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9 A B S T R A C T10
11

Characterizing the elastic properties of carbonate rocks is a crucial parameter in geotechnical12

and reservoir engineering. However, these natural materials exhibit a wide variety of13

microstructures, even when they belong to the same facies, leading to a significant dispersion14

of their elastic properties. We focus on six selected rocks, for which global porosity is shown15

to be not the only factor controlling elasticity. This study aims to understand which additional16

microstructural parameters impact the rocks’ elastic properties by means of nanoindentation17

coupled with microscopic observations and analyses. A complete procedure is developed18

to combine nanoindentation measurements with Scanning Electron Microscopy (SEM) -19

Energy Dispersive Spectroscopy (EDS) analyses to identify volume fractions and elastic20

properties of the mineral phases in each rock. The macroscopic Young’s moduli are estimated21

using analytical homogenization and are finally compared with the values obtained from22

macroscopic experiments. We find that the mineral composition and mechanical properties23

are critical parameters involved in carbonate rocks’ elastic behavior. However, while capturing24

the overall trend, homogenization is found to overestimate Young’s modulus. A discussion25

on the possible impact of cracks and non-spherical pores is conducted to explain this26

overestimation. Besides, microindentation tests are carried out to explore higher scales, which27

remain too small, however, to characterize the macroscopic Young’s modulus of carbonate28

rocks.29
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Elastic Properties of Carbonate Rocks

List of Symbols36

𝐸𝑒𝑥𝑝 Macroscopic Young’s modulus measured through mechanical tests
𝐸𝑟𝑒𝑓 Reference value for the Young’s modulus
𝐸𝑀𝑇
ℎ𝑜𝑚 Homogenized Young’s modulus using Mori-Tanaka schemes

𝐸𝑆𝐶
ℎ𝑜𝑚 Homogenized Young’s modulus using self-consistent schemes

𝐸𝜂
ℎ𝑜𝑚 Homogenized Young’s modulus calculated with a consideration of cracks in the dominant phase

𝐸𝛼
ℎ𝑜𝑚 Homogenized Young’s modulus calculated with a consideration of spheroidal shape of pores

𝐸 Young’s modulus
𝐾 Bulk modulus
𝐺 Shear modulus
𝜈 Poisson’s ratio
𝑛 Number of phases in the material
ℎ Penetration depth of the indenter
𝐹 Force applied with the indenter
𝐿 Linear dimension of the probed volume by indentation
𝑀 Indentation modulus
𝐻 Indentation hardness
𝑆 Unloading stiffness
𝐴𝑐 Projected contact area
𝑅𝑎 Arithmetic roughness
𝑅𝑞 Quadratic roughness
𝑓𝑖 Volume fraction of the phase 𝑖
𝑑 Distance of an imprint to the nearest interface
𝑑𝑡ℎ Threshold on the distance 𝑑
𝜙 Porosity volume fraction
𝜙𝑚𝑎𝑐𝑟𝑜 Macroporosity volume fraction
𝜙𝑚𝑖𝑐𝑟𝑜 Microporosity volume fraction
𝜇𝑋 Mean value of the quantity 𝑋
𝜎𝑋 Standard deviation of the quantity 𝑋
𝑡 Thickness of an elliptic crack
𝑤 Width of an elliptic crack
𝑙 Length of an elliptic crack
𝜂 Crack density parameter
𝑁 Number of cracks per unit volume
𝐴 Area of an elliptic crack
𝑃 Perimeter of an elliptic crack
𝛼 Aspect ratio of a spheroidal shape

37

1. Introduction38

Sedimentary rocks, formed through diagenetic processes occurring after the deposition of sediments, cover around39

73% of the Earth’s land surface1, and consequently, constitute potential reservoirs for hydrocarbons, CO2 storage,40

and geothermal energy2,3. Carbonate rocks are amongst the most complex sedimentary rocks, as they exhibit a large41

variety of microstructural features due to the complexity of their diagenesis4,5. According to Flügel 6 , carbonate42

rocks hold between 40% and 60% of oil and gas reserves worldwide. Hence, there is a need to characterize the43

mechanical behavior of carbonate rocks in reservoir engineering. In this study, we focus on the elastic behavior of44

carbonate rocks.45

Several macroscopic experiments performed on samples of carbonate rocks having similar porosities have shown46

a wide dispersion of elastic modulus5, proving that the global porosity is not the only factor controlling the elastic47

behavior. Many additional microstructural features, such as the volumetric ratio of grains to matrix, the presence,48

and type of cementation, the pore types, and the mineral composition, may be involved in the dispersion of the49
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Elastic Properties of Carbonate Rocks

elastic properties5,7–9. Consequently, the prediction of macroscopic elastic moduli of carbonate rocks from the50

knowledge of its microstructure and of the mechanical properties of its various microscopic phases remains a51

challenging task.52

This study investigates the elastic properties of carbonate rocks having comparable porosities through experiments53

performed at the microscopic scale to understand the dispersion of macroscopic Young’s modulus in light of54

the microstructural attributes. Several rocks, having comparable porosities but different macroscopic Young’s55

moduli, are considered here. Our study is composed of an experimental part followed by a modeling approach56

based on the homogenization theory. The instrumented nanoindentation technique10, which allows characterizing57

the localized mechanical properties of every single phase of a material at the microscale level, is used here.58

This technique has been increasingly carried out on rocks in the last decade since macroscale laboratory tests59

are not sufficient to investigate the impact of microstructure (see the review of Ma et al. 11 and the references60

therein). However, few studies have been conducted on carbonate rocks with nanoindentation compared to other61

types of rock. Nanoindentation has been used on carbonates to assess the heterogeneity of the microscopic62

mechanical properties12,13 and to characterize the impact of chemical interactions with the pore fluid (i.e.,63

water14, brine15, CO2-saturated brine15, or supercritical CO2
16) on the matrix microscopic mechanical properties.64

Nanoindentation measurements on carbonates have been upscaled to predict macroscopic stiffness, by using a65

self-consistent scheme12 or a lattice spring model17, with the predictions being compared with macroscopic66

ultrasound measurements. All those nanoindentation studies on carbonates focused on one or two rocks. On67

geomaterials or cement-based materials, or even on bones18, nanoindentation tests can be combined with several68

techniques to identify the phases of the studied material, such as optical microscopy19, Scanning Electron69

Microscopy (SEM)18, Energy Dispersive Spectroscopy (EDS)20–31, Wave Dispersion Spectroscopy (WDS)32,70

X-Ray microtomography33,34, confocal laser scanning microscopy35 and other imaging techniques36.71

Several groups employed a combined use of nanoindentation and SEM-EDS or EDX on shales. Kumar et al. 24
72

used EDS mapping over the grid indentation and found a correlation between the elemental heterogeneity of73

the scanned region and the spread in indentation results. Mason et al. 25 performed grids of indentation on74

Marcellus shales with various lithofacies. They then observed each indent with SEM and SEM-EDS and determined75

mineralogy at the location of the indent. They studied how the properties of the individual phases depend on the76

lithofacies. Abedi et al. 21 employed the combined use of nanoindentation and SEM-EDS to identify what indents77

were performed on pure phases, mixtures, and close to interfaces, such that they could measure the properties of78

the fundamental building blocks of the material; they found out that stiffness and hardness of clay/kerogen-rich79

phases exhibit a unique scaling relation. Mashhadian et al. 22 employed a combination of the two techniques to80

obtain phase properties that they input into micromechanical models; they found results from the upscaling in81

good agreement with macroscopic measurements. Veytskin et al. 23 coupled nanoindentation with both SEM-EDS82

and SEM-WDS to study shales; they showed that the nano-mechanical properties and morphologies of the various83

phases are distinct. More recently, Liu et al. 20 combined nanoindentation with SEM-EDS and XRD techniques to84

obtain the mechanical properties of individual phases in four shales; they showed in particular that the properties85

of theses individual phases at the nanoscale are quite diverse.86

For what concerns cement-based materials, one can also find several studies that combined nanoindentation87

with SEM-EDS or EDX. From a combined application of nanoindentation and SEM-EDS to low water-to-cement88

ratio cement pastes, Chen et al. 26 found evidence for the formation of nanocomposites of calcium silicate hydrates89

(C-S-H) with nanoportlandite. Moser et al. 28 combined nanoindentation with SEM-EDS mapping to identify90

indents performed on hydrates in ultra-high-performance concrete. Wilson et al. 27 also combined statistical91

nanoindentation and SEM-EDS of cement pastes with large replacements of cement by natural pozzolan; they92

showed that the replacement by natural pozzolan leads to a transformation of C-S-H into C-A-S-H (calcium93

aluminate silicate hydrates) and to the consumption of portlandite. Sorelli et al. 30 combined nanoindentation94

and SEM-EDS on cement paste to identify indents performed in pure phases and hence avoid the need for95

deconvolution. Bu et al. 31 used SEM-EDS to obtain the composition at the location of individual indents in cement96

paste; they showed that portlandite increases both the indentation modulus and the contact creep modulus. Zhang97

et al. 29 characterized slag rims in cement-slag systems by a combined use of nanoindentation and SEM-EDS.98

In contrast, on carbonates, correlation of nanoindentation results with the local microstructure was performed99

based on optical microscopy or SEM imaging and, for one limestone lithofacies in a Marcellus shale only, based100

on SEM-EDS25.101
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In the present study, the nanoindentation technique is coupled with Scanning Electron Microscopy (SEM) and102

Energy Dispersive Spectroscopy (EDS) to characterize the microstructure of the rocks and identify the mineralogy103

under the indentation sites. Once the indentation grids are carried out on a sample, SEM-EDS analyses are104

performed in ex-situ conditions. A method to identify the imprints, whose size is small, in the microscope, has been105

developed and is presented here. Each indentation test can be consequently attributed to the corresponding phase,106

and the elastic properties of each phase are obtained. Besides, an EDS map is performed on each sample’s whole107

surface to evaluate the solid phases’ volume fractions. In addition, Mercury Intrusion Porosimetry (MIP) tests are108

carried out to assess the pore size distribution and evaluate the volume fractions of the porosity families. Based on109

these observations, a simple multiscale scheme of the microstructure is proposed for each rock. Then, analytical110

homogenization models are used to estimate the rocks’ macroscopic Young’s moduli from the heterogeneous local111

moduli, the assessed volume fractions of the different phases constituting the rock, and the proposed microstructural112

scheme. Finally, the estimated values of the macroscopic Young’s modulus are compared to the measured ones from113

macroscopic experiments.114

To the light of the literature presented in the previous paragraphs, our study presents several aspects that115

are original for carbonates: 1) use of SEM-EDS mapping in complement to nanoindentation testing to identify116

the mineralogy at the indent location, 2) extensive use and discussion of micromechanical modeling to predict117

macroscopic stiffness, 3) experimental study of a relatively large number of rocks (i.e., six rocks) of various118

facieses and mineralogical compositions. 4) Also, our methodological developments regarding the combined use119

of nanoindentation grids with SEM-EDS mapping make it possible to automatize the characterization of the120

mineralogical composition at each indent location. 5) The adopted procedure will also serve to conduct a critical121

analysis of the simple use of the deconvolution technique, usually applied when no imaging is performed37. In122

fact, the deconvolution technique is known to lack robustness, in particular on cement-based materials, in the sense123

that the mechanical properties deconvoluted for each phase may depend on how the deconvolution procedure is124

performed38. In our present work, we aim at providing a critical analysis of the deconvolution procedure, but for125

carbonate rocks. Finally, note that the Python codes relative to the current study are available for interested readers126

in the link given at the end of this paper.127

The current paper is organized into six sections, besides this introductory section. In Section 2, the material128

is presented, as well as the experimental procedure. Then, the experimental results are given in Section 3.129

Homogenization is performed in Section 4 to estimate the macroscopic Young’s modulus. A discussion about130

the impact of microstructural attributes and the experimentally studied scale on the macroscopic Young’s modulus131

estimation is conducted in Section 5, before giving the main conclusions in Section 6.132

2. Materials and Methods133

2.1. Macroscopic Properties134

Six carbonate rocks, denominated from A to F, are considered in this study. The Young’s modulus of each rock was135

measured from triaxial experiments performed at room temperature on cylindrical samples with a 3.8 cm diameter136

and a 7.6 cm height. The method for Young’s modulus measurement, based on an internal standard from Total (now137

TotalEnergies), was the following. Each sample was equipped with two axial strain gauges and two radial strain138

gauges and placed in a triaxial cell, which makes it possible to independently control the axial confining stress, the139

radial confining stress, and the pore pressure. The samples were saturated with brine. The confining stresses were140

increased isotropically at a rate of 1 bar per minute, together with the pore pressure, up to values close to the in-situ141

effective stress. During this increase, the difference between the stresses and the pore pressure was kept constant.142

The samples were then sheared by compressing the sample axially at a rate of 0.01 mm/min. A range over which143

the relationship between the axial stress and the axial strain was linear was observed for all samples. The Young’s144

modulus was calculated as the slope of this relationship. Besides, the global porosity of each rock was measured145

using a helium pycnometer. Results are shown in Figure 1.146

Although Young’s modulus tends to decrease with increasing porosity, these results clearly show that global147

porosity is not the only factor controlling the elastic behavior. Rocks A, B, and C have very close porosity fractions148

(around 12%), but exhibit a great dispersion in their Young’s moduli (up to a factor of 2.3), even though the first two149

rocks belong to the same facies F1 (see Figure 1). In addition, although Rocks D and E both have porosity fractions150
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around 20%, the Young’s modulus of Rock D is almost double than that of Rock E. Finally, Rock F belongs to the151

same facies as that of Rocks A, B, and E, but has the highest porosity fraction. However, its Young’s modulus is152

comparable to that of Rock B and even higher than that of Rock E. Therefore, other parameters than the global153

porosity are involved in controlling their elastic behavior.154
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Figure 1: Facies and Young’s modulus 𝐸𝑒𝑥𝑝 measured from macroscopic mechanical experiments and normalized by a
reference value 𝐸𝑟𝑒𝑓 , plotted against the porosity volume fraction of several carbonate rocks.

2.2. Sample Preparation for Nanoindentation and Microscopy155

The calculation of mechanical properties from the indentation response supposes that the sample surface is156

perfectly flat. Thus, the surface of the studied sample must be prepared cautiously to be as flat and smooth as157

possible. SEM-EDS observations also require small and smooth samples. Thus, a centimetric-scale piece of each158

rock was cut using a diamond wire. The samples were then coated with transparent resin (Epofix, Struers). The159

surfaces of the samples were polished using silicon carbide papers (SiC foil #220; #1200; #2000 and #4000,160

Struers) in dry conditions at first, and later, using MD-Dur discs made of woven silk (Struers) with 3-𝜇m and161

1-𝜇m alcohol-based diamond suspensions without the usage of a lubricant. The entire procedure can be found in162

the Ph.D. dissertation of Tazi 39 .163

In order to provide meaningful results with indentation, the polished surface’s roughness must respect a criterion
defined in relation with the applied penetration depth of the indenter. The Atomic Force Microscopy (AFM) can
be used to evaluate the roughness of a zone on the polished surface40. This technique allows characterizing the
surface’s topography with high resolution, i.e., in the order of fractions of 1 nanometer. AFM characterization was
performed on all the samples, and the quadratic roughnesses are found to take values between 21 and 28 nm over
40×40 𝜇m2 sections. These values seem to be in line with those published in the literature39,41. The Miller et al. 42
criterion, proposed for cement paste materials, requires a quadratic roughness, evaluated on a square zone of side
length 𝑙, such as:

(

𝑅𝑙×𝑙
𝑞

)

𝑙=200×ℎ̄
≤ ℎ̄

5
(1)

where ℎ̄ is the mean penetration depth. For a bone material, Donnelly et al. 43 have found that the measurements164

of nanoindentation are not affected by the roughness when its value is lower than ℎ̄∕3. In the absence of a criterion165

developed for rock materials (to our knowledge), the Miller et al. 42 criterion is applied here on the 40 × 40 𝜇m2
166

sections and the following lower bound is obtained for the penetration depth: ℎ̄ > 5 × 28 = 140 nm.167

2.3. Instrumented Nanoindentation Technique168

2.3.1. Principles169

The instrumented nanoindentation technique consists of pressing a hard diamond tip into the studied material44.
According to Larson et al. 45 , the material domain in which the properties are measured has a characteristic linear
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dimension 𝐿 estimated at around ten times the penetration depth ℎ for metals:
𝐿 ≃ 10 × ℎ (2)

Whatever the factor is for rocks, shallower indentations identify the properties of a smaller volume of the material.170

Conversely, deeper indentations measure the properties of larger domains. The test comprises three phases: a171

loading phase followed by a holding phase and an unloading one. A visible imprint is left on the surface of the172

tested material’s surface, with a dimension of about 5 to 6 times the maximum penetration depth. Two mechanical173

properties of the material are usually measured from the unloading curve:174

1. The indentation modulus 𝑀 (also called reduced modulus), which is defined as:

𝑀 =

√

𝜋
2

𝑆
√

𝐴𝑐
(3)

where 𝑆 =
(

𝑑𝐹
𝑑ℎ

)

ℎ=ℎ𝑚𝑎𝑥
is the unloading stiffness at the beginning of the unloading phase and 𝐴𝑐 is the

projected contact area at maximum depth. In the case of an ideally sharp Berkovich-type indenter, 𝐴𝑐 can
be related to the maximum depth ℎ𝑚𝑎𝑥 with the Oliver and Pharr 46 method as following: 𝐴𝑐 = 24.5 ×ℎ2𝑚𝑎𝑥.
The indentation modulus 𝑀 is linked to the elastic properties of the indented material (Young’s modulus 𝐸
and Poisson’s ratio 𝜈) and of the indenter (𝐸𝑖 and 𝜈𝑖) through the following relation:

1
𝑀

= 1 − 𝜈2

𝐸
+

1 − 𝜈2𝑖
𝐸𝑖

(4)

2. The indentation hardness 𝐻 , which represents the average pressure below the indenter, is defined as follows:

𝐻 =
𝐹𝑚𝑎𝑥
𝐴𝑐

(5)

This parameter is often interpreted as a snapshot of the strength of the material47,48.175

In the present study, quasi-static indentation tests were performed using a NHT2 nanoindentation tester from CSM176

Instruments (now Anton Paar) and a diamond Berkovich tip (𝐸𝑖 = 1140 GPa, 𝜈𝑖 = 0.07). The tip imperfections177

were taken into consideration by calibrating the contact area 𝐴𝑐 as a function of the penetration depth (using a178

fused silica sample and following the Oliver and Pharr 46 method). Grids of indentation tests were performed, as179

required to identify the properties of individual phases in heterogeneous materials such as rocks37.180

2.3.2. Nanoindentation Experiments181

On each sample, four grids of 40 𝜇m-spaced indentation tests were performed. The grids were carried out in a182

way to cover all the principal mineral phases of the studied material (preselected using SEM). Each grid is formed183

either by 20 × 20 or 15 × 15 tests, covering thus an area of 760 × 760 𝜇m2 or 560 × 560 𝜇m2, respectively. The184

maximum penetration depth was 200 nm, which respects the Miller et al. 42 criterion (see Section 2.2), and is185

sufficiently small to obtain the individual properties of the phases. Each indentation test was performed with a186

loading/unloading rate of 6 mN/min and a holding duration of 10 seconds. All indentation curves were inspected187

visually, and those not sufficiently smooth were removed from the analysis.188

To find the indented area in the SEM afterward (see Section 2.4), an artificial direct orthogonal frame was created189

with the indenter by performing three large imprints (up to the maximum force 500 mN) next to the sample’s190

borders, as shown schematically in Figure 2a. The location of these tests was chosen to facilitate their identification191

in the SEM. In addition, to identify the position of each imprint of a grid accurately, this latter was performed with192

larger imprints at the four corners (see Figure 2b). The corner indentation tests were performed up to a maximum193

force of 40 mN, leaving imprints whose sizes are in the order of 6 𝜇m.194
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(a) (b)

Pt 1

Pt 2

Pt 3

Figure 2: (a) Schematic of the direct orthogonal frame formed by 3 indentation tests performed on the sample; (b)
Schematic of a typical indentation grid performed with large imprints at the corners.

2.4. Coupling Nanoindentation Measurements with SEM-EDS Mapping195

2.4.1. SEM-EDS measurements196

SEM-EDS observations were performed using a MEB-FEG Quanta 650 (FEI) microscope, with an acceleration197

tension of 15 kV. The minerals were obtained through QEMSCAN (Quantitative Evaluation of Minerals by198

Scanning Electron Microscopy) methodology, which is based on SEM-EDS elemental mapping. The SEM-EDS199

hypermaps are post-processed via the Nanomin Software (ThermoFisher), which compares the EDS spectra200

obtained on each pixel to a mineralogical database previously built according to the nature of the rock (carbonate,201

sandstone, etc.). The SEM-EDS QEMSCAN method has been shown to be an accurate quantitative tool to202

characterize mineralogy49. The mineralogy of the studied facieses is simple, mainly composed of large grains203

of calcite and dolomite, and can be clearly identified using the QEMSCAN methodology.204

Backscattered SEM images and EDS maps were performed on the zones covered by the indentation grids (see205

Section 2.4.2 below), with pixel sizes of 100 nm and 1 𝜇m, respectively. The mineral composition of a layer whose206

thickness is 1 𝜇m is rendered in the EDS maps. Therefore, the data of the latter maps roughly probe the same depth207

as indentation tests since the characteristic size of the indented domain was around 2 𝜇m.208

Finally, EDS mapping of the whole surface of the sample was also performed, with a pixel size of 20 𝜇m, to get a209

statistically representative characterization of the mineralogical composition. A SEM image of the whole surface210

was also obtained in backscattered mode by stitching 16 images with a pixel size of 800 nm.211

2.4.2. Identification of indentation locations in SEM-EDS images212

After performing the indentation grids, each sample was inspected with SEM. However, it is complicated, if not213

impossible, to retrieve the indentation grids in SEM due to the indentations’ small size. A two-step procedure was214

used to locate the indentation positions on the EDS maps, i.e. to identify the mineralogical phase located at each215

indentation test.216

First, the grid’s locations on the sample’s surface were found based on the known coordinate systems of each217

experimental device. The coordinates of the three large imprints of the artificial frame defined in Section 2.3.2218

(Figure 2a), easily recognizable in SEM images, were determined in the SEM coordinate system. A frame219

transformation, composed of a translation and a rotation, was then identified to convert the indenter to the SEM220

coordinate systems 1. This transformation was used to obtain the coordinates of the grids in the frame of the SEM221

from their known location in the frame of the indenter. Note that this simple geometric method here permitted222

1A Python script is written for this purpose. All the Python codes relative to the current study are available for interested readers in the
link given at the end of this paper.
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identifying indentation grid areas with an accuracy in the order of tens of micrometers. This is essentially due to223

the fact that the sample is not perfectly horizontal in the SEM.224

Second, each indentation’s location had to be inferred from the four deeper indentation locations at the corner of225

the grids. In fact, the imprints left by the 200 nm depth indentations were too small to be identified individually226

in the SEM. They could be mistaken for micropores or might not even be visible. On the contrary, the deeper227

indentations at the corners could be easily identified (Figure 3b). The global grid shapes were systematically found228

to be slightly deformed in the SEM images compared to the square shape performed in the indenter frame, as shown229

in Figure 3a. A 20×20 indentations grid, regularly spaced of 40 𝜇m in the indenter frame, exhibits borders ranging230

from 760 𝜇m to 764 𝜇m (instead of 760 𝜇m) and angles varying between 89° and 91°. Therefore, a deformed231

grid had to be considered to predict all imprints’ positions from the four corner positions. The deformation of the232

grid was assumed to be homogeneous. The mathematical developments of such geometric transformation can be233

found in Appendix A and were implemented in a Python script. Despite their shallow depth, some nanoindentation234

imprints could be retrieved in the SEM image presented in Figure 3a and were used to estimate this interpolation235

procedure’s accuracy. Fifteen imprints were chosen randomly in the grid (in the central zone and around each236

corner), and the error between true imprints’ positions and the interpolated ones were manually evaluated (e.g.,237

Figure 3c). The accuracy on the individual imprints positions is found to be lower than 3.5 𝜇m. The maximum238

error values were observed in the central part of the grid.239

(a) (b)

(c)

Figure 3: (a) SEM image showing the global geometry of an indentation grid of 20×20 tests regularly spaced of 40 𝜇m
in the indenter frame; (b) Enlargement in the lower right corner, showing the large corner imprint. The arrows point
at the locations of the nearest 200 nm depth indentations. (c) SEM image showing the error between the real imprint
position of the 191-th indentation of the grid and its position interpolated from those of the 4 deep corner imprints.

2.4.3. Exclusion of indentation tests near interfaces240

Once the imprints’ positions are found on the SEM and EDS maps, a phase can be attributed to each indentation241

test. However, to measure the properties of pure phases, the domain probed by an indentation test must be included242

entirely in a single phase. Therefore, the indentations whose probed volume would overlap two phases must be243

removed. The Euclidean distance 𝑑 of each imprint to the nearest interface between two mineralogical phases244

has been automatically calculated after segmenting the EDS images (the whole procedure is available in Python245

language). Then, all the tests having a distance 𝑑 lower than a threshold 𝑑𝑡ℎ have been excluded from the subsequent246

analysis. The value of 𝑑𝑡ℎ has been chosen to be greater than the sum of the maximum error on an imprint position247
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(3.5 𝜇m) and the characteristic size of the probed domain by indentation (around 2 𝜇m), leading to 𝑑𝑡ℎ = 6 𝜇m.248

Notice that this method does not make it possible to remove indentations whose probed volume would overlap two249

phases if the second phase is right below the indented surface and not visible on the SEM-EDS images.250

2.5. Typical Result251

A typical result of a fully-studied indentation grid is presented in Figure 4. The grid, having a rectangular shape252

in the initial configuration (20 × 10 indentations), covers a zone containing 3 phases. 87% of these 200 tests (i.e.,253

174 tests) were considered valid by the simple inspection of their force-penetration curves and retained in the254

subsequent procedure. The EDS map indicates that the matrix phase is formed with calcite, and many inclusions255

of dolomite and anhydrite phases are observed (dark grey and white color in the SEM image, respectively). The256

distance threshold has been applied to identify the indentations that would have probed a single phase, leading to257

a selection of only 87 tests, which are sorted by phase. Finally, the corresponding distributions of the indentation258

modulus 𝑀 and hardness 𝐻 are given in Figures 4c and 4d. For the various performed indentation grids, these259

histograms will be henceforth directly given for the sake of conciseness.260
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Figure 4: (a) Example of a SEM image over which the indentation grid is superimposed ; (b) Corresponding EDS map.
Each cross stands for the location of one indentation test and the contour of the grid is marked here with dashed lines;
(c)-(d) Histogram of the properties 𝑀 and 𝐻 of the identified phases: matrix of calcite with inclusions of dolomite
and anhydrite.

3. Experimental Results261

3.1. Microstructure’s Characterization262

As shown in Figure 5, a continuous calcite phase is identified in the rocks belonging to Facies F1: Rocks A,263

B, E, and F. Different mineral phases can be observed in this phase, such as dolomite and anhydrite (Rocks A264
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Table 1
Volume fractions of the rocks’ phases evaluated from the EDS maps performed on the whole surfaces, and porosities
measured from MIP tests. The mineral fractions are expressed with respect to the total volume. All values are rounded
to 0.1%.

Rock Calcite Dolomite Anhydrite Quartz 𝜙𝑚𝑎𝑐𝑟𝑜 𝜙𝑚𝑖𝑐𝑟𝑜

Rock A 67.0% 19.9% 1.3% 0.0% 7.1% 4.7%
Rock B 70.5% 14.1% 3.7% 0.0% 5.8% 5.9%
Rock C 0.4% 72.6% 14.6% 0.0% 10.5% 1.9%
Rock D 0.0% 76.1% 3.7% 0.0% 13.3% 6.9%
Rock E 79.0% 0.0% 0.0% 3.0% 9.4% 8.6%
Rock F 74.1% 0.0% 0.0% 1.8% N/A N/A

and B), or quartz only (Rocks E and F). Figures 6, 7 and 8 present several SEM observations performed on the265

samples of Rock A to Rock F. In Rock A, large pores are observed at the millimeter scale, as well as isolated266

subspherical dolomite inclusions marked with the letter D. Besides, some anhydrite traces (marked by the letter A)267

are embedded in the calcite matrix. At lower scales, a family of micropores is observed in calcite (Figure 6d). In268

contrast, dolomite and anhydrite are quite more compact (Figures 6c and 6d). The diameters of micropores are at269

the scale of 1 𝜇m, whereas macropores exhibit diameters ranging from several tens of micrometers up to the scale270

of 1 mm. As for Rock B, the dolomite phase seems to be less present and less homogeneously distributed in the271

volume space (Figure 5b) than in Rock A. The SEM observations on Rock B shown in Figures 6e and 6f suggest the272

presence of two porosity families again: micropores in the calcite phase and macropores at a larger scale. Anhydrite273

and dolomite seem to be quite compact. Besides, the SEM observations on Rock E and F presented in Figure 8274

make evidence of large subspherical macropores lying in the calcite matrix and a family of micropores at the scale275

of several micrometers. Minor traces of quartz are identified in the EDS maps performed on the whole surfaces of276

both Rocks E and F (Figures 5e and 5f).277

On the other hand, Rocks C and D, which belong to Facies F2, exhibit a completely different microstructure278

(Figures 5c and 5d). Dolomite grains are found to form the major phase of these two rocks. In Rock C, subspherical279

grains of dolomite are identified (Figures 7a and 7b). An anhydrite cementation is found among the grains in some280

zones, and an intergranular porosity without evidence of cementation is observed in others. Unlike anhydrite, the281

dolomite phase is observed to contain a family of micropores. In addition, a small proportion of calcite is identified282

on the EDS map. However, the SEM observations performed on Rock D show the presence of angular crystals of283

dolomite (Figures 7c and 7d). Moreover, anhydrite is less present in this rock, as only minor isolated traces are284

identified. Besides, no calcite phase has been observed in the EDS map of this rock.285

The mineral phases’ surface fractions are evaluated from the EDS maps carried out on the samples’ whole surfaces286

(Figure 5). These fractions are assumed here to be equivalent to the volume fractions with respect to the total volume287

(following Delesse 50 ). Since EDS probes only the solid skeleton, those volume fractions are measured with respect288

to the volume of the solid skeleton. We then multiply those volume fractions by (1−𝜙) (where 𝜙 is the total volume289

fraction porosity assessed by MIP), to obtain mineral volume fractions expressed with respect to the total volume290

of the sample. Results are gathered in Table 1. Calcite forms the major phase in the rocks belonging to Facies F1,291

whereas dolomite is the major phase in the rocks of Facies F2. Between Rocks A and B, dolomite is more present in292

the former. Minor traces of anhydrite are identified in both rocks (less than 4%). In contrast, Rocks E and F exhibit293

only the minor presence of quartz inclusion. For Facies F2, anhydrite is more present in Rock C than in Rock D.294

No calcite is identified in Rock D, whereas only 0.4% of calcite is found in Rock C.295
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(a) (b)
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Figure 5: EDS maps performed on the whole surface of the samples: (a-f) Rocks A to F.
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(a) (b)

(c) (d)

(e) (f)

Figure 6: Backscattered SEM observations of: (a-d) Rock A; (e-f) Rock B. The letters C, D and A denote calcite,
dolomite and anhydrite, respectively.
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(a) (b)

(c) (d)

Figure 7: Backscattered SEM observations of: (a-b) Rock C; (c-d) Rock D. The letters D and A denote dolomite and
anhydrite, respectively.

(a) (b)

(c) (d)

Figure 8: Backscattered SEM observations of: (a-b) Rock E; (c-d) Rock F. The letter C denotes calcite.
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Moreover, MIP tests have been conducted on samples cored from Rocks A to E to evaluate the porosity296

families’ volume fractions (Figure 9). Unfortunately, the sample of Rock F that we possess had been already297

tested mechanically (to measure its macroscopic Young’s modulus), and its microstructure had been thus deformed.298

Therefore, MIP has not been performed on a sample from this rock. Note that the total porosities of the samples299

provided in Table 1 are close to the one displayed in Figure 1 and obtained by helium pycnometry on companion300

samples: this good agreement suggests that our samples are representative.301

The MIP curves of Rocks A to C, which have global porosities around 12%, are gathered in Figure 9a. The302

dominant pore size is in the 10 𝜇m range for Rocks A and C. We observe no clear peak for Rock B, whose pore303

size distribution extends from 0.1 to 10 𝜇m. Figure 9b shows the MIP results corresponding to Rocks D and E,304

whose global porosities are between 18% and 20%. The MIP curves of Rock D and E exhibit peaks at 0.5 𝜇m and 3305

𝜇m, respectively. It is worth mentioning that at a given global porosity, the rock which contains more microporosity306

is the one whose Young’s modulus is the lowest (Rock B in Figure 9a and Rock E in Figure 9b). This result is in307

agreement with the results published by Weger et al. 7 .308

For modeling purposes, we will need the volume fraction of the various porosity families. Based on the309

microstrucural observations and the MIP measurements presented above, we introduce a threshold diameter310

between microporosity and macroporosity and set it to 2 𝜇m for all the studied rocks. Accordingly, the volume311

fractions of the porosity families are given in Table 1. The impact of the value of this threshold on the homogenized312

mechanical properties will be discussed in Section 4.3.313
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Figure 9: Results of MIP conducted on samples extracted from Rocks A to E.
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Table 2
Mean values (𝜇𝑀 and 𝜇𝐻) and standard deviations (𝜎𝑀 and 𝜎𝐻) of, respectively, the indentation modulus and hardness
obtained for the rocks’ solid phases.

Rock Calcite Dolomite Anhydrite
𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻 𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻 𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻

[GPa] [GPa] [GPa] [GPa] [GPa] [GPa]

Rock A 75.1 ± 11.6 2.8 ± 0.6 125.5 ± 15.8 8.4 ± 1.2 107.1 ± 31.6 5.0 ± 1.7
Rock B 63.3 ± 17.8 2.4 ± 0.7 105.4 ± 24.0 5.7 ± 1.7 91.3 ± 24.0 3.4 ± 0.6
Rock C 130.6 ± 16.1 7.4 ± 1.1 108.5 ± 16.9 4.0 ± 0.7
Rock D 105.9 ± 15.7 5.1 ± 1.0
Rock E 48.4 ± 11.6 1.7 ± 0.7
Rock F 59.4 ± 10.7 1.7 ± 0.6

3.2. Local Mechanical Properties314

Nanoindentation experiments have been conducted following the procedure presented in Section 2. The corre-315

sponding histograms of the indentation modulus 𝑀 and hardness 𝐻 classified by phases for Rocks A to C and316

Rocks D to F are given in Figures 10 and 11, respectively. The mean values 𝜇 and standard deviations 𝜎 of the317

indentation properties of the rocks’ mineral phases are then calculated and listed in Table 2. Dolomite is found to318

be the stiffest and hardest phase in comparison with calcite and anhydrite, as its indentation modulus’s mean values319

𝜇𝑀 vary between 105.4 and 130.6 GPa and its indentation hardness’s mean values 𝜇𝐻 vary between 5.1 and 8.4320

GPa. Calcite is the softest phase, with 48.4 < 𝜇𝑀 < 75.1 GPa, and 1.7 < 𝜇𝐻 < 2.8 GPa. The properties of calcite321

in Rock E are lower than in the rocks of Facies F1, which may explain its lower value of Young’s modulus (Figure322

1). Anhydrite has intermediate properties with 91.3 < 𝜇𝑀 < 108.5 GPa, and 3.4 < 𝜇𝐻 < 5.0 GPa. When a phase323

is rarely present in the microstructure, its properties may sometimes not be measured from nanoindentation grids,324

as is the case for calcite in Rock C, anhydrite in Rock D, and quartz in Rocks E and F. The obtained results are325

consistent with those measured by Tazi 39 , who has studied a source rock and obtained the following properties for326

calcite: 70.1 < 𝜇𝑀 < 73.0GPa and 𝜇𝐻 = 2.5GPa, and for dolomite: 97.0 < 𝜇𝑀 < 107.0GPa and 5.8 < 𝜇𝐻 < 6.4327

GPa.328
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Figure 10: Histograms of the indentation modulus 𝑀 and hardness 𝐻 obtained from all the grids performed on the
sample of (a)-(b) Rock A; (c)-(d) Rock B; (e)-(f) Rock C.
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Figure 11: Histograms of the indentation modulus 𝑀 and hardness 𝐻 obtained from all the grids performed on the
sample of (a)-(b) Rock D; (c)-(d) Rock E; (e)-(f) Rock F.
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Table 3
Volume fractions (𝑓𝑖), mean values (𝜇𝑀 and 𝜇𝐻) and standard deviations (𝜎𝑀 and 𝜎𝐻) of indentation modulus 𝑀
and hardness 𝐻 for each phase identified in all grids performed on rocks A, B and C, obtained from the SEM-EDS
analysis (EDS) and from the deconvolution procedure (dec). Volume fractions are rounded to 0.1%. Volume fractions
indicated for the SEM-EDS analysis are the fraction of indentation tests associated to each mineral as obtained from
the combined procedure described in section 2.4 and shown in Figure 10.

Rock
Phase 1 - Calcite Phase 2 - Anhydrite Phase 3 - Dolomite

𝑓𝑖 𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻 𝑓𝑖 𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻 𝑓𝑖 𝜇𝑀 ± 𝜎𝑀 𝜇𝐻 ± 𝜎𝐻
[%] [GPa] [GPa] [%] [GPa] [GPa] [%] [GPa] [GPa]

A EDS 64.0 75.1 ± 11.6 2.8 ± 0.6 5.5 107.1 ± 31.6 5.0 ± 1.7 30.4 125.5 ± 15.8 8.4 ± 1.2
dec 53.2 70.9 ± 10.6 2.5 ± 0.7 16.9 97.9 ± 16.4 5.4 ± 1.2 29.9 130.6 ± 16.3 8.6 ± 1.8

B EDS 65.9 63.3 ± 17.8 2.4 ± 0.7 27.1 91.3 ± 24.0 3.4 ± 0.6 7.0 105.4 ± 24.0 5.7 ± 1.7
dec 88.0 66.5 ± 20.9 2.5 ± 0.7 9.6 104.7 ± 5.3 5.4 ± 1.2 2.4 140.1 ± 23.7 8.6 ± 1.8

C EDS 12.4 108.5 ± 16.9 4.0 ± 0.7 87.6 130.6 ± 16.1 7.4 ± 1.1
dec 38.2 101.1 ± 20.2 5.0 ± 1.4 61.8 134.4 ± 13.1 7.6 ± 0.7

3.3. Critical Analysis of the Deconvolution Technique329

If no SEM-EDS mapping is performed after indentation, the deconvolution technique may be applied to estimate330

the mineral phases’ volume fractions and their indentation properties. This paragraph is devoted to present a critical331

analysis of this technique in light of the results obtained from coupling nanoindentation and SEM-EDS imaging.332

The deconvolution technique is applied on the cumulative histograms of indentation modulus 𝑀 and hardness333

𝐻 obtained for rocks A, B and C by following the deconvolution procedure of Ulm et al. 10 : we fit a normal334

distribution to each property of each phase, by preventing overlapping of the peaks. Therefore, 5 quantities are335

sought for each phase: its volume fraction 𝑓𝑖, the mean values 𝜇𝑀 and 𝜇𝐻 and the standard deviations 𝜎𝑀 and 𝜎𝐻 .336

The indentation tests considered for this technique are those selected after inspecting their force-penetration curves337

(i.e., the first stage of test selection presented in Section 2.3.2 prior to the MEB-EDS characterization). In each338

of the deconvolution analyses, the number of phases imposed corresponds to the one identified with SEM-EDS339

imaging, i.e. 3 and 2 phases for rocks A/B and rock C, respectively. For rocks A and B, the initial guess parameters340

of the minimization procedure were set to 𝜇𝑀 = (70, 100, 125) GPa and 𝜇𝐻 = (2.5, 6, 8) GPa for phases (1, 2, 3),341

respectively. For rock C, they were set to 𝜇𝑀 = (100, 125) GPa and 𝜇𝐻 = (5, 8) GPa for phases (1, 2). In all cases,342

a relative standard deviation of 0.3 has been considered for both 𝑀 and 𝐻 distributions, as well as equal volume343

fractions for all phases.344

Figure 12 and Table 3 display the results obtained for the three rocks. The following conclusions can be made:345

1. For the three rocks, although the orders are respected, most deconvoluted volume fractions differ from the346

ones estimated after SEM-EDS characterization.347

2. Depending on the histograms, the deconvolution can lead to mean mechanical properties that differ348

significantly from the coupled approach using SEM-EDS characterization, i.e. up to 33% for the indentation349

modulus (rock B, dolomite) and up to 60% for the indentation hardness (rock B, anhydrite). In such350

cases, coupling SEM-EDS measurements with the nanoindentation data is required to obtain accurate351

measurements of the mechanical properties.352
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Figure 12: Histograms of indentation modulus 𝑀 and hardness 𝐻 for all grids performed on (a-b) Rock A, (c-d)
Rock B and (e-f) Rock C, and corresponding analyses with the deconvolution method. The dashed lines represent
the summation of normal distributions weighted by the volume fractions, and the dotted ones represent the individual
phase distributions.
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4. Homogenization of the Young’s Moduli353

The homogenization theory is applied on the experimental results presented in the previous section to estimate354

the macroscopic values of Young’s modulus of each rock.355

4.1. Homogenization Principles356

The homogenization theory consists of modeling a heterogeneous material with a homogeneous one, which357

behaves globally in the same way51. In our case, we are interested in modeling the elastic behavior of rocks having358

different microstructures with equivalent homogeneous media in terms of the bulk and shear moduli: 𝐾 and 𝐺.359

In this theory’s frame, the homogenized elastic properties depend on each phase’s elastic properties forming the360

microstructure, their volume fractions, and morphologies. In the case of an Eshelbian type morphology52, where361

the phases of the heterogeneous medium are assumed to have ellipsoidal shapes, two main schemes exist in the362

literature:363

1. The Mori-Tanaka scheme53, where the main phase is assumed to form a continuous matrix in the material.364

2. The self-consistent scheme54, which corresponds to polycrystal materials, where none of the phases forms365

a real continuous phase.366

In the case of a Mori-Tanaka scheme, the homogenized bulk and shear moduli of a medium formed by a matrix
(index 1) and 𝑛 − 1 phases (index 2 to 𝑛) with a spherical shape are respectively expressed as51:

𝐾𝑀𝑇
ℎ𝑜𝑚 =

( 𝑛
∑

𝑗=1

𝐾𝑗𝑓𝑗

1 + 𝛼1(
𝐾𝑗
𝐾1

− 1)

)( 𝑛
∑

𝑖=1

𝑓𝑖
1 + 𝛼1(

𝐾𝑖
𝐾1

− 1)

)−1

(6)

𝐺𝑀𝑇
ℎ𝑜𝑚 =

( 𝑛
∑

𝑗=1

𝐺𝑗𝑓𝑗

1 + 𝛽1(
𝐺𝑗
𝐺1

− 1)

)( 𝑛
∑

𝑖=1

𝑓𝑖
1 + 𝛽1(

𝐺𝑖
𝐺1

− 1)

)−1

(7)

where 𝑓𝑖, 𝐾𝑖 and 𝐺𝑖 represent the volume fraction, bulk and shear moduli of a phase 𝑖 respectively, 𝛼1 =
3𝐾1∕(3𝐾1 + 4𝐺1), and 𝛽1 = 6(𝐾1 + 2𝐺1)∕[5(3𝐾1 + 4𝐺1)]. In this case, the index 1 refers to the matrix phase.
As for the self-consistent scheme, the homogenized moduli for a 𝑛-phases material with spherical shapes have the
following expressions51:

𝐾𝑆𝐶
ℎ𝑜𝑚 =

𝑛
∑

𝑖=1

𝐾𝑖𝑓𝑖
1 + 𝛼ℎ𝑜𝑚(

𝐾𝑖
𝐾𝑆𝐶
ℎ𝑜𝑚

− 1)
(8)

𝐺𝑆𝐶
ℎ𝑜𝑚 =

𝑛
∑

𝑖=1

𝐺𝑖𝑓𝑖
1 + 𝛽ℎ𝑜𝑚(

𝐺𝑖
𝐺𝑆𝐶
ℎ𝑜𝑚

− 1)
(9)

with 𝛼ℎ𝑜𝑚 = 3𝐾𝑆𝐶
ℎ𝑜𝑚∕(3𝐾

𝑆𝐶
ℎ𝑜𝑚 + 4𝐺𝑆𝐶

ℎ𝑜𝑚) and 𝛽ℎ𝑜𝑚 = 6(𝐾𝑆𝐶
ℎ𝑜𝑚 + 2𝐺𝑆𝐶

ℎ𝑜𝑚)∕[5(3𝐾
𝑆𝐶
ℎ𝑜𝑚 + 4𝐺𝑆𝐶

ℎ𝑜𝑚)].367

The self-consistent indentation technique is an alternative approach proposed by Randall et al. 55 to estimate the368

homogenized elastic properties of a material directly from a grid of indentation measurements without the need369

of SEM-EDS analyses. This approach assumes that each indentation test is representative of a material phase, and370

an equivalent “virtual" composite material, composed of 𝑛 randomly and equivalently distributed phases, can be371

defined. The number of phases 𝑛 is identical here to the total number of indentation tests. In such a medium, none372

of the phases can play a matrix’s role, and thus, a polycrystal morphology seems to be well-suited. Therefore, we373

adopt the self-consistent scheme to calculate the homogenized elastic moduli (Equations 8 and 9).374
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4.2. Homogenization Strategy Inferred From Observations375

Based on the microscopic observations presented in Section 3.1, a two-scale scheme is proposed to describe the376

microstructure of the rocks belonging to Facies F1 and is illustrated in Figure 13a. At the largest scale, a continuous377

calcite phase containing dolomite, anhydrite, quartz, and macropores is assumed. At the lowest scale, microporous378

calcite is considered. Another two-scale scheme is proposed to describe the microstructure of the rocks belonging379

to Facies F2 and is illustrated in Figure 13b. At the largest scale, a dolomite phase containing anhydrite, calcite, and380

macropores is considered. At the lowest scale, dolomite is considered to be microporous. In-between micropores,381

both calcite and dolomite could contain nanopores at the scale below (i.e., less than 100 nm). Nanoindentation382

provides measurements that include the impact of those nanopores on the mechanical properties of the mineral383

phases. The MIP measurements show the volume of those nanopores to be negligible compared to the total pore384

volume (Figure 9).385

Dolomite
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calcite phase

Microporous 
calcite phase

Quartz

Scale 0

3D randomly oriented 
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(a) (b)Facies F1 Facies F2

Figure 13: (a)-(b) Two-scale schemes proposed to describe the microstructures of the rocks belonging to Facies F1
and F2, respectively; (c)-(d) Additional lower scale introducing 3D-randomly oriented elliptic cracks in the dominant
phase of the rocks belonging to Facies F1 and F2, respectively.

The homogenization technique is then applied on the two-scale schemes, taking into account the volume fractions386

of the different phases and porosity families given in Table 1, and their local properties presented in Table 2 (see387

also Equation 4). We consider a Poisson’s ratio 𝜈 = 0.3 for all minerals, except for quartz, for which 𝜈 = 0.0856.388

Finally, due to the lack of data on the following phases, some assumptions have been made:389

• The properties of calcite in Rock C are taken identical to those obtained for Rock A.390

• The properties of anhydrite for Rock D are taken identical to those obtained for Rock C.391

• The properties of quartz are taken from Tazi 39 : 𝑀 = 97.0 GPa to calculate the homogenized modulus of392

Rocks E and F.393

• The total porosity of Rock F is assumed to be equally distributed between macroporosity (𝜙𝑚𝑎𝑐𝑟𝑜) and394

microporosity (𝜙𝑚𝑖𝑐𝑟𝑜).395

Note that those assumptions on the mineral properties have little impact on the calculated homogenized modulus396

since the volume fraction of those phases is 3.7% at most (see Table 1). The effect of the last assumption is discussed397

in the next section.398
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4.3. Homogenization Results399

The homogenized Young’s moduli, 𝐸𝑀𝑇
ℎ𝑜𝑚 and 𝐸𝑆𝐶

ℎ𝑜𝑚, are calculated by considering Mori-Tanaka (Equations400

6 and 7) and self-consistent schemes (Equations 8 and 9), respectively. The ratios of these moduli with respect401

to the experimental values obtained from macroscopic mechanical tests are presented in Figure 14. These plots402

show that the global trend of Young’s modulus is captured in the sense that the homogenized moduli are roughly403

proportional to the measured ones. In other words, the homogenization technique, fed with the data obtained from404

coupling nanoindentation and SEM-EDS analyses, can predict if a rock is stiffer than another one. These results405

suggest that the rock’s mineral composition and properties are key parameters governing the elastic behavior and are406

responsible for the dispersion of Young’s moduli presented in Figure 1. However, we observe that the homogenized407

moduli predicted with upscaling models overestimate the one measured with macroscopic experiments, using both408

Mori-Tanaka and self-consistent models. The mean overestimation factor is 1.78 for Mori-Tanaka and 1.72 for409

self-consistent schemes, and their standard deviations are 0.23 and 0.24, respectively. Despite that this factor is410

lower in the latter case, various homogenization schemes yield quite similar moduli, suggesting that the phases’411

spatial organization with respect to each other does not seem to have a significant impact on the homogenized412

moduli.413
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Figure 14: Comparison of the homogenized moduli with the macroscopic experimental ones of the six studied rocks,
all normalized with a reference value 𝐸𝑟𝑒𝑓 . Homogenization is performed using Mori-Tanaka (MT) and self-consistent
(SC) models, and through the self-consistent indentation approach (SCIA).

To explore the impact on the homogenized moduli of the threshold diameter between microporosity and414

macroporosity, we vary the threshold over the whole diameter range (Figure 9). In other words, the whole range415

of porosity distribution between macro and microporosity is explored, leading to the relative errors for each rock416

given in Figure 15. For the Mori-Tanaka model, the error is lower than 3% for all the rocks. In contrast, these417

errors are slightly higher using the self-consistent model - as expected - and can reach 6.7% as for Rock F. In418

conclusion, the impact of the assumption of the diameter threshold on the homogenized moduli is not found to be419

significant. The sensitivity to Poisson’s ratios is studied by varying their value from 0.25 to 0.35 for the three major420

minerals (calcite, dolomite, anhydrite). For both Mori-Tanaka and self-consistent schemes, the maximum error is421

about ±3%, which is also not significant.422

Finally, the homogenization has been performed using the self-consistent indentation approach proposed by423

Randall et al. 55 . To do so, for every single sample, all the nanoindentation tests were gathered from all the grids.424

Only those having suitable shapes for their force-penetration curves were retained (i.e., the first stage of test removal425

presented in Section 2.5). These retained tests are assumed to represent the solid phases of the rock. At the location426

of each indent, we assume a Poisson’s ratio 𝜈 = 0.3, which is the Poisson’s ratio of all minerals but quartz. The427

Abdallah et al.: Postprint of https://doi.org/10.1016/j.ijrmms.2023.105456 Page 22 of 31

https://doi.org/10.1016/j.ijrmms.2023.105456


Elastic Properties of Carbonate Rocks

(a) (b)

0.0 0.2 0.4 0.6 0.8 1.0
Macroporosity ratio macro/  [-]

0.99

1.00

1.01

1.02

1.03

E h
om

/E
re

f
ho

m
Mori-Tanaka

Rock A
Rock B
Rock C
Rock D
Rock E
Rock F

0.0 0.2 0.4 0.6 0.8 1.0
Macroporosity ratio macro/  [-]

0.94

0.95

0.96

0.97

0.98

0.99

1.00

E h
om

/E
re

f
ho

m

Self-consistent

Rock A
Rock B
Rock C
Rock D
Rock E
Rock F

Figure 15: Relative errors linked to the distribution of porosity between macro and microporosity for (a) Mori-Tanaka
and (b) self-consistent schemes. 𝐸𝑟𝑒𝑓

ℎ𝑜𝑚 stands for the homogenized Young’s modulus obtained for the porosity diameter
threshold set to 2 𝜇m.

Poisson’s ratio of quartz is, in fact, equal to 0.0856. Still, the volume fraction of quartz is so low in all rocks428

considered (see Table 1) that the impact of the Poisson’s ratio of quartz on the calculated homogenized modulus429

is negligible. To account for porosity, we introduce a phase with vanishing properties and a volume fraction equal430

to the global porosity given in Figure 1.431

The ratios of the corresponding macroscopic homogenized Young’s modulus to the experimental one are432

presented in Figure 14 for the six rocks. A mean overestimation factor of 1.62 is obtained with this approach,433

with a standard deviation of 0.24. The results indicate that the self-consistent indentation approach gives a434

very close estimation to that obtained with homogenization schemes applied after proper identification of the435

material’s various mineralogical phases. Like those latter approaches, the self-consistent indentation approach436

can successfully predict if a rock is stiffer than another without requiring any direct characterization of the rock437

microstructure (but for the total porosity). This approach is convenient, although it provides less insight into the438

physical origin of the dispersion of Young’s modulus. Anyhow, we found that the macroscopic elastic properties439

of the rocks are overestimated by homogenization, independent of whether homogenization is performed directly440

on the indentation grid (i.e., self-consistent indentation approach) or whether homogenization is performed after441

proper identification of the various mineralogical phases and their spatial organization.442
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5. Discussion and Exploratory Analyses443

As seen in the previous section, the homogenized Young’s moduli overestimate the measured ones. Many444

microstructural attributes can explain this result, such as:445

• The existence of cracks: the media in the schemes are not considered fractured. However, cracks may exist446

in the phases, which would reduce the homogenized Young’s modulus57,58.447

• The shape of the pores: a spherical shape has been assumed for the phases in our homogenization procedure.448

However, the pore shapes observed in the SEM images are non-regular in most cases (e.g., Figures 6 and449

7). For example, one can expect that pores’ asphericity would reduce the predicted macroscopic Young’s450

modulus59.451

• Interfaces behavior: Perfect bonding among the phases is assumed in the homogenization models. This452

assumption is strong and may cause an overestimation of Young’s modulus. One can expect that relaxing453

it (i.e., considering that there can be some discontinuity of displacements or stresses across an interface454

between phases) would reduce the estimated modulus60.455

Introducing additional complexities translates into introducing additional parameters in the homogenization456

models. Despite being theoretically developed, the drawback of all these enhancements in homogenization is457

evaluating the introduced parameters from experimental methods. However, the impact of the first two factors listed458

above on homogenized Young’s modulus is explored in the following subsections. Since the results of section 4459

showed that the homogenization scheme had little impact on the homogenized results, this exploratory analysis460

is limited to one homogenization scheme, namely the Mori-Tanaka, which is computationally simpler than the461

self-consistent scheme.462

5.1. Cracked Media463

Expressions of the homogenized elastic moduli for a medium containing 3-D randomly oriented elliptic cracks
have been developed and given by Pan and Weng 59 . A crack is assumed to have an ellipsoidal shape, with negligible
thickness 𝑡 and width 𝑤 in comparison to the length 𝑙. Following Budiansky and O’connell 61 , a crack density
parameter 𝜂 is defined in terms of the crack properties as following:

𝜂 = 2𝑁
𝜋

𝐴2

𝑃
(10)

where 𝑁 represents the number of cracks per unit volume, 𝐴 = 𝜋𝑤𝑙 is the crack area, and 𝑃 = 4𝑙 is its perimeter.
The parameter 𝜂 is somehow an indicator for the presence of cracks, as it increases when 𝑁 becomes greater for
uniform crack geometry or when cracks become larger for constant 𝑁 . The expressions of the homogenized moduli
in the case of a Mori-Tanaka scheme are given in terms of the elastic properties of the matrix and the parameter 𝜂
as following:

𝐾𝜂
ℎ𝑜𝑚 =

𝐾𝑚𝑎𝑡

1 + 16
9

1−𝜈2𝑚𝑎𝑡
1−2𝜈𝑚𝑎𝑡

𝜂
(11)

𝐺𝜂
ℎ𝑜𝑚 =

𝐺𝑚𝑎𝑡

1 + 8
45 (10 − 7𝜈𝑚𝑎𝑡)𝜂

(12)

As a first qualitative approach, we consider elliptic cracks randomly oriented in the dominant phase of each rock464

at a lower scale (Scale 0 in Figures 13c and 13d). The ratios of the homogenized modulus to the macroscopic465

measured one are plotted for each rock in Figure 16. We observe that homogenization estimates the measured466

values for 𝜂 ranging between 0.32 and 0.82. The results are consistent with the intensity of overestimation by the467

initial Mori-Tanaka model, i.e., the higher the overestimation, the greater the density parameter (see Figure 14). It468

is noticeable that 𝜂 is the same for Rocks C and D (Facies F2) but exhibits a dispersion for rocks of Facies F1.469
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Figure 16: Homogenization results taking into account cracks in the dominant phase of each rock.

5.2. Spheroidal Pore Shapes470

Pores are now assumed to have spheroidal shapes instead of spherical ones. This shape is illustrated in Figure
17a, where 𝑎2 = 𝑎3 and the aspect ratio is defined as:

𝛼 =
𝑎1
𝑎2

(13)

Two cases can be distinguished depending on the value of this aspect ratio:471

• The oblate shape for 𝛼 < 1.472

• The prolate shape for 𝛼 > 1.473

When the aspect ratio is equal to 1, the shape degenerates to a spherical one. The homogenization solution for a
Mori-Tanaka scheme of a matrix containing 3-D randomly oriented spheroidal inclusions has been given by Tandon
and Weng 57 and detailed later with examples in Zhao et al. 62 for the case of spheroidal pores. The expressions of
the homogenized moduli are:

𝐾𝛼
ℎ𝑜𝑚 =

𝐾𝑚𝑎𝑡
1 + 𝜙.𝑝

(14)

𝐺𝛼
ℎ𝑜𝑚 =

𝐺𝑚𝑎𝑡
1 + 𝜙.𝑞

(15)

where 𝜙 is the porosity, 𝑝 and 𝑞 are two expressions depending on the Eshelby tensor of a spheroidal inclusion.474

These expressions can be found in Zhao et al. 62 and in the shared Python script.475

For the sake of simplicity, porosity is assumed to be completely present at Scale 1 of the schemes illustrated in476

Figures 13a and 13b (i.e., 𝜙 = 𝜙𝑚𝑖𝑐𝑟𝑜). It has been shown that the impact of such assumption is not significant on the477

homogenized moduli in the case of the Mori-Tanaka model (Figure 15). Equations 14 and 15 can thus be used and478

the ratios of homogenized over measured Young’s modulus are plotted in Figure 17b. In agreement with the results479

published by Zhao et al. 62 , the stiffest medium is obtained in the case of spherical pores, which also corresponds to480

the upper bound of Hashin and Shtrikman57. In the case of oblate pores, the modulus rapidly decreases at a given481

porosity. However, considering prolate pores instead of spherical ones induces only a slight decrease in the material482
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stiffness. We observe that homogenization estimates Young’s modulus’s measured values for aspect ratios ranging483

from 0.033 to 0.103. As expected, the higher the initial overestimation factor (Figure 14), the lower the pore aspect484

ratio. However, the microstructures of the rocks inspected with SEM (Figures 6 to 8) indicate that the aspect ratio485

of the pores is much closer to one than those predicted by the inverse analysis performed here. Therefore, it would486

be interesting to consider more complex morphologies of pores, which consider an angular character (e.g., see Du487

et al. 63 for concave pores).488
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Figure 17: (a) Schematic of the spheroidal shape (from Barthelemy 64); (b) Homogenization results taking into account
randomly oriented spheroidal micropores (𝜙 = 𝜙𝑚𝑖𝑐𝑟𝑜).

5.3. Increasing the Studied Scale - Microindentation Tests489

The nanoindentation tests of this study have been performed at a shallow penetration depth (200 nm), and the490

measured maximum force is around six mN (obtained while indenting the dolomite phase). These tests have been491

assumed to probe non-cracked solid subvolumes at a scale of around 2 𝜇m. To account for cracks and porosity, the492

probed subvolume must be enlarged by performing microindentation tests at higher levels of penetration depths (or493

equivalently force). If this subvolume becomes large enough to be statistically representative of the microstructure,494

we would expect to measure the macroscopic elastic properties of the rock directly from the microindentation tests.495

The existence of such subvolume is sought for Rocks A, B, and C through microindentation tests performed using496

a NHT3 tester in the laboratory of Anton Paar GmbH up to 5 maximum force levels: 0.3 N, 1 N, 3 N, 10 N, and 30497

N. For each loading level, ten tests are carried out in different zones chosen randomly on the surface of the polished498

samples. Therefore, 50 measurements are obtained for each sample.499

The results are gathered with those of nanoindentation tests and are presented in Figure 18. Each point on the plots500

corresponds to the average value calculated over all the tests performed up to a loading level. The characteristic501

size of the probed volume is assumed to be ten times the maximum penetration depth. The results show a high502

dispersion, as the coefficient of variation of the microindentation Young’s modulus and hardness can reach 20%503

and 45%, respectively (Figures 18c and 18d). In addition, these coefficients do not seem to decrease while increasing504

the characteristic size, which may be explained by the fact that the scale probed by the deepest microindentations505

is not sufficiently large compared to the scale of heterogeneity of microstructures (see Figure 5). Nonetheless,506

despite this dispersion, the plots of the mean value of indentation Young’s modulus over macroscopic Young’s507

modulus 𝐸𝑒𝑥𝑝 in Figures 18a and 18b show that while increasing the scale of the study, the indentation modulus508

becomes closer to the macroscopic value measured from triaxial experiments 𝐸𝑒𝑥𝑝. However, the scale reached509

by microindentation is not sufficient to predict the macroscopic modulus. The convergence of Young’s modulus510

of Rock B seems slower than that of Rocks A and C. This observation may be explained by the more pronounced511

microstructural heterogeneity of Rock B (see Section 3.1).512
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Figure 18: Microindentation and nanoindentation results obtained on Rocks A, B and C: Ratio of the mean indentation
Young’s modulus 𝜇𝐸 over 𝐸𝑒𝑥𝑝 measured from macroscopic mechanical experiments plotted against (a) the maximum
applied force; (b) the characteristic size of the probed volume. Coefficient of variation of the (c) indentation Young’s
modulus; (d) indentation hardness, with respect to the characteristic size of the probed volume.

6. Conclusions513

From a methodological point of view, we have shown that the nanoindentation technique can be applied to514

carbonate rocks with a wide range of porosities and microstructures. In conjunction with SEM-EDS analyses,515

we have also shown that nanoindentation could yield valuable information regarding the mechanical properties516

of the rock’s phases. This piece of information made it possible to shed light on the microscopic origin of the517

dispersion of macroscopic elastic properties. As a perspective, nanoindentation combined with SEM-EDS analysis518

can be applied, beyond carbonate rocks, to a wide range of heterogeneous materials. Besides, the main conclusions519

of this study are listed in the following:520

1. A full experimental program is developed to couple the indentation measurements and SEM-EDS mapping.521

The protocol is enriched to solve several issues that the experimenter encounters and provide all the inputs522

required for homogenization.523

2. The mineral composition and mechanical properties of carbonate rocks are main microstructural features524

controlling the macroscopic elastic properties. Two rocks having the same global porosity can have different525

proportions of mineral phases and/or different mineral mechanical properties, leading to a significant526

variation of their macroscopic elastic properties. Dolomite is found to be harder and stiffer than calcite,527

and a presence of such a phase would reinforce carbonate rocks.528

3. The homogenization theory is applied in this study to predict the macroscopic Young’s moduli of the rocks.529

Results show that this technique applied on data obtained at the submicron scale can successfully capture530
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the macroscopic Young’s modulus trend in the sense that it can indicate if a rock is more or less stiff than531

another one. However, an overestimation of a factor around 1.78±0.23 (in Mori-Tanaka case) and 1.72±0.24532

(in self-consistent case) is systematically obtained between the homogenized and measured macroscopic533

ones.534

4. Homogenization through self-consistent indentation approach proposed by Randall et al. 55 is found to535

give very close results to those obtained through upscaling schemes fed with the procedure combining536

nanoindentation and SEM-EDS imaging, and identifying the various mineralogical phases, their volume537

fractions, mechanical properties, and spatial organization. The former approach is quicker, simpler, and can538

predict if a rock is stiffer than another. However, the combined nanoindentation and SEM-EDS imaging539

approach, although more complex, provides greater insight into the physical origin of the dispersion of the540

macroscopic Young’s modulus.541

5. Some microstructural features that can explain the macroscopic Young’s modulus overestimation are listed,542

and two of them are investigated: the presence of cracks and the non-spherical shape of pores. Accounting543

for cracks with a crack density parameter between 0.32 and 0.82 is required to predict a macroscopic Young’s544

modulus of carbonate rocks consistent with the measured ones. However, it is difficult to measure this545

parameter directly from image analysis. As for the pore geometry feature, spheroidal pores with aspect546

ratios ranging from 0.033 and 0.104 randomly oriented in the space permit the prediction of the measured547

macroscopic modulus. However, these aspect ratios do not seem realistic, as the observed pores in the SEM548

images suggest that the pores are much less aspherical than back-calculated from modeling.549

6. The scale of study has been enlarged through microindentation tests. Although the indentation elastic550

modulus becomes closer to the macroscopic value when the indentation depth increases, microindentation551

does not seem to reach a scale sufficiently large to make it possible to measure the macroscopic Young’s552

modulus of carbonate rocks directly.553

A. Geometric Transformation to Find the Positions of the Indentation Imprints554

The indentation grids no longer have a regular square shape in the SEM images. Thus, a geometric transformation555

of the square to a random quadrangle is proposed based on the corners’ positions. A schematic illustration is given556

in Figure 19.557
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Figure 19: Schematic of the considered geometric transformation to calculate the positions of all the imprints of a
grid.

Let (𝑟𝑖)𝑖=1,2,3,4 and (𝑅𝑖)𝑖=1,2,3,4 denote the position vectors of the four corners before and after the transfor-
mation, respectively. Let 𝑟 and 𝑅 denote the position vectors of an intermediate point (or an imprint in our case)
before and after the transformation, respectively. In the initial configuration, 𝑟 can be expressed in terms of the
coordinates of the four corners as:

𝑟 = 𝑟1 + 𝑎
[

(1 − 𝑏)(𝑟2 − 𝑟1) +
𝑏
2
(𝑟4 − 𝑟1)

]

+ 𝑏
[

(1 − 𝑎)(𝑟3 − 𝑟1) +
𝑎
2
(𝑟4 − 𝑟1)

] (16)

where the parameters 𝑎 and 𝑏 vary between 0 and 1. When these parameters take simultaneously the values of 0
and/or 1, the position vector is nothing else than that of one of the corners. Likewise, the coordinates of the same
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point in the deformed configuration can be expressed using the same values for 𝑎 and 𝑏, such as:

𝑅 = 𝑅1 + 𝑎
[

(1 − 𝑏)(𝑅2 − 𝑅1) +
𝑏
2
(𝑅4 − 𝑅1)

]

+ 𝑏
[

(1 − 𝑎)(𝑅3 − 𝑅1) +
𝑎
2
(𝑅4 − 𝑅1)

] (17)

Since the position vectors of the 4 corners are known in both configurations, the evaluation of 𝑎 and 𝑏 can be done558

using Equation 16 and the identification of the vector position 𝑅 is straightforward using Equation 17.559
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