎𝑚𝑝𝑙𝑒

 is the sample initial length. 177 

 178 

2.4 The principle of the measurement of radial stress and strain within the sample 179 

 180 

Whereas the axial stress and strain are deduced based on Kolsky’s data processing the meas-181 

urement of radial stress and strain within the sample is more complicated and was the subject 182 

of several publications. As detailed in [Forquin et al., 2007; 2008b; 2010] it consists in consid-183 

ering the data of (at least) one strain gauge glued on the outer surface of the confining cell. 184 

Provided that the constitutive behavior of the confining cell is known, two distinct numerical 185 

simulation involving only the confining vessel are performed by means a finite element mod-186 

eling (FEM). A ramp of internal pressure is applied to the inner surface of the ring considering 187 

lengths equal to the initial and final heights of the concrete sample. From these calculations the 188 

relations: 𝜎𝑟𝑎𝑑𝑖𝑎𝑙(ℎ𝑖𝑛𝑖𝑡𝑖𝑎𝑙) = 𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝜀𝜃𝜃
(𝑧=0,𝑒𝑥𝑡)

)  and 𝜎𝑟𝑎𝑑𝑖𝑎𝑙(ℎ𝑓𝑖𝑛𝑎𝑙) = 𝑓𝑓𝑖𝑛𝑎𝑙(𝜀𝜃𝜃
(𝑧=0,𝑒𝑥𝑡)

)  are de-189 

duced, so the radial stress in the sample can be computed knowing the current height of the 190 

sample (ℎ𝑆) according to the following linear interpolation: 191 

 𝜎𝑟𝑎𝑑𝑖𝑎𝑙 = (
ℎ𝑆−ℎ𝑓

ℎ𝑖−ℎ𝑓
)𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝜀𝜃𝜃

(𝑧=0,𝑒𝑥𝑡)
) + (

ℎ𝑆−ℎ𝑖

ℎ𝑓−ℎ𝑖
) 𝑓𝑓𝑖𝑛𝑎𝑙(𝜀𝜃𝜃

(𝑧=0,𝑒𝑥𝑡)
) (8) 192 

In a similar way, the (small) radial strain in the sample was deduced based on the same type of 193 

data processing: 194 

 𝜀�̅�𝑎𝑑𝑖𝑎𝑙 = (
ℎ𝑆−ℎ𝑓

ℎ𝑖−ℎ𝑓
)𝑔𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝜀𝜃𝜃

(𝑧=0,𝑒𝑥𝑡)
) + (

ℎ𝑆−ℎ𝑖

ℎ𝑓−ℎ𝑖
)𝑔𝑓𝑖𝑛𝑎𝑙(𝜀𝜃𝜃

(𝑧=0,𝑒𝑥𝑡)
) (9) 195 

A sensitivity analysis of the processing method to several experimental parameters was con-196 

ducted in [Forquin et al., 2007; 2008] by processing the data of a series of numerical simulations 197 

of QOC test and by comparing the obtained hydrostatic and deviatoric responses to the expected 198 

ones (considered constitutive laws for concrete). 199 

 200 

2.5 Development and calibration of the PC confining cell 201 

 202 

Prior to in-situ QOC tests, a series of dynamic compression test was performed with cylindrical 203 

PC samples and considering the SHPB testing set-up described in subsection (2.3). The tested 204 

sample was 10 mm in diameter and 5 mm in length. The true axial stress and axial strain was 205 

deduced from the classical data processing as described in Equations (4-7) considering for the 206 

growth of sample cross-section during the compression test. The Young’s modulus of PC being 207 

known, the plastic strain was calculated as the axial strain on withdrawal of the elastic strain. 208 

The obtained axial stress - plastic strain curve is reported in Fig. 1 and the parameters of the 209 

fitted elastoplastic model are reported in Table 3. 210 



 211 

 212 
Fig. 1. Mechanical behaviour of PC based on a dynamic compression test performed with SHPB 213 

facility in ID19 beamline and identification of the constitutive law (Table 3). 214 

 215 

Table 3. Parameters of elastoplastic model used in FE numerical simulation for PC 216 

Young’s modulus, Poisson’s ratio 5 GPa, 0.42 

Plastic strain, Mises stress 

0.0, 65 MPa 

0.034, 140 MPa 

0.06, 160 MPa 

0.175, 140 MPa 

 217 

 The constitutive law of PC was introduced in a FE numerical simulation performed with 218 

Abaqus FE code. In this calculation, the behavior of a PC ring subjected to an internal pressure 219 

is simulated considering an internal pressure continuously increasing from 0 to 100 MPa. Two 220 

sets of dimensions were considered for the PC cell. In the first set, the inner diameter (Øinner
cell) 221 

was fix to 5.14 mm (as an average of MC-D5 sample diameters) and the height of the confining 222 

cell (Hcell) was fixed to 8 mm. In the second set, the inner diameter (Øinner
cell) was fix to 7.49 223 

mm (as the diameter of MC-D7.5 samples) and the height of the confining cell (Hcell) was fixed 224 

to 10 mm. In both cases the same outer diameter (Øouter
cell = 12.7 mm) was used. In addition, in 225 

both cases two heights of applied pressure (ℎ𝑆) were considered: ℎ𝑖 = 6 mm and ℎ𝑓 = 5.25 mm 226 

in case 1 and ℎ𝑖 = 8 mm and ℎ𝑓 = 7 mm in case 2. Finally, in each numerical simulation, the 227 

hoop strain was deduced from the radial displacement of the node located on the outer surface 228 

of the ring in the symmetry plane (z = 0). The internal pressure versus the outer hoop strain are 229 

reported in figure 2. The polynomial equations based on Fig. 2 are reported in Table 4.  230 

 231 



 232 
(a)                                                                     (b) 233 

Fig. 2. Identification of the relation between the measured outer hoop strain and internal pres-234 

sure applied to a PC ring. (a) Case 1 for MC-D5 samples (Øinner
cell = 5.14 mm, Hcell = 8 mm). 235 

(b) Case 1 for MC-D7.5 samples (Øinner
cell = 7.49 mm, Hcell = 10 mm).  In case 1, the height of 236 

applied pressure is fixed to ℎ𝑖 = 6 mm and ℎ𝑓 = 5.25 mm. In case 2, the height of applied pres-237 

sure is fixed to ℎ𝑖 = 8 mm and ℎ𝑓 = 7 mm. 238 

 239 

Table 4. Polynomial equations of internal pressure vs outer hoop strain identified from Fig. 2 240 

Case 1 Case 2 

ℎ𝑖 = 6 mm 

y = -5,960E+05x2 + 

1,605E+04x 

 

ℎ𝑖 = 8 mm 

y = -2,234E+07x4 + 

3,324E+06x3 - 

1,830E+05x2 + 

5,484E+03x 

ℎ𝑓 = 5.25 mm 
y = -6,538E+05x2 + 

1,734E+04x 
ℎ𝑓 = 7 mm 

y = -3,128E+07x4 + 

4,210E+06x3 - 

2,105E+05x2 + 

5,853E+03x 

 241 

2.6 Identification of the deviatoric and hydrostatic behaviour of the MC sample 242 

 243 

Finally, the change of deviatoric stress versus the hydrostatic pressure can be deduced based 244 

on the Equations (1) and (2) whereas the change of hydrostatic pressure versus volumetric strain 245 

can be deduced based on Equations (2) and (3). 246 

 247 

3. Results  248 

 249 

In the present section, the experimental data obtained from QOC data processing are reported. 250 

The deviatoric and hydrostatic response of four MC samples are deduced. Time-resolved ob-251 

servations performed with ultra-high-speed camera are provided. 252 

 253 

3.1 Nominal macroscopic stress - strain material response 254 

 255 

The experimental data recorded in one MC-D5-1 QOC compression test are reported in Fig. 3. 256 

The input signal provided the evolution of incident wave and reflected wave whereas the output 257 

signal shows the temporal profile of the transmitted wave. As expected, the amplitude of 258 



transmitted wave is observed to increase (in amplitude) due to the increase of confinement 259 

pressure illustrated on the signal of cell strain gauge (black curve). 260 

 261 

 262 
Fig. 3. Experimental data recorded in MC-D5-1 QOC compression test. ‘Cam Trig’ corresponds 263 

to camera triggering. ‘Ideal cell contact’ corresponds  264 

 265 

The processed data of MC-D5-1, 2, 3 and 4 QOC compression tests are reported in Fig. 4. The 266 

loading applied to the sample, in terms of nominal axial strain versus time, is almost the same 267 

in each test (Fig. 4a). The nominal strain-rate profile shows a level of strain-rate roughly con-268 

stant (Fig. 4b), as it was expected given the small amplitude of the transmitted wave compared 269 

to the incident wave. The maximum level of axial strain (about -12%) is reached thanks to the 270 

level of strain-rate maintained during the test (about 1200 s-1) and to the loading time imposed 271 

by the round-trip time of wave in the striker (about 100 µs). In the four tests, the outer hoop 272 

strain measured by strain gauge has reached about 1% (Fig. 4c), which means that PC cells have 273 

greatly exceeded their elastic limit according to Fig. 2. The nominal axial stress (axial force 274 

divided by initial sample cross-section) deduced from Kolky’s data processing is observed to 275 

increase continuously up to 200 MPa (Fig. 4d). Finally, the overall mechanical response of the 276 

four tests is quite similar as illustrated in Fig. 4d. 277 

 278 



 279 
Fig. 4. Processed data from MC-D5-1, 2, 3 and 4 QOC compression tests. (a) Nominal axial 280 

strain (absolute value) versus time, (b) Outer hoop strain versus time, (c) Nominal strain-rate 281 

and (d) nominal axial stress versus nominal axial strain (absolute value). 282 

 283 

3.2 Deviatoric and hydrostatic material response 284 

 285 

The temporal profiles of axial stress, radial stress, hydrostatic pressure (Eq. (2)) and deviatoric 286 

stress (Eq. (1)) are plotted in Figs. 5a and 5b for MC-D5-1 and MC-D5-2 MC samples. In both 287 

tests, the axial stress (in absolute value) quickly rises to 120 MPa and then continues increasing 288 

up to 160 MPa (MC-D5-1) and 200 MPa (MC-D5-2). In the meantime, the radial stress within 289 

the sample (Eq. (8)) evolves from about 50 MPa and goes up to about 90 MPA (MC-D5-1) and 290 

110 MPa (MC-D5-2). The resulting maximum hydrostatic pressure reaches 120 MPa (MC-D5-291 

1) and 140 MPa (MC-D5-2) for which a deviatoric stress about 80 MPa is noted for both sam-292 

ples. Both tests provide very consistent results. The deviatoric stress versus pressure is plotted 293 

for both tests in Fig. 5c. A linear increase of strength is noted in the first regime with a slope 294 

close to 1.5. Next, the MC response seems to follow a limit state curve with an almost constant 295 

strength of 56 MPa (MC-D5-1) and 75 MPa (MC-D5-2) as calculated by averaging the devia-296 

toric stress over an axial strain from -2% to -10%. By comparing the experimental results with 297 

previous results of dynamic QOC tests performed with dry MC [Forquin et al., 2010] it is ob-298 

served that the increase of strength with pressure observed in the present work is much smaller. 299 

The main reason would be the small stiffness of PC confining ring compared to confining ring 300 

made of high-strength steel, that contribute to imitate the level of pressure and deviatoric 301 

strength reached in the present study. The hydrostratic response (pressure versus volumetric 302 

strain) for both tests is plotted in Fig. 5d. Next to the elastic response (grey straight line), a 303 

(a) (b) 

(c) (d) 



linear increase of pressure with volumetric strain is observed with a pressure smoothly increaing 304 

from 70 MPa to 120 MPa (MC-D5-1) and 140 MPa (MC-D5-2). This response would result 305 

from the phenomenon of pore collapse observed subsequently by time-resolved ultra-high 306 

speed X-ray imaging. 307 

 308 

 309 
Fig. 5. Processed data from MC-D5-1 and MC-D5-2 QOC compression tests. (a) Stresses ver-310 

sus axial strain (absolute value) in MC-D5-1 test. (b) Stresses versus axial strain (absolute 311 

value) in MC-D5-2 test. (c) Deviatoric response (deviatoric stress versus pressure) for both 312 

tests. (d) Hydrostatic response (pressure versus volumetric strain) for both tests. 313 

 314 

3.3 Time-resolved ultra-high speed X-ray imaging measurements 315 

 316 

The sample placed within its PC confinement ring was illuminated by means of polychromatic 317 

white X-ray beam emitted by two axially aligned long-period undulators (λu=32 mm) with a 318 

median radiation energy at 28 keV. The incident beam was conditioned with two in-vacuum 319 

slites and filtered with permanent optical windows located along the 145 m long vacuum flight 320 

tube for heat moderation, cutting large part of the spectrum within the first harmonics (i.e., 321 

bellow 10keV). The beam impinging the sample is of a relatively large field of view (12.8 mm 322 

in width and 8 mm in height). The experiments are conducted using the 16-bunch operating 323 

mode (i.e., 176 ns bunch separation) having a single bunch pulse integrated over one captured 324 

radiograph. The indirect detector assembly consisted of the HPV-X2 ultra-high speed camera 325 

(Shimadzu, Japan) lens-coupled to a fast scintillator (LYSO:Ce, Hilger Crystals, UK) and a 326 

(a) (b) 

(c) (d) 



folding mirror. The real time visualisation of the cracking process through the thickness of the 327 

sample with an interframe time set to 880 ns and exposure time of 200 ns. The sensor has ef-328 

fective 400 × 250 pixel size providing 128 radiographs in burst mode, with a high spatial sam-329 

pling with respect to the size of the field of view (horizontal and vertical scales: 33.3 pixel/mm). 330 

The observation window is centred toward the axis of loading. 331 

 332 

 333 
Fig. 6. Time-resolved observations performed with ultra-high-speed camera in MC-D5-1 QOC 334 

compression test. Input bar is on the right side. The sample is moving toward the left side. (red 335 

arrow: axial crack initiates from the equator of the largest pore and propagated along the axial 336 

direction) 337 

 338 

The radiographs captured by the ultra-high-speed detector during the MC-D5-1 and MC-D5-2 339 

QOC compression tests are depicted in Figs. 6 and 7. At time T = 0 (prior axial compression) 340 

MC-D5-1 sample is observed to be placed in perfect contact with the compression plugs and 341 

with the confinement ring. The radiography of the pristine sample indicated a well-defined 342 

Picture 1, T = 0, axial = 0           Picture 60, T = 51.92 µs, axial = -7.6% 

Picture 70, T = 60.72 µs, 
axial

 = -8.9%   Picture 80, T = 69.52 µs, axial = -10.3% 

 

Picture 90, T = 78.32 µs, 
axial

 = -11.6%   Picture 100, T = 87.12 µs, 
axial

 = -13.0% 

 

2 mm 

Picture 110, T = 95.92 µs, 
axial

 = -14.1%  Picture 120, T = 104.72 µs, 
axial

 = -15.2% 

2 mm 



contact between the sample and the confinement cell which is verified by the fact that radial 343 

stress increases from the beginning of compression loading (Fig. 6). At time T = 69.56 µs the 344 

barrelling effect can be observed at the sample-cell contact surface. In addition, a small bead 345 

(upper-right corner on the pictures) of material tends to escape from the gap between the plugs 346 

and the cell, which illustrates the capability of MC material to deform under confinement load-347 

ing. It is particularly interesting to observe the deformation of the largest spherical pores (cf. 348 

red arrows) in the shape of an ellipse, contrary to smaller pores that seems to keep their spherical 349 

shape. It tends to demonstrate that the largest pores seem to crush first. In addition, several 350 

cracks oriented along the axial direction can be annoted. In particular the axial crack was clearly 351 

initiated from the equator of the largest pore and propagated along the axial direction. In the 352 

subsequent radiographs, several pores appear fully crushed whereas the largest pore still re-353 

mains visible, however having a substantially changed peripheral shape. A possible explanation 354 

could be a vault (or arch) effect preventing a whole collapse of this pore. 355 

 356 

 357 
Fig. 7. Time-resolved observations performed with ultra-high-speed camera in MC-D5-2 QOC 358 

compression test. Input bar is on the right side. The sample is moving toward the left side. (red 359 

arrow: large pores, blue circle: shear mode of large pore) 360 

 361 

In the case of MC-D5-2 sample, large spherical pores (red arrow, Fig. 7) seem to collapse in a 362 

non-symmetric way. Indeed, from picture 80, pore looks like split in two parts and sheared 363 

along its mid-plane (see details in Fig. 7). This local deformation phenomenon could be at-364 

tributed to some initial imperfections at cell-sample interface or at plug-sample interface lead-365 

ing to shearing deformation mode within the sample. 366 

 367 
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A post-processing of radiographs was carried out to quantify the time-resolved axial strain (Fig. 368 

8) and radial expansion (Fig. 9) of the sample. To do so, the contribution of the phase contrast 369 

at the sample-ring material interface was exploited. The radial expansion in MC-D5-1 and MC-370 

D5-2 QOC compression tests was calculated by considering the gradient of grey level at sample 371 

border and by averaging the radial displacement (in absolute value) on top and bottom sides. 372 

The “radial expansion” is plotted as function of time and axial position in Figs. 9a (MC-D5-1 373 

sample) and 9b (MC-D5-2 sample). As the end of the loading it reaches about 0.2 and 0.25 mm, 374 

which corresponds to radial strain from 8 to 10%. Such radial expansion is much stronger than 375 

with steel confining cell as reported in [Forquin et al., 2010]. Finally, the radial expansion re-376 

mains notably homogeneous along the axial position in the case of MC-D5-1 sample due to the 377 

good contact between the sample and the confining cell. On the other hand, the radial expansion 378 

is more heterogeneous in the case of MC-D5-2 sample. This non-homogenous profile is due to 379 

imperfections of the contact quality between the sample and the confinement cell at the begin-380 

ning of the test but also to the collapse of two pores located near the interface on bottom of 381 

pictures in Fig. 7. 382 

 383 
Fig. 8. Axial strain versus time measured from the 128 pictures of ultra-high-speed camera for 384 

both QOC tests. 385 

     386 
(a)     (b) 387 

Fig. 9. Radial expansion as function of time and axial position based on data processing of 388 

pictures of ultra-high-speed camera in (a) MC-D5-1 and (b) MC-D5-2 QOC compression tests.  389 



 390 

Additional radiographs captured by the ultra-high-speed detector during the MC-D7.5-1 and 391 

MC-D7.5-2 QOC compression tests are reported in Annexe 1 (Fig. 10). These radiographs il-392 

lustrate specific damage modes induced by poor quality of contact at plugs-sample interface 393 

(case of MC-D7.5-1 sample) or at cell-sample interface (case of MC-D7.5-1 and MC-D7.5-4 394 

samples). Indeed, in case of MC-D7.5-1 compression test (Fig. 10a), point contact is noted in 395 

the first picture (T = 0) and a small is noted between the confining cell and the sample. It may 396 

explain early fracturing beneath the contact point (T = 34.32 µs). Next, this crack seems to close 397 

itself and second crack network composed of several axial cracks develop. This cracking net-398 

work stop developing maybe due to limited level of axial strain reached at this end of the load-399 

ing (about -4%). 400 

 401 

In the case of MC-D7.5-4 QOC test (Fig. 10b), the gaps (first picture) at both plugs/sample and 402 

cell/sample interfaces disappear in the first 30 µs. Next, deformation process seems to concen-403 

trate near the cell/sample interface leading to pore collapse in the vicinity of the contact. In 404 

addition, multiple fracturing develops in the sample. At the end of the loading, whereas the 405 

axial strain reaches about -8%, small spherical pores look weakly deformed whereas the largest 406 

pores, especially those close to the cell-sample interface, seem to be much more fractured and 407 

deformed. 408 

 409 

In addition, the radial displacement in both (MC-D7.5-1 and MC-D7.5-4) QOC tests was cal-410 

culated based on data processing of pictures of ultra-high-speed camera by considering the gra-411 

dient of grey level at sample border. To do so, only the top side was considered as the bottom 412 

side was not visible on the pictures. The radial expansion profile as function of time and axial 413 

position is reported in Figs 10c (MC-D7.5-1 QOC test) and 10d (MC-D7.5-4 QOC test). First, 414 

it should be observed that the high value of radial expansion at position -4 mm visible on the 415 

left of both figures (10c and 10d) can be explained by an initial gap at the interface between the 416 

sample and the confining cell that is filled in the first microseconds of axial compression. More-417 

over, in the specific case of sample MC-D7.5-4, a strong increase of radial expansion at a posi-418 

tion close to zero (Fig. 10d) is noted. It is the result of the collapse of a large porosity located 419 

at sample-cell interface visible on the pictures of ultra-high-speed camera. 420 

 421 

These observations seem to indicate a notable influence of pore collapse but also of quality of 422 

contact on the deformation and fracture processes taking place at small scale. The observations 423 

made by X-ray radiographies appears to be of great interest to assess the role of large pores and 424 

the quality of contact at both plugs-sample and cell-sample interfaces. 425 

 426 

4. Discussion 427 

 428 

The time-resolved correlative macroscopic stress-strain and full-field imaging analysis made 429 

in the present work reflects previous, post-mortem, observations made with concrete sample 430 

subjected to compression or impact loading. As summarized in [Forquin et al., 2022], cracks 431 

initiate from the spherical pores (near the equator) that propagate along the compression axis 432 

forming a chimney-shaped (or balcony-shaped) failure pattern, as observed on the fracture sur-433 

face in a mortar subjected to uniaxial compression loading [Forquin et al., 2007; Arias et al., 434 

2008] (Fig. 11b). Such failure patterns are a result of a low-confinement compression loading. 435 

This process was also described in [Forquin, 2003] by simulating the cracking process around 436 

a spherical pore within a volume subjected to a uniaxial compression loading (Fig. 11a). 437 

 438 



 439 

Fig. 11. Damage process induced under uniaxial compression loading. (a) Numerical prediction 440 

considering a spherical pore into a cylindrical volume [Forquin, 2003]. (b) Post-test failure pat-441 

tern of M2 mortar cylindrical sample subjected to a uniaxial compression test [Forquin et al., 442 

2007]. Stress to failure is 67 MPa. Red arrows indicate chimney-shaped fracture surface. Blue 443 

arrows indicate balcony-shaped fracture surfaces [Forquin, 2022]. 444 

 445 

The same kind of mechanism of crack initiation from spherical pore was also observed in a 446 

post-mortem analysis of a target subjected to a cylindrical-divergent type of loading. These 447 

observations reported in [Forquin, 2003; Forquin and Hild, 2008] were obtained on Ductal® 448 

ultra-high-performance concrete (without fibre reinforcement) considering a so-called Edge-449 

On-Impact experiment. In this test, the concrete plate was subjected to the impact of a steel 450 

projectile on its edge with a striking velocity about 130 m/s. It led to the following observations: 451 

in addition to numerous radial straight cracks crossing through the centre of largest pores, 452 

cracks initiated from the equator of spherical pores and propagating along the radial direction 453 

(in a cylindrical frame centred in the impact point) were observed leading to cylindrical-shaped 454 

fracture surface (Fig. 12). As in the observations made in Fig. 11, it seems to contribute to the 455 

start of pore-collapse process in a pore located close to confinement area where much higher 456 

compression stresses operate. The time-resolved through volume observations made in the pre-457 

sent paper could serve as a first step towards the development of a micro-mechanical model 458 

providing a description of micro-crack propagation in concrete under confinement, with en-459 

hanced predictive capabilities for describing the relations between pressure, strain-rate and 460 

loading path dependant material response.  461 

 462 
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 463 
Fig. 12. EOI test conducted with steel projectile and dynamic confinement system applied to 464 

Ductal® concrete without fiber. (a) Sarcophagus configuration (b) Sarcophagus configuration, 465 

striking velocity: 130 m/s [Forquin, 2022; 2024]. 466 

 467 

5.CONCLUSION 468 

 469 

In the present paper, a testing methodology is proposed to perform time-resolved observations 470 

of microcracking mechanisms during high-strain-rate confined loading condition on geomateri-471 

als. This configuration consists in performing a Quasi-Oedometric Compression (QOC) exper-472 

iment in which a cylindrical microconcrete (MC) sample is introduced in polymeric confine-473 

ment cell and is dynamically compressed along its axial direction by means of SHPB (Split-474 

Hopkinson Pressure Bar). The use of small sample and PC cell allows the visualization of the 475 

sample through its thickness with MHz X-ray phase-contrast imaging as available at ID19 476 
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beamline of the ESRF. Ultra-high-speed detector assembly, operating at recording frequencies 477 

about 1 Mfps (i.e. 880 ns interframe time) in 16 bunch mode was used. By applying a standard 478 

Kolsky’s processing to data from SHPB data the axial stress and strain temporal profiles were 479 

obtained. In addition, data of radial stress and strain within the samples were deduced from a 480 

non-linear analysis of the mechanical response of the polycarbonate confining cell instrumented 481 

with a strain gauge. The experiments conducted with samples of MC allows the deviatoric and 482 

hydrostatic responses of this material to be deduced and time-resolved observation to be made. 483 

Finally, the X-ray phase contrast imaging from the captured radiographies provides multiple 484 

benefits as it contributes to -assess the quality of contact at both plugs-sample and cell-sample 485 

interfaces, -perform time-resolved measurements of axial strain and radial expansion within the 486 

sample, -observe the growth of cracks within the sample. In the case a good quality of contact 487 

is achieved, a growth of microcrack from the equatorial zone of large spherical pore, which 488 

ultimately led to pore collapse was observed. These observations are in-line with previous post-489 

mortem observations made in unconfined compression and in EOI (Edge-On-Impact) experi-490 

ments. Thanks to the correlative macroscopic mechanical, and microscopic through volume 491 

measurements of the microstructural evolution and fracturing, this work contributes to further 492 

developments of micromechanics-based numerical modelling strategies accounting for the ma-493 

terial dependence and influence of loading path, loading-rate and pressure. 494 

 495 
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(10a) MC-D7.5-1 QOC test 599 
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 601 
(10b) MC-D7.5-4 QOC test 602 

 603 

 604 
(10c) MC-D7.5-1 QOC test                                 (10d) MC-D7.5-4 QOC test 605 

 606 

Fig. 10. Time-resolved observations performed with ultra-high-speed camera in (a) MC-D7.5-607 

1 and (b) MC-D7.5-4 QOC compression tests. Radial expansion as function of time and axial 608 

position based on data processing of pictures of ultra-high-speed camera in (c) MC-D7.5-1 and 609 

(d) MC-D7.5-4 QOC compression tests.  610 
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