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ABSTRACT 

Macroscopic mechanical properties of materials depend directly on their 

microstructure. Microscopy, and more specifically tomography, is a key method for 

studying microstructures. Here, we propose a simple way to use an X-ray tomogram to 

infer local elastic properties. We distinguish between two scenarios of microstructure 
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images. In the first scenario, the material is composed by very apparent phases so the 

image can be easily segmented into a set of sub-spaces with homogenous properties. In the 

second scenario, the image, as that of sedimentary rocks, contains poorly contrasted 

phases, including strong intra-phase heterogeneities. For this case, we propose an 

alternative to segmentation techniques in order to factor in material heterogeneities. To do 

this, we use the local X-ray attenuation to define elastic moduli. Then, we compute up-

scaled elastic moduli by solving the mechanical equilibrium. Finally, we confirm our 

method by comparing the up-scaled elastic moduli to indentation experiments performed 

at the same scale. 

 

I. INTRODUCTION 

Imaging methods are highly useful for numerical characterization as they provide the real 

structure of a material, while avoiding models with only partial material characteristics. 

However, it is technically challenging to use images as basis for simulations. Segmentation, used 

to determine phases, is one of the oldest, but still unsolved, challenges of image treatment [1-3]. 

Moreover, segmentation is often used to locate homogenous phases, which is a limitation when 

there are strong intra-phase variations of contrast. This article focuses on proposing a new way to 

use X-ray Computed Tomography (CT) for mechanical simulations, which we apply here to 

sedimentary rocks. This material is an emblematic material containing strong intra-phase 

heterogeneities, within the organic matter phase, which make it irrelevant to segment. In section 

II, we propose a simple linear relation between the tomography field and local elastic properties. 

Then, in section III, we perform a homogenization of these elastic properties by solving the 
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mechanical equilibrium. Finally, in section IV, we compare the resulting homogenized Young 

moduli to indentation performed at the same scale. 

 

II. TOMOGRAPHY 

In this section, we analyze three X-ray 3D CT images of sedimentary rocks coming from 

two different sites, Antrim basin (a) and Haynesville basin (b) and (c). 

Rocks are cut with a low speed saw using a diamond disk of 300 μm width and then 

mount on sample holder fixing them with a droplet of glue. The CT scans were obtained, 

following the methodology [4], using a ZEISS Xradia 810 Ultra for (a) and (b) and a ZEISS 

UltraXRM-L200 for (c). The spatial resolution of these equipment reaches 150 μm using a 

Fresnel zone plate to focus the transmitted beam on a scintillator plate in front of a 20× optical 

device. An X-ray source (rotating anode) produces a quasi-monochromatic beam with a 

maximum intensity at energy of 5.4 keV for (a) and (b) and a polychromatic beam with a 

maximum intensity at energy of 8.048 keV from copper (Cu Kα X-ray emission) for (c). Scans 

were recorded with 1800 projections from -90° to 90° with an angle step of 0.1° and an exposure 

time of 120 s per projection for a total scanning time of 72h per acquisition including the 

collection of reference images. The corresponding optical magnification is 200 with a voxel size 

of 64 nm. The width of each sample is composed by 700 voxels, for a total volume of 45 μm
3
. 

Fig. 1 represents cross-sections of these three tomography images. We usually distinguish 

three kinds of components at this scale, minerals in dark regions, clay by shades of purple and 

organic matter in light colors. Details of this characterization are discussed in [5]. Note that 

phases of sedimentary rocks can be larger than our tomograms (> 50 μm [6,7]), and thus our CT 

scans are focused on specific parts enriched in organic matter. To understand our images, we 
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have to be aware that the image contrast, standing for the X-ray attenuation, depends on different 

conditions such as X-ray energy, beam intensity, sensor types and reconstruction process. That is 

why, in order to compare tomography images, we need to define references. 

 

Figure 1. Cross-sections of 700×700 voxels with a resolution of 64 nm of X-ray CT scan of 

three samples of sedimentary rock: (a) Antrim basin, (b) and (c) Haynesville basin. (a) and (b) 

were obtained using a ZEISS Xradia 810 Ultra and (c) using a ZEISS UltraXRM-L200. Minerals 

in dark regions, clay by shades of purple and organic matter in light colors. 

 

Fig. 2 shows the spatial distributions of X-ray attenuation for each tomogram. Each 

distribution has one sharp peak corresponding to the empty space surrounding the sample and 

one principal gaussian-like peak for the organic phase. In order to have the same references for 

all tomographies, we normalize the X-ray attenuation intensity with a linear function in order to 

obtain the same value for the empty space peak and for the main peak for all distributions. Fig. 1 

and fig. 2 display X-ray attenuation intensity after this normalization step. Distributions are 

rescaled to have the same amplitude for the principal gaussian-like peak. In addition, there is 

some differences between distributions that are attributed to the geological histories and 

conditions of each basin. First, Antrim organic materials are mostly type II [8] while Haynesville 

(c)(b)(a)
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organic materials are type III [8], and it is well known that type II precursors contain more 

hydrogen and thus more aliphatic carbons, which are less dense than aromatic carbons. Second, 

the Haynesville basin is much deeper than the Antrim basin: 9500 ft to 16500 ft for Haynesville 

and 500 ft to 2000 ft for Antrim [9]. The low X-ray attenuation shoulder (around 0.25) of 

Antrim's distribution is attributed to both the lower basin pressure (and thus temperature) and the 

presence of immature organic matter that results from a higher level of hydrogen of type II 

precursors. Fig. 2 also exhibits a shoulder at high X-ray attenuation (around 0.7) for the 

Haynesville distributions, which is less present for Antrim, that can be explained by the very 

high pressure of the Haynesville basin. 

 

Figure 2. Rescaled distribution of normalized X-ray attenuation for the three tomographies. 

Peaks representing the empty space go toward the dashed lines. The upper axis is the local 

Young modulus assigned to the tomograms. 
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In order to define local elastic properties, we make two assumptions. First, the X-ray 

attenuation can be considered as proportional to the local density of the matter   [10] in case of a 

short X-ray path through the material (here 45 μm) and a small mass attenuation coefficient that 

is here not more than 10
2
 cm

2
/g [11]. This coefficient represents the ability of matter to absorb 

X-rays and depends on the energy of the photons. Second, we assume that the Young modulus 

increases monotonically with respect to the local density following experimental and simulated   

vs   relation as shown by fig. 3, summarizing some typical constituents, such as nanoporous 

carbon [12], clay and various minerals [14,15]. Note that many mechanical engineering studies 

[16,17] illustrate this trend for a wide range of constituents and it is not limited to those 

presented in fig. 3. At first glance, we do not know which constituents are inside a tomography 

voxel, which is why we assume a master linear function between the Young modulus and the 

local density. It is important to note that since both experimental measurements and simulations 

in fig. 3 are from different systems and are not necessarily performed at the same scale of our 

voxels, this plot is likely noisier than the actual relation in our samples. Finally, these two 

principles lead to the simple relation that the X-ray attenuation is proportional to the Young 

modulus, illustrated by the top axis in fig. 2. Note that we do not attribute any rigidity to the 

vacuum phase since none of our simulations include a vacuum voxel. Thanks to the 

normalization step, we have the considerable advantage to use only one parameter to define the 

elastic properties of these three tomograms. We assign 20 GPa to the main peak of each 

distribution, which corresponds to the typical rigidity of buried organic matter [18]. 
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Figure 3. Young modulus function of the density for some constituents of sedimentary rock. 

Empty circles represent different minerals, summarized in [13] and estimated in [14,15]. Filled 

circles are nano-porous carbon characterization from [12]. 

 

III. HOMOGENIZATION METHOD 

In this section, we homogenize, at scale  , the elastic properties of sedimentary rock 

using our tomograms.   defines the characteristic size of matter crushed during a micro-indentation. Here,   is 

about equal to 2.7 μm, equivalent to 42 voxels of our tomograms. 

We first define a cube of 512
3
 voxels at the center of each tomography that we then split 

into 512 sub-boxes of 64
3
 voxels. We consider Hooke's law at any point of a sub-box, defined by               , expressed by 
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                            ,        (1) 

where the summation over repeated indices is assumed,          is the stress tensor,          is the 

elastic strain tensor and            is the elastic stiffness tensor that we consider isotropic with a 

Young modulus defined by fig. 2 and a Poisson's ratio of 0.25. Fields inside a voxel are assumed 

homogeneous. In order to elicit the elastic response of a sub-box, we impose a small isotropic 

external strain           . Then, we solve the mechanical equilibrium, 

              ,           (2) 

by a fixed point algorithm in Fourier space requiring periodic boundary conditions, initially 

proposed by [19,20] and recently improved by a variational scheme [21,22]. This fixed point 

converged at 10
-7

 following the criterion on   in [21] for each sub-box. 

Fig. 4 illustrates, for one sub-box, the resulting elastic field for the orthogonal direction of the 

rock bedding (B), corresponding to the local Young modulus field (A). This field,     exhibits 

the strong heterogeneities in sedimentary rocks that can go easily up to four times the amplitude 

of the macroscopic strain. The homogenization scale,  , is smaller than the width of a sub-box in 

order to avoid boundary effects. Thus, we define the homogenized Young modulus    by 

averaging Hooke's law over the three directions: 

                                                            (3) 

where           is the average of a field   over the cube of    volume, represented by the dashed 

line at the center of fig. 4 (B). Note that, we consider an isotropic material at the scale   and use 

the same Poisson's ratio,       . Finally, we obtain 512 values of    for each tomogram. 
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Figure 4. Simulation of elasticity of one sub-box of 64
3
 voxels from Antrim tomogram: (A) 

Distribution of the local Young modulus following fig. 2. (B) Elastic response under an isotropic 

external strain. Normalized     is displayed where    is the orthogonal direction of the rock 

bedding. The dashed line represents the characteristic size of a micro-indentation (42
3
 voxels). 

 

IV. COMPARISON WITH MICRO-INDENTATION 

In this section, we compare Young moduli (  ), obtained by simulation, to micro-

indentation results. 

In addition to the hardness, an indentation test provides the elasticity modulus [23,24], 

estimated during the unloading of the indenter and expressed, for an isotropic material, by the 

indentation modulus:         .           (4) 

Multiple indentations are carried out on two samples coming from Antrim and Haynesville 

basins, respectively. 

Fig. 5 shows, for both basins, the comparison of Young modulus distributions from 

micro-indentation tests (black curves) and from the simulations (color curves). Despite the noise, 

simulations represent quite well the shape of the experimental distributions with a maximum 
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around 22 GPa for both basins. Haynesville has a stronger skew toward the right. Only Antrim 

experiences values between 0 to 15 GPa which is consistent with the left shoulder in fig. 2 (a). 

 

Figure 5. Distribution of Young modulus from simulations (color curves) and from experimental 

micro-indentations (black curves). Left: Antrim. Right: Haynesville. 

 

V. DISCUSSION 

In this study, we satisfactorily describe the elastic fields of sedimentary rocks from two 

different origins with only one parameter based on tomograms. The homogenized elastic 

properties at scale   (fig. 5) experience a peak at 22 GPa, very close to the peak of local elastic 

properties (fig. 2). Consequently, our samples have comparable rigidity at both scales, and do not 

experience the stiffening that occurs with ordered microstructures [25,26]. 

Also, we perceive the limit of the linear relation used to link the tomograms and the 

elastic properties. It describes the distribution kurtosis in fig. 5 well, but values above 40 GPa are 

under-represented. This means that dark phases in fig. 1 could have a higher rigidity. But the 

noise on both the experiments and the simulations in fig. 5 exhibits the limit of 

representativeness of our samples, which restricts the determination of this relation. 
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Another interesting point is that the distributions of X-ray attenuation are continuous (fig. 

2) and so we cannot distinguish discrete densities with sharp peaks. This is consistent with the 

images in fig. 1 showing smooth gradient of colors besides interfaces of distinct mineral 

inclusions (in dark colors). Consequently, there is a large range of organic matter density. 

Moreover, we observe that distributions (a) and (b) in fig. 2 have the same shape of the principal 

gaussian-like peak. For instance, the relative difference between the two distributions in the 

range [0.45:0.55] of X-ray attenuation is ∼1%. This means that, even though (a) and (b) come 

from different basins, they surprisingly have very close spectra of organic matter density. In 

opposition, the principal peak of (c), coming from the same basin as (b) but obtained with 

different acquisition conditions, is wider (relative difference rather ∼10% in the range 

[0.45:0.55]). This is probably due to the use of a different wavelength of X-ray. This illustrates 

that quantitative comparisons between tomograms strictly requires the same machine conditions. 

Finally, we noticed the difficulties of interpreting an image due to the inherent aberration from 

optical systems, including defocus, tilt and chromatic aberrations. For example, we obtain voxels 

with a lower X-ray attenuation than in the vacuum (to the left of the sharp peak in fig. 2). As a 

consequence, even with high-clarity tomograms, some bias remains while using an X-ray 

attenuation field. 

 

VI. CONCLUSION 

Segmentation is a post-treatment commonly performed on the output of an X-ray CT 

scan and used to translate the image into a set of well-defined homogenous phases. We show in 

this study that some materials, such as sedimentary rock, experience strong heterogeneities intra-

phases that are important to consider. We propose an alternative method to segmentation that 
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will take these heterogeneities into consideration for characterizing elastic properties. To do that, 

we directly link the X-ray attenuation fields to the local Young modulus using a unique 

parameter that we then validate with micro-indentation. We show that sedimentary rock 

experiences similar elastic properties at two different scales, 64 nm and 2.7 μm, respectively. 

Moreover, we show that, despite theirs different origins, Antrim and Haynesville rocks have 

similar spectra of density of organic matter. Finally, as with a regular camera, we obtain various 

conclusive tomograms but with different contrast and clarity depending on acquisition condition. 

Therefore, we propose some references to reconcile these different images. 
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