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Abstract: Rocks are commonly very heterogeneous materials. Randomly distributed micro 12

flaws inside the rock are believed to initiate tensile cracks from which shear fractures develop 13

and coalescence through en echelon interactions leads to fracture. In this paper, we describe 14

the results of applying high-resolution X-ray tomography to samples of greywacke and 15

limestone experimentally deformed under unconfined axial shortening at various loads 16

equivalent to different fractions of the sample strength. Mineral grains, pores, microcracks 17

and other voids were imaged with a resolution of 10 µm. 3D image analysis enabled us to 18

monitor the initial state of the samples and the changes in them due to compression. Crack 19

morphology is characterized and compared to the microstructure of the sample before and 20

after deformation. In the greywacke, formation of a macrocrack ~10° oblique to the stress 21

direction is observed. It initiated in fine intergranular material at the top tip of the sample and 22

is composed of tensile fractures connected by wing cracks. None of the voids defined in the 23

initial state fractured, and the crack is interpreted to have started either as a microcrack which 24

was smaller than the resolution of the tomography, or, as a completely new crack. In the 25

limestone, cracks are observed to initiate in features that are too small to be imaged by the 26

tomography, or also in newly-created cracks. 27

Keywords: rock porosity; crack-formation; x-ray imaging; microtomography; 3D image analysis 28

1. Introduction 29

The aim of this work was to obtain knowledge about the formation and propagation of cracks 30

in natural rocks through the use of modern high-resolution X-ray computed tomography (CT). 31

X-ray CT is non-destructive with - in this work - the capability of imaging details down to 10 32

m. Most importantly, the internal structure and composition of rocks can be imaged before 33

and after stress is applied to determine where and how cracks initiated. The study of fracture 34
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mechanics began when Griffith (1920, 1924) developed his “Theory of Rupture” and showed, 35

both theoretically and experimentally, that the location of rupture in materials is due to the 36

presence of flaws.  In Griffith’s experiments, these flaws were notches created in glass rods 37

which were then subjected to tensional stress. Later, McClintock and Walsh (1962) extended 38

Griffith’s theory to compressive stresses. For a discussion of Griffith’s work and linear elastic 39

fracture mechanics in general see, e.g., Scholz (1990, 2002).  In rocks, flaws may occur down 40

to the atomic lattice scale and descriptions of the existence of microflaws in rocks are rare 41

because of the lack of non-destructive methods with sufficient resolving power, i.e., on the 42

micrometer scale. Due to their strongly heterogeneous nature, experimental and analytical 43

characterization of the elastic properties and fracture strength of rocks is not very 44

reproducible. In other words, the bulk behavior of many rocks under stress is controlled by 45

the local distribution of flaws, fossils, inclusions, cavities, grain boundaries, mineral cleavage 46

planes and microcracks.  In addition, in the case of monomineralic and some crystalline rocks 47

the flaws may not be apparent until stress is applied.  In order to better understand the process 48

which leads from microcracks to macroscopic fracturing - which extends in scale from 49

millimeters to kilometers - crack initiation, propagation and growth should be studied on the 50

micrometer-scale. In this paper, the generic term void will be used to describe pre-existing 51

flaws, pores and cracks etc. 52

Cracks are three-dimensional surfaces, yet most microscopic investigations on fracturing in 53

rocks have been limited to the analysis of thin sections (e.g. Janssen et al., 2001; Moore and 54

Lockner, 1995) with subsequent interpretation of the 2D results to gain a 3D image. An 55

alternative technique is the monitoring of acoustic emissions (AE) from cracks propagating 56

during experiments. This technique can clearly show the nucleation of fractures in a 3D image 57

of the hypocenters as well as crack progression through the sample (e.g. Lei et al., 2000; 58

Reches and Lockner, 1994; and Zang et al., 2000) but does not define the microcrack before 59

stress is applied.  The first 3D images of propagating cracks were obtained from materials that 60
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are transparent to visible light. Numerous investigations on the fracturing of glass (e.g. 61

Bieniawski, 1967; Germanovich et al., 1994; Hoek and Bieniawski, 1965), resin (e.g. poly-62

methyl-meta-acrylate; Dyskin et al., 1995; Dyskin et al., 2003; Horii and Nemat-Nasser, 63

1985; Cannon et al., 1990) and ice (Schulson et al., 1999) were reported. These transparent 64

materials permit the fracture process to be studied while controlling the concentration of ab65

initio defects in the samples. Cross-sectional images of fractured gypsum samples were 66

studied extensively  by Bobet and Einstein (1998) and Lajtai (1971, 1974).  67

With X-ray tubes becoming a standard tool in geophysical laboratories the amount of research 68

on the three-dimensional distribution of grains and voids in natural rock increased 69

significantly over the last ten years (Hirono et al., 2003;  Ketcham, 2005; Ohtani et al., 2001; 70

Vervoort et al., 2003). In addition to natural rocks, X-ray computed tomography (CT) was 71

applied to study many "rock-like" materials such as mortar and concrete (Landis et al., 2003; 72

Otani and Obara, 2003). As the number of studies increased, so did the highest available 73

resolution of the method (e.g. Desrues et al., 2006).  X-ray CT was shown to be particularly 74

useful for the analysis of the hierarchical size distribution of voids and minerals in rocks 75

because this technique has the potential to visualize details ranging over many orders of 76

magnitude, e.g., from 0.5 m to 0.5 m.  The number of reports on 3D imaging of natural rock 77

whereby mineral phases as well as microcracks were analyzed, increased with the availability 78

of neutron radiography and tomography using cold and/or thermal neutron sources (Bastuerk 79

et al., 2004; Lunati et al., 2003; Winkler et al., 2002). Typical rock-forming minerals (e.g., 80

quartz, feldspars, micas, pyroxenes, amphiboles) are highly transparent to neutrons, which 81

allow for recording of projection images of relatively large samples (1 to 10 cm). However, 82

the maximum spatial resolution of neutron tomography (100 µm) is not capable of imaging 83

the very small void spaces known to be inherent to natural rocks (Fredrich et al., 1995). 84

Similarly the resolving power of common X-ray tomography is limited to some tenths of a 85

millimeter. Therefore 3D imaging of the mineral and crack distribution in rock with 86
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micrometer details was restricted to the users of hard X-ray beamlines, where wavelengths 87

from 0.5 nm to 0.02 nm are typically available. Reports on these imaging experiments, with a 88

resolution ranging from 10 to 20 µm are still rare (Bésuelle et al., 2006; Landis, 2006; Lenoir 89

et al., 2003; Matsushima et al., 2003; Nakashima et al., 2004). Samples with dimensions of 1 90

mm can be analyzed with the best reported resolution in the sub-micrometer range. For this 91

work we used a setup with a spatial resolution of ~10 µm and capable of imaging voids and 92

minerals in 6 mm to 7 mm sized samples. Two types of sedimentary rock were chosen to 93

represent heterogeneous and homogeneous sedimentary rocks and are: a Carboniferous 94

greywacke with a heterogeneous distribution of various minerals and grain sizes, and a 95

Triassic limestone with a very homogeneous fine-grained microstructure. The results of this 96

study, by comparing the sample structure before and after compression will determine the 97

effect of pre-existing voids on the fracturing sequence. 98

2. Materials 99

The greywacke that was used for the present work comes from a core hole near Waldeck and 100

the limestone from the vicinity of Berlin, both in Germany. Fig. 1 shows two microscopic 101

images of thin sections of the two investigated rocks. The cutting plane was chosen so that the 102

direction of maximum compression (applied to cylindrical samples of the same material) 103

would lie in the plane. The limestone may be classified as a micrite. During SEM 104

measurements we observed an average grain size smaller than 5 m and few sparitic shells. 105

The inset (Fig. 1b) shows an electron microscope image of the fine limestone grains revealing 106

micrometer-sized inter-granular porosity. Energy dispersive X-ray analysis further revealed 107

that small pyrites are randomly distributed through the fine limestone matrix (e.g. the bright 108

grain in Fig. 1b). The greywacke consists of angular and rounded grains of polycrystalline 109

quartz and rock fragments of igneous origin embedded in a compact, fine grained matrix. 110

Grain sizes of the mineral constituents range from 10 µm to 0.5 mm. An EDX analysis of the 111

greywacke shows that the greywacke is composed of ~40% quartz, ~40% plagioclase, ~10% 112
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biotite and iron oxides, ~5% calcite, and 5% other. The presence of the plagioclase and biotite 113

may have the effect of initiating cracking through cleavage. Consequently the coarse-grained 114

greywacke should have a completely different fracture behavior compared to the limestone. 115

Unlike the latter, the greywacke is characterized by a preexisting anisotropy observed through 116

"healed" cracks which are filled with opaque iron oxides (e.g. see the ellipse in Fig. 1c). Such 117

healed cracks indicate that the greywacke had been fractured and the resulting cavities were 118

filled with ore minerals.  119

Preparation of the samples for deformation and micro-tomography was relatively simple. For 120

each rock type small cylinders of approximately 6.6 mm in diameter and 10 mm height were 121

drilled out of the bulk material. In order to obtain reproducible results samples of greywacke 122

were cut so that the long cylinder axis had a defined orientation (~ 30º) with respect to the 123

healed cracks. The small cylinder size was chosen to allow the samples to fit into the field of 124

view of the detector array and, at the same time, to allow visualization of details of a size of at 125

least 10 µm. Larger samples would require X-rays of higher energies (i.e., E > 100 keV) in 126

order to guarantee a sufficient translucency. Such energies were not available in the present 127

case which is why the sample diameter was limited to less than 7 mm.128

3. Experiments129

Monochromatic X-ray tomography was chosen because it is free of imaging artifacts that are 130

inherent in polychromatic laboratory CT (beam hardening effects). A high-resolution 3D data 131

volume representing the sample is reconstructed from 900 projection images recorded over 132

180 degrees (i.e., images are recorded at 0.2° intervals) for each sample. The time to take a 133

tomogram is approximately one hour (Appendix A).  To begin with, we compressed six test 134

cylinders of each rock until fracture occurred in order to determine the average compressive 135

strength (stress) < max> and strain (failure) < max>; the stress and strain measurements are 136

integrated into the testing machine. Then, three new cylinders of each material were selected 137

and complete tomograms were acquired of their initial microstructure. Subsequently, each 138
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sample was axially loaded to a specific percentage of the average maximum strain < max>:139

60% (samples G1, and L1), 80% (samples G2 and L2) and 90% (sample G3 and L3). Strain-140

controlled uniaxial compression was applied at constant speed (0.1 mm/min) to the dry 141

samples that were placed between the two loading plates of a universal compression device 142

(UP25) without any additional confining pressure. After compression the samples were 143

unloaded and repositioned on the tomography stage where a second 3D image of every 144

sample was taken. Note: because the tomograms were recorded after unloading, the observed 145

fracture includes effects which are due to stress release. The measured stress-strain curves for 146

limestone and greywacke are shown in Fig. 2a and b along with photos of a fractured sample 147

of each material. Whilst all limestone samples split in many columns, for the greywacke a 148

single fracture developed, sometimes sub-parallel, sometimes oblique to the direction of the 149

applied stress dividing the sample into two pieces. The fracture shown in Fig. 2b is oriented 150

about 30º to the long cylinder axis which is parallel to the shortening direction. Such a 151

behavior is quite uncommon and can be attributed to the preexisting anisotropy in the 152

greywacke. The large fracture seen in Fig. 2b developed more or less parallel to “healed” 153

cracks whereas a smaller crack (right hand side of the sample) aligns with the long sample 154

axis indicating that two different mechanisms control the fracturing in greywacke. The results 155

on the average maximum strain < max> are indicated in the graphs by vertical dotted lines and 156

the scatter of these values is marked by the grey bars in Fig. 2. The deformed samples had a 157

length-to-diameter ratio in the range of 1.4 to 1.7. We corrected the measured average 158

maximum strain and strength for the different ratios by using the shape correction given in 159

Pells (1993). For greywacke we obtained < max > 74 MPa ± 10 MPa (mean value ± standard 160

deviation) and for limestone < max> 87 MPa ± 26 MPa. These values are slightly lower than 161

those given in Pells (1993) [greywacke: mean value 81 MPa, limestone: mean value 105 162

MPa]. As can be seen from the stress-strain curves the scattering of the max values was very 163

pronounced in particular for the limestone samples. This result contradicts the behavior that 164
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would be expected from the fine homogeneous microstructure. Hence inclusions (e.g., sparitic 165

shells as seen in Fig. 1c) may be responsible for the large variation in material strength. Some 166

deformation curves show non-linear "kinks" prior to peak stress indicating partial relaxation 167

due to the formation of cracks or collapse of voids inside the samples. Alternatively, these 168

kinks might be related to irregularities in the sample shape. From Fig. 2 it is also seen that the 169

values of maximum strain < max> scatter less than the compressive strength. The tests on 170

limestone yielded < max> ~ 4.6 % ± 0.7 %, whereas the greywacke samples attained < max> ~ 171

4.17 % ± 0.2 %.  172

4. Data processing 173

Following data acquisition, 3D images were reconstructed using the open-source software 174

PyHST
‡
 and saved as raw volumes with 8bit resolution. Because of the limited vertical 175

dimension of the X-ray beam, three tomograms were recorded at different heights to cover the 176

entire sample volume. In a first step these three recorded sections are assembled into one 177

dataset; Figs. 3a and 3b depict how the different parts of sample G3 are aligned.  In Fig. 3c, 178

the different microstructural components are illustrated by coloring cracks and ore minerals 179

and setting low density minerals transparent. The total analyzed volume per sample was 0.5 180

mm³, representing a three-dimensional space of 2037 x 2037 x 2500 voxels (volumetric 181

pixels). For some parts of the image analysis, 2 x 2 x 2 binning was applied to the 3D data in 182

order to reduce the number of voxels by a factor of 8 without compromising information that 183

is required for the analysis. X-ray tomography measures the 3D distribution of the linear 184

attenuation coefficient by assigning different gray values to different material phases in the 185

image. We can therefore not only distinguish void spaces from bulk material but also different 186

minerals within the sample (see the lower part of Fig. 3c). 187

5. Results 188

‡ Contact Dr. A. Mirone: SciSoft Group of the European Synchrotron Facility (http://www.esrf.eu)  
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Tomographic records were taken of three limestone (L1-3) and greywacke (G1-3) samples 189

before and after deformation which reached 60%, 80% and 90% of the average maximum 190

strain < max> (cf. Fig. 2). 3D image analysis (cf. appendix B) was applied to characterize the 191

porosity n=Vvoid/Vtotal and void density N (voids per mm³ sample volume) for each record. The 192

results are listed in Table 1. For the greywacke application of 60% average maximum strain 193

resulted in a decrease of porosity (G1: (nloaded-ninitial)/ninitial = -28%). (Note that the pore 194

density in the undeformed sample G1 was corrupted by strong image noise and is therefore 195

not shown in Table 1. Filtering the smallest particles that were presumably the artifacts of this 196

noise did not change porosity significantly allowing for a lower estimate of n whereas the 197

number of voids changed drastically and is no longer comparable to the other samples. We 198

assume the uncertainty for the void values in the other datasets to be smaller than one fifth of 199

the values given in Table 1). For 80% strain the void volume in G2 increased slightly: (nloaded-200

ninitial)/ninitial = +3%, whereas a larger increase is observed for the void density in the same 201

sample: (Nloaded-Ninitial)/Ninitial = +40%. The deformation picture changes entirely when 90% 202

deformation is applied to sample G3 and we find a strong increase in total void volume 203

( n/ninitial = +1028%) which is related to the formation of a "macroscopic" crack shown in red 204

in Fig. 3c. Also shown in Fig. 3c is a "healed" crack filled with iron oxide minerals (yellow). 205

Note that the new crack did not exactly develop sub-parallel to the healed crack which is more 206

similarly oriented to the main fracture in Fig. 2b (30º with respect to the shortening direction). 207

Void density decreases after compression of G3 by N/Ninitial = -44%. For the limestone a 208

strong increase in both void volume (L1: n/ninitial = +52%; L2: n/ninitial = +75%) and void 209

density (L1: N/Ninitial = +50%; L2: N/Ninitial = +48%) is observed after compression to 60% 210

and 80% of < max>.  In the 3D image of L2, microcracks form explaining at least part of the 211

increase in void volume. For sample L3, the increase of void volume ( n/ninitial = +500%) is 212

not as large as in G3 but still significant due to the formation of microcracks (cf. Fig. 4). In 213
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contrast to G3, cracking of L3 is accompanied by a simultaneous increase in void density: 214

N/Ninitial = +509%. 215

To refine our observations of void volume and void density we proceeded by calculating the 216

distributions of shape and size of the individual voids in the uncompressed greywacke sample 217

G2 and limestone sample L2
§
. Fig. 5a-d show histograms of void volume and shape, the latter 218

is characterized by a sphericity factor F which is ‘1’ for a sphere and <1 for any other object 219

(cf. appendix B). Obviously the voids in the limestone are smaller (Fig. 5b and d) and appear 220

"rounder" than those present in the greywacke (Fig. 5a and c). Fig. 5d shows that the number 221

of voids in L2 increases steadily towards F = 1 (value for a sphere). Comparison with high-222

resolution SEM pictures (Fig. 1c) shows that this result has to be taken carefully because 223

ragged voids will be smoothed by the limited image resolution. In the samples G1-3 we find 224

larger voids of irregular, non-spherical shape (Fig. 5c shows a peak at F ~ 0.75) and a 225

significant amount of very small voids characterized by a second peak at F = 1. Note that 226

sphericity is not a unique description of the shape of the voids. We therefore compared these 227

quantitative results to 2D projection images of the entire void volume (Fig. 6). A binary 228

image of the void volume (voids are represented by voxel values of "1" while the rest of the 229

volume is set to "0") is projected numerically along one coordinate axis (x, y or z). A 230

projection image of the voids in sample G2 is shown in Fig. 6a along with an enlarged view 231

(6b) revealing a large variety of pore sizes and shapes (the image lies in the x-z plane, the 232

crack lies slightly obliquely to the y-z plane). 233

A lower part of the uncompressed greywacke sample G3 is shown as a sagital (top-to-bottom) 234

slice through the image volume in Fig. 7a and may be interpreted in the same manner as a thin 235

section.  It may be clearly seen that the grain structure is typical of greywacke: poorly-sorted 236

angular grains of different minerals separated by a fine grained ground mass. After 237

§ 3D image analysis was performed using the software package MAVI (Modular Algorithms for Volume 

Images) distributed by the Fraunhofer Institute for Industrial Mathematics (ITWM) Kaiserslautern, Germany, 

contact: Dr. K. Schladitz, schlad@itwm.fhg.de.
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deformation at 90% of the average maximum strain, a macroscopic crack formed (Fig. 7b); 238

the crack is wider at the top than at the bottom where it is difficult to see.  The description of 239

the components of the crack is shown in Fig. 7c: grain-boundary cracks, intrangranular cracks 240

(dividing mineral grains), and cracks in the intergranular matrix.  The component cracks 241

traverse the sample in several orientations (Fig. 7d). In the upper half of the sample, there are 242

tensile cracks sub-parallel to the applied stress. Further below, isolated tensile cracks appear 243

connected by wing cracks splaying from the upper tensile cracks at an angle of approximately 244

45° to stress direction. In the lower part of Fig. 7c there is a crack which has coalesced from a 245

number of cracks which are too small to be clearly imaged. At the lower end of the coalesced 246

crack, a wing crack, oriented at 90° to the wing cracks in the upper part of the sample, has 247

propagated through the matrix. Three small tensile cracks opened close to the lower end of the 248

sample. 249

To investigate the relationship of the directions of the various crack components, a sagital 250

slice along the entire sample perpendicular to the crack was selected.  From this image, a 251

binary image of the crack and a rose diagram of the crack components calculated from the 252

binary image were made (Fig. 8).  The crack developed at an angle of ca. 10° from the stress 253

direction and appears to have a rather simple structure; however, the rose diagram shows the 254

complexity of the interplay of the cracks generated by the uniaxial stress.  Sub-microcracks in 255

the stress direction (labeled tensile cracks) dominate the rose diagram; in addition there is a 256

cluster of directions between 20° and 45° with 2 distinct peaks at 30° to 35° and at 40° to 45°.  257

Also there is a well defined peak at 325° to 330°.  These sets of directions represent shear 258

fractures (labeled wing cracks in Fig. 7d) which interconnect the tensile cracks. 259

In addition to this 2D "thin-section” analysis, the three-dimensional nature of the data permits 260

a volumetric analysis of the crack, i.e., we may determine how crack thickness varies along 261

the length of the crack (for details see Appendix C).  In order to quantify its shape, total size 262

and orientation, the macrocrack is binarized and separated from the smaller isolated voids in 263
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the sample volume. This procedure requires a special type of binarization based on a region-264

growth algorithm and the application of a size filter that grants survival only to the largest 265

object in the sub-volume containing the crack. By counting the remaining voxels, a crack 266

volume of 0.15 mm³ was computed.  In order to investigate the topography of the crack a 267

plane was fitted to the crack (Fig. 9a). The normal vector to this “crack-plane” coincides with 268

the major inertia axis of the crack (see appendix C). The crack "topography" (perpendicular 269

crack surface-to-plane distance) is shown in Fig. 9b. 270

The standard deviation of the crack surface-to-plane distance equals ± 52 µm and by 271

comparing this value to the length (~8.6 mm along the direction of crack-propagation) and 272

width (~5.0 mm) of the crack, we may see that it is quasi-planar on the macroscopic scale. In 273

order to visualize the local thickness of the crack we sum all crack voxels lying on a line 274

perpendicular to the crack plane. The resulting thickness is projected onto the crack-plane 275

(Fig. 10a). This macro-crack has a wedge-shaped thickness profile along the direction of 276

maximum compression with an opening of ~ 100 µm at the top and ~ 7 µm at the bottom 277

indicating that nucleation occurred at the top. Small microcracks probably extend further into 278

the sample but are not detected. Figure 10a contains a few image artifacts ("bright clouds", 279

marked by arrows) caused by low density mineral grains that were partially connected to the 280

crack and can thus not be fully separated from the latter by the binarization algorithm. 281

In order to analyze the mineral constituents in the area of crack propagation we combine the 282

records of the sample G3 before and after compression. The two datasets are spatially aligned 283

in the Euclidean coordinate system, and a box is cropped around the matching regions where 284

the crack formed during deformation. Masking this region in the uncompressed sample with 285

the binary image of the crack in the compressed sample yields a three-dimensional volume 286

showing the mineral structure previous to fracturing. Projecting this data along lines 287

perpendicular to the crack plane and normalizing the resulting image by division by the crack 288
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thickness (Fig. 10a) we obtain a map of the mineral constituents that were traversed by the 289

crack (Fig. 10b). Dense ore minerals (bright) and less dense feldspars (dark) indicate where 290

mineral grains were split by intra-granular microcracks. At the top of Fig. 10b where fracture 291

initiated (marked "B"), the fracture mainly traversed a fine inter-granular matrix (appearing 292

more or less homogeneous in gray), whereas in other regions (marked "A" in Fig. 10b) larger 293

feldspars were apparently split by tensile cracks. In the lower part (marked "C"), the fracture 294

tip is mainly composed of inter-granular cracks, larger grains are not fractured (black). 295

We complete the analysis by showing projections of the total void space similar to Fig. 6 296

before and after formation of the macro-crack in the sample G3 (Fig. 11a and b).  The 297

important conclusion from Fig. 11 is that the formation of the macroscopic crack (Fig. 11b) 298

was not controlled by the pre-existing void spaces shown in Fig. 11a.   299

By contrast, in the limestone samples L2 and L3 somewhat smaller cracks formed after 300

compression on the top and bottom sample edges respectively (Fig. 4a and b). The crack in L2 301

is approx. 2.0 mm x 1.0 mm in size and shows a very ragged shape except where it runs along 302

the cylinder surface. The topography is quasi-planar and tilted by approx. 8º with respect to 303

the direction of maximum compression. The crack in sample L3 is even smaller (approx. 1.2 304

mm x 0.6 mm) with a similar orientation. Because of the small size of the cracks, it was not 305

possible to decompose these cracks into tensile and wing cracks for further analysis.  306

6. Discussion 307

In this work high-resolution X-ray tomography was applied to small cylinders of limestone 308

and greywacke. The tomography was carried out before deformation to characterize grain 309

types and sizes and the presence of voids.  Statistical analysis of the void space in samples G2 310

and L2 showed voids of various sizes and shapes in the greywacke and small round pores in 311

the limestone. Electron microscopy revealed the latter to be part of a larger network of 312

intergranular porosity which is not imaged due to the limited spatial resolution of the X-ray 313
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detector system. It is important to note that values for the total void space in these materials, 314

which are found in the literature and are measured by other methods (e.g., mercury intrusion 315

or scanning electron microscopy), indicate a larger void space than that which we calculated 316

from the tomographic data. A reasonable explanation for this discrepancy is that an important 317

part of the void space is smaller than the detection limit of our method, i.e. smaller than 10 318

µm in size. In addition very large voids (mm- or even cm-sized) were excluded because of the 319

small sample size which were taken preferentially from homogeneous and compact regions in 320

the rock. 321

The tomography experiments were carried out at 60%, 80% and 90% of the maximum 322

average strain to define how the sample reacted to progressively greater stress. As the uniaxial 323

compressive stress increased, changes in void space as well as crack development were 324

observed. The strongly heterogeneous composition of the greywacke and the fine 325

homogeneous microstructure of limestone led to quite different behaviour of these two 326

materials when stressed.  At 60% maximum average strain, the greywacke sample G1 showed 327

a reduction in void space ( n/n = -28% for G1:, Table 1). At 80% maximum average strain, 328

sample G2 exhibited relatively small increases in void volume ( n/n = 3%). On the other 329

hand, in the limestone samples, which had initial values of void space and void density lower 330

by a factor of 10 than those of the greywacke, the increases were somewhat greater ( n/n =331

52% in L1 and n/n = 75% in L2, see Table 1). Thus, after initial closure of voids in G1, the 332

void space and density in both sets of samples increased with higher stress. The greywacke 333

perhaps was more resistant to compression than the limestone. At 90% of the maximum 334

average strain, the greywacke sample G3 showed more than 1000% increase in void space 335

with a decreasing void density, both effects may be attributed to the generation of the 336

'macrocrack'. Deformation of sample L3 reveals a different picture, where a strong increase in 337

void volume is accompanied by an increasing void density. One might see a weak correlation 338

between the orientation of the macroscopic crack in the deformed sample G3 and numerous 339
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dense iron-oxide-filled spaces (associated with an old "healed" crack) in the same sample. 340

Although their orientation with respect to the stress direction differs (30º for the old, 10º for 341

the new crack) and they lie on opposite sides of the sample cylinder they seems to have a 342

tendency to align (the normal vectors of the two planes "only" spread by ~20º) which may 343

indicate that the material has a preferred orientation for cracking. Further tests (data not 344

shown) indicate that new cracks in the greywacke are most likely to open up old healed cracks 345

when the latter align well with the direction of applied stress. The fracture observed in Fig. 2b 346

is apparently an exception where an old crack that is inclined 30º to the direction of stress is 347

re-opened by the new fracture whereas in general these two would not align (e.g. sample G3). 348

One of the unknowns in fracture mechanics is "where does a crack originate?". It is generally 349

agreed that the "how" is that an initial microcrack opens due to tensile stresses. In modeling 350

crack behaviour, penny-shaped microcracks distributed throughout the model are most 351

commonly used to represent the initial flaws in brittle materials (e.g., Adams and Sines, 1978; 352

Cannon et al., 1990; Dyskin et al., 2003; Germanovich et al., 1994, Healy et al., 2006).  At the 353

onset of brittle fracture, a process zone of circular shape (when extrapolated from 2D sections, 354

cf. Atkinson, 1987) is associated with the non-linear behavior of crack tips. This process is 355

further refined by Healy et al. (2006) who state “Elastic stress in 3 dimensions around tensile 356

microcracks promotes a mutual interaction that produces brittle shear planes oriented 357

obliquely to the remote principal stresses”. However, the modeling process does not tell us 358

where or why in nature cracks choose to originate. 359

Our observations from the undeformed greywacke samples reveal voids of various shapes, 360

sizes, and orientations that do not correlate with crack propagation in sample G3 (Figs 6, 7). 361

The kinks in the stress-strain curves from the fracture tests on greywacke and limestone (Fig. 362

2) indicate that initial cracking occurred but was followed by further elastic deformation 363

before brittle failure. This behavior may be an artifact of the sample dimensions. An image of 364

the microstructure of sample G3 in its undeformed state is shown in Fig. 10b and reveals 365
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where and how the crack developed in the sample. The crack initially formed at the upper 366

surface of the sample in an area of fine-grained intergranular material with particularly low 367

void space (Fig. 11). However, this statement applies to only voids of 10 µm size or larger.  368

Smaller voids (<10 µm) could be the locus of the initial cracking (e.g. numerous micrometer-369

sized voids were observed in SEM images of the grain boundaries in the greywacke and 370

limestone). The crack propagated along grain boundaries, through mineral grains, probably 371

along cleavage planes, and the fine intergranular matrix almost to the bottom surface of the 372

sample (Figs. 7, 8, and 11). An image of the undeformed microstructure that was traversed by 373

the crack does not appear much different from an arbitrary cross-section through the material. 374

As can be seen in Figs. 9, 10 and 11b coalesced or isolated microcracks are located in the 375

plane of the crack and at the tip of the propagating crack. In Figs. 7 and 8 it may be seen that 376

the angle the macrocrack makes with the stress direction (~10º) results from the interplay of 377

parallel tensile cracks and oblique wing cracks. At the tip of the macro-crack some individual 378

microcracks are observed (Fig. 7 and 11b). From the 2D slice in Fig. 7, we may interpret a 379

kinematic sequence whereby cracking begins at a point and propagation and growth occur via 380

interaction between tensile and shear cracks. Similar behavior of fracture initiation and 381

growth was shown using AE (Reches and Lockner, 1994; Lei et al., 2000).  382

Compared to the greywacke, the formation of cracks in limestone takes place on a smaller 383

scale (see Fig. 4) in accordance with the very fine grains that characterize the microstructure 384

of this material. We observed a systematic increase in the limestone porosity after 385

compression and from these observations one could hypothesize that the deformation energy 386

applied to limestone yields the formation of new microvoids preceding the formation of larger 387

cracks. Our data shows that the typical multi-columnar fracture of the limestone samples 388

starts at the cylinder’s vertical surface with millimeter-sized cracks preceding the spalling of 389

small splinters. 390

Conclusions  391



 16 

We have shown that hard X-ray tomography is a superior method to investigate the behavior 392

of rock samples under uniaxial compression. This method generates a 3D image of the sample 393

before compression which can be compared with the same sample after brittle failure. The 3D 394

image allows the sample to be viewed from all perspectives and as many cross-sections as 395

wished may be analyzed and compared with the results from other methods, e.g., thin or 396

polished sections. With further development the method will permit deeper insights into rock 397

fracturing. From our experimental results, we conclude that the crack initiated in fine-grained 398

material; the locus of initiation was not defined by the tomography. The principal sites for the 399

macrocrack propagation in the greywacke are the grain-boundaries defined by the imaging 400

before compression. None of the voids which were imaged by the method were involved in 401

the initiation of the macrocrack. Within the resolution limits of the chosen imaging system we 402

may exclude the case where pre-existing void space would localize the zone of crack 403

initiation. The image of the macrocrack in sample G3 showed that it may have been formed 404

through the creation of new tensile cracks which were later linked by wing cracks of different 405

orientations and propagated from the upper surface of the sample to within a few millimeter 406

of the lower surface. None of the fractures were created by the re-activation of pre-existing 407

cracks; they are all newly-formed. We assume that crack growth in limestone samples took 408

place in a similar manner. To investigate the local microstructure through which the crack 409

propagation took place, it will be necessary to carry out the tomography studies with a spatial 410

resolution higher than the 10 µm used in this study.  411

Our findings are in good agreement with common fracture kinematics where cracks ranging 412

from centimeters to a few kilometers are considered and the fracture process zone extends at 413

least over a few tens of mm. Note that the "macro-crack" we characterized in the greywacke 414

sample is closer in size to what is commonly called a "micro-crack" (referring to its 415

thickness). 416
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In contrast to planar imaging methods, X-ray tomography data allows for direct interpretation 417

of fracturing, and quantitative analysis of the fractures can be performed using 3D image 418

analysis.  The method’s principal strength is that the sample may be imaged non-destructively 419

before compression testing, its only drawback, depending on the grain size of the sample, is 420

that sample size is limited.  This study has demonstrated the effectiveness of this method and 421

its application to other types of rock should create more insights into crack formation and 422

rock deformation. We think that high resolution tomography because of its ability to non-423

destructively image rock samples will contribute substantially to the understanding of brittle 424

rock deformation.    425

Appendix A. Synchrotron Tomography 426

Compared to modern laboratory CT this method has many advantages: 1. Transmission and 427

projection of the beam take place in a quasi-parallel geometry thus simplifying the numerical 428

reconstruction of the volume images (filtered back-projection) while minimizing imaging 429

artifacts, 2. Powerful x-ray sources (insertion devices) can be used to create an extremely high 430

photon flux making the exclusive use of a quasi-monochromatic energy band possible, and 3. 431

High-resolution data is reconstructed from projection images recorded over a 180 degree 432

interval within a reasonable time frame of approximately one hour. In addition 433

monochromatic X-ray tomography is free of imaging artifacts that are inherent in 434

polychromatic lab-CT. In contrast to the widely used cone beam tomography, spatial 435

resolution in parallel beam imaging is limited only by the X-ray detector (scintillator screen), 436

not by the size of the source. This makes synchrotrons an ideal place for high-resolution 437

micro-CT applications (Bonse and Busch, 1996). 438

The measurements described above were performed on the BAMline at the Berlin electron 439

storage ring BESSY (Görner et al., 2001). This experimental station is situated 35 m 440

downstream of a 7 Tesla Wavelength shifter (WLS). The WLS generates hard X-rays from 6441

keV up to 80 keV by modulating the trajectory of electrons circulating in the storage ring. 442
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Two multilayer mirrors act as a band pass filter to provide quasi-monochromatic irradiation 443

with a sufficient photon flux and a monochromaticity of approx. E/E=10
-2

. X-rays with 444

photon energy of 33 keV were used for all reported measurements. Sample rotation of 180° 445

was performed in incremental steps of 0.2° and brightfield images (with the sample moved off 446

the beam) were recorded every 100 projections in order to correct for decreasing beam 447

intensity due to the loss of electron current as well as for fluctuations of the inhomogeneous 448

x-ray illumination. The sample is fixed onto a motorized stage allowing micrometer-precise 449

positioning and rotation with respect to the detector screen. The detector is placed behind the 450

sample along the axis of the incoming x-rays and comprises three main elements: A 451

scintillator screen, magnifying optics and a CCD camera. First the X-rays impinge onto quartz 452

glass coated with a 10 µm thick layer of Gd2O2S (Gadox) powder. The luminescent picture of 453

the transmitted beam is then magnified by the combination of a Rodenstock TV-Heliflex 454

(1:1.1, f = 50 mm) objective and a Nikkor telephoto (f = 180 mm /2.8 ED). Finally the 455

magnified image is recorded by a Princeton Instruments VersArray 2048B back-illuminated 456

CCD camera. This setup provides an effective pixel size of 3.6 µm (resolution ~10 µm) with a 457

squared field of view of ca. 7.2 mm length. 458

Appendix B. Analysis of the micro void volume 459

In this work the data analysis is focused on the void space inside the rocks. Voids can easily 460

be discerned from the solid particles because they are represented by the darkest voxels in the 461

microstructure due to negligible X-ray absorption. Using 3D image analysis tools the 462

structure is binarized, with the pore voxels defined as foreground (voxels are set to '1') and the 463

rest of the sample voxels forming the background (voxels are set to '0'). From these binary 464

datasets we calculated position, shape and volume of each void in the sample. Concerning the 465

void volume a cutoff was applied to eliminate voids smaller that 10 voxels in size, in order to 466

avoid pixel noise which could be interpreted as voids. In addition to the voids, very dense 467

particles were selected and analyzed in greywacke (iron oxides, see Fig. 4c) and limestone 468
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(pyrites). In order to correct for the remaining uncertainty about the pore binarization 469

thresholds, we used the total volume of these dense minerals (which is supposed to be 470

invariant to deformation) for normalizing the total porosity and pore density before and after 471

deformation. In order to describe the shape of the voids a sphericity factor F was calculated: 472

3
6

S

V
F π=      (1) 473

Where V is the void volume, S the void surface and F=1 for a sphere while F<1 otherwise. 474

Appendix C. Orientation Analysis of the macro-crack 475

In order to calculate shape and orientation of the macro crack we compute its inertia tensor 476

using the formula: 477

⊂

⋅=
crackx

jiij xxxmJ )(       (2) 478

Where ( )T
xxxx 321 ,,= ; x is the coordinate vector relative to the centre of mass of all crack 479

voxels in the framework of the reconstructed tomogram and the mass )(xm  of the voxel x.480

Because we are looking at a void space, a virtual mass m = 1 is associate to all voxels and Jij481

becomes the orientation tensor Tij from which we can obtain the eigenvalues i and 482

eigenvectors it . T is symmetric (Tab = Tba) and therefore the eigenvalues are real and the 483

eigenvectors span an orthogonal basis in Euclidian space. The transformation matrix 484

{ } 1

321

1 ,,
−− = tttA  is also orthogonal (A

-1
 = A

T
) and can be calculated directly from the 485

eigenvectors. To fit the entire crack to a plane we apply a coordinate transformation and 486

calculate ( ) xAT •== 321 ,, ξξξξ  with 1ξ  and 2ξ  the new coordinates in the crack-plane and 487

3ξ  the distance of the crack-voxel x normal to the fitting plane. 488
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606

Fig. 1. (a) Microscopy of a cross-sections of limestone (the arrow indicates a sparitic 607

shell included in the fine clay-matrix). The inset (b) shows a magnified scanning 608

(backscattered) electron microscopy image of the same limestone revealing micron-609

sized inter-granular porosity and pyrites (bright contrast) of ca. 10 m size. (c) 610

Microscopy image of greywacke showing various mineral grains of different sizes 611

(quartz, feldspar and biotites) ranging from 10 m to 0.5 mm. An old "healed" crack 612

that is filled with (opaque) ore minerals is indicated by the red ellipse. 613

614

Fig. 2. Stress-strain curves obtained from fracture tests on small cylinders of (a) 615

limestone and (b) greywacke. The dashed lines indicate the average compressive 616

strength and the grey bars mark the scattering of the individual values. The insets 617

show photos of fractured greywacke and limestone samples. Note the multi-columnar 618

fracture of the limestone in contrast to the single oblique fracture of the greywacke. 619

620



 23 

Fig. 3. 3D images of the sample G3: (a) Virtual assembly of three tomograms of G3 621

that were recorded to map the entire height of the sample. (b) 2 x 2 x 2 binning is 622

applied to the complete dataset which is further converted into 8-bit data in order to 623

reduce the computer memory required for image analysis. (c) Reconstruction of linear 624

absorption coefficients allows to distinguish grains and phases in the greywacke. In red: 625

porosity and a macro-crack forming after strong deformation; In yellow: dense mineral 626

particles reveal a "healed" crack ca. 30º inclined to the shortening direction. 627

628

Fig. 4. Virtual projection of pores in a small section at the bottom of the sample L2 629

(a) before and (b) after deformation causing the formation of a small crack. Top 630

edge of sample L3 (c) before and (d) after deformation and cracking. 631

632

Fig. 5. (a + b) Histograms showing the distribution of pore volume in samples G2 (a) 633

and L2 (b). (c + d) Distributions of pore shape (sphericity) calculated for G2 (c) and L2 634

(d). Note that a sphericity of '1' corresponds to a spherical pore. 635

636

Fig. 6. (a) Virtual projection of the pore space in the sample G2. (b) The magnification 637

reveals elongated pores that seem to follow a general orientation of the mineral. 638

Randomly oriented oval and angular pores are observed as well. 639

640

Fig. 7. Sagital slice through the 3D data (a) before and (B) after deformation /formation 641

of a macro-crack in sample G3. (c) The macro-crack is decomposed into tensile cracks, 642

parallel to the deformation, oblique wing-cracks and coalescence cracks. Cracks run 643

through (intra-granular), alongside (grain-boundary) or between grains (inter-granular). 644
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645

Fig. 8. 2D orientation analysis of the macro-crack in sample G3. (a) Sagital slice 646

(perpendicularly to the crack plane and parallel to the crack propagation) showing the 647

complete crack. (b) Binary image of the crack. (c) Rose diagram of crack orientation. 648

649

Fig. 9. (a) The quasi-planar macro-crack is projected onto the plane perpendicular to its 650

major orientation axis. (b) A "topography" view is calculated from the distance of each 651

voxel (belonging to the crack) normal to the plane (red: above, green: below the plane). 652

653

Fig. 10. (a) The thickness of the crack is projected onto the crack-plane. Some artifacts 654

appear (white arrows) due to mineral particles of low density (dark appearance in (b)) 655

that are artificially counted as pores. (b) The projected map of the G3 microstructure in 656

its undeformed state masked by the binary crack image of the matching structure after 657

deformation and normalized by the crack thickness (A: region of inter-granular cracks, 658

B: intra-granular cracks and C: grains that appear to be spared by the fracture). 659

660

Fig. 11. Virtual projection of the pores in the third greywacke sample before (a) and 661

after (b) uniaxial compression causing formation of a macroscopic crack. It can be seen 662

from (b) that crack formation and propagation occurred independently of the pre-663

existing porosity distribution in the sample. 664

Sample 

Analyzed 

volume [mm³]

[X * Y * Z]

Strain 

[%] 

Stress 

[MPa]

Initial 

porosity 

n [‰] 

Final 

porosity 

n [‰] 

N pores per 

mm³ before 

deformation 

Npores after 

application 

of stress 

�n/n

[%] 

�N/

N

[%] 

G1 7.3*7.3*9.0 2.78 34 0.25 0.18 - 3.3 -28 - 

G2 7.3*7.3*8.9 3.34 81 0.62 0.64 7.0 9.8 3 40 
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665

666

Table 1. Sample G3: void space n calculated by means of 3D image analysis of the 667

deformed and the undeformed samples of greywacke (G1-3) and limestone (G1-3). 668

The void density N in sample G1 could not be determined due to strong image noise. 669

*
After compression small pieces of the samples L1-3 had splintered off the edges and 670

the corresponding (artificially enlarged) void spaces were excluded by applying a size 671

filter. 672

G3 7.3*7.3*8.8 3.87 79 0.32 3.61 17.0 9.5 1028 -44 

L1 7.3*7.3*6.0 2.54 27 0.027 0.041
*)

 3.0 4.5 52 50 

L2 7.3*7.3*9.2 3.58 53 0.024 0.042
*)

 2.6 3.8 75 48 

L3 7.3*7.3*9.2 4.06 87 0.048 0.24
*)

 7.6 46.4 500 509 












































