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Abstract: The understanding of naturally occurring materials such as clay, sand, hard and soft rocks
under a common theoretical framework has been a topic of persistent research interest. Over the
past few decades, various sample reconstitution techniques have been developed in the literature to
mimic in situ conditions, and to parse carefully the influence of various components in a cohesive-
frictional geomaterial such that their behavior can be folded into the broad ambit of a continuum
mechanics framework. The initial fabric of natural rock specimens is compared with reconstituted
cemented sand samples using X-ray computed tomography (XRCT) scans. The efficacy of laboratory
reconstitution techniques in replicating the initial microstructural features of natural rocks is evaluated
here. Additionally, discrete element method (DEM) protocols which are often employed in generating
cohesive granular ensembles are employed here and compared against the naturally occurring
and artificially reconstituted fabric. A significant difference is observed in the grain boundaries
of reconstituted and naturally occurring rocks. Additionally, the arrangement of particles, the
orientation of grain contacts, and their coordination number are examined to assess the efficacy of
laboratory-reconstituted specimens at micro-length scale.
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1. Introduction

Structured soils, artificially cemented sands, and weak or soft rocks form an important
intermediate class of geomaterials. [1,2]. In such geomaterials, the presence of cohesive
bonds between the particles significantly enhances the strength of the ensemble [3]. The
strength of loose sand deposits is often enhanced artificially by the introduction of a
cementing agent such as Portland cement (OPC) [4], calcite [5], gypsum [6], clay [7,8], etc.
Structured sands and soft rocks are also formed in nature by various geological processes
such as erosion, sedimentation, welding, lithification, etc. [1]. Sedimentary rocks are an
important class of naturally bonded geomaterials [9] which often exhibit characteristics
in between those of classical rocks and dense sand. A very short note on the formation of
sedimentary rocks in nature is presented in the ensuing.

Sedimentary or soft rocks are formed from the accumulation of rock fragments and
organic materials on the earth’s surface or in oceans [10]. An understanding of the me-
chanical behavior of sedimentary rocks is crucial, given that it is frequently encountered in
various infrastructure [11], mining [12], petroleum, and natural gas industry operations [13].
The response of sedimentary rocks under a range of boundary conditions is a strong func-
tion of the fabric. The fabric of a geomaterial is defined as the distribution of its particle
sizes, particle orientation, contact orientation, and bonding characteristics [14–17], which
are a consequence of the physical and chemical processes leading to its formation [18].
The formation of sedimentary rocks involves several processes, starting with the weather-
ing and erosion of pre-existing rocks. The resulting sediments are transported by gravity,
wind, water, and ice to new locations, where they accumulate in layers [19]. The weight
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of these layers consolidates the sediments, reducing the pore space by expelling water or
air. In some conditions, the minerals and chemicals on the Earth’s surface precipitate from
water, binding the sediment particles and turning them into rock. The binding of sediment
particles and their fusion into a rock can occur even in the absence of water through other
processes, such as local welding at contacts of the sediments. This binding process is known
as lithification [20].

Various physical models [21,22] and elemental laboratory tests [23–26] on undisturbed
samples are often employed to study the ensemble level or macroscopic behavior of natu-
rally occurring sedimentary rocks. There is a large suite of constitutive models developed
using the framework of continuum mechanics for different classes of sedimentary rocks
to predict their behavior [27–30]. This suite of constitutive models often employ a state
of “complete destructured material” as a baseline for modeling the mechanical response
of soft rocks [31–34]. For example, many constitutive models of cemented sands employ
the notion of the presence of interparticle cementation as an additional confining pres-
sure over the parent sand (i.e., the complete destructured material) [33]. In this context,
the laboratory tests using reconstituted soft rocks are critical [33,35,36]. The predominant
objective in reconstituting elemental sample specimens in the laboratory is the accurate
control of important variables such as porosity, degree and type of cementation, and curing
conditions, all of which facilitate the parsing of these variables to study their individual
effects. Additionally, perhaps the most important need for reconstitution is to replicate nat-
urally occurring fabric in the laboratory. Lastly, as the extraction of undisturbed samples is
expensive and tedious, reconstituted samples provide an important alternative in research.
Hence, experimental studies using reconstituted structured soils have contributed in no
small measure to developing a comprehensive understanding of the mechanical behavior
of soft rocks [37–39].

A non-exhaustive list of commonly employed sample reconstitution methods in labo-
ratory studies on bonded geomaterials are enumerated below:

(a) Wet tamping method: In this method sand, a cementing agent such as OPC, gyp-
sum, clay, etc., and water are mixed together to obtain a uniform mixture or paste at
the required cement and water content. The mixture is then filled in a lubricated mold
in layers, followed by the compaction of each layer. The number of layers and com-
paction energy depends on the desired porosity and the considerations of homogeneity of
the sample [40,41].

(b) Dry tamping method: In this method, a dry mix of sand and cementing agent such
as OPC, gypsum, clay, etc. is poured into a mold, followed by its compaction. Once the
dry mixture layers are compacted in a membrane, deaired water is percolated through
the sample to initiate hydration. This method provides the option of curing cemented
sand samples at controlled confining stresses, which is expected to mimic the geological
conditions of lithification in weak rocks [42].

(c) Calcite precipitation methods: Calcite is also commonly present as a cementing agent
in naturally formed bonded sands and weak rocks. Chemical reactions that precipitate calcium
are used to create calcium carbonate bonds between particles in an ensemble. The granular
matrix is usually created by air pluviation or water pluviation. Calcite precipitation is induced
by percolating supersaturated calcite solutions or calcite cement through the sand matrix.
Aerobically cultivated bacteria with highly active urease enzyme can also be introduced
into soil, which releases a urease enzyme that catalyzes the hydrolysis of urea to produce
ammonium and carbonate ions that precipitate and bond the particles [5,43].

All these different reconstitution techniques impart a characteristic initial fabric or
structure which may not necessarily reproduce the fabric of naturally bonded geomaterials
(that is, soft rocks formed by geological processes of transportation, sedimentation, welding,
chemical changes, and physical conditions of stress and temperature) [1,2,44–46].

The different reconstitution techniques enumerated above result in very different
initial fabrics in laboratory samples and consequently give rise to differences in their
mechanical behavior [15,17,47]. While the effects of sample reconstitution methods on
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the stress–strain behavior of cemented sands has been extensively explored [5,40–42],
quantitative comparisons of the fabric of naturally occurring soft rocks and reconstituted
specimens have been very few and far between.

The objective of our study is to investigate and compare the fabric or structure of
natural soft rock and laboratory reconstituted artificial rock. We aim to quantify the fabric of
the both samples and compare them to estimate the efficacy of the laboratory reconstitution
methods to replicate natural rock fabric. With the advent and increasing availability of 3D
X-ray imaging technology in recent decades, X-ray computed micro-tomography (XRCT)
provides an efficient tool to obtain high-resolution 3D images of granular materials [48,49].
In this study, we aim to employ CT imaging along with image analysis to digitally recon-
struct particles and extract the contact geometry in a naturally occurring weak sandstone
and in a laboratory reconstituted weakly cemented sand samples. The fabric of these both
samples will be quantified using a series of microstructural parameters—viz. coordination
number distribution, fabric tensor and fabric anisotropy parameters [14–17]. After the quan-
tification and comparison of the initial fabric of natural weak sandstone and reconstituted
rock samples, we employ commonly adopted discrete element method (DEM) [50] sample
generation protocols to generate cemented sand samples to explore the possible factors
during the deposition and compaction of sediments that are consequential in imparting the
characteristic fabric to the weak rocks.

2. Materials and Methods
2.1. Experiments

In this study, two types of samples were scanned inside an X-ray computed tomograph.
The XRCT instrument with model name ZEISS XRadia context micro CT is manufactured
by ZEISS Microscopy in Oberkochen, Germany The first sample was a naturally occurring
sandstone (NR) obtained from the Shivalik range of the Himalayan mountains. The second
sample was an artificial weak rock (AR) created via laboratory reconstitution using sand
and ordinary Portland cement. The sand grains had a size of 300 ± 50 µm, and the wet
tamping method was employed to prepare the specimen. A volumetric cement content of
8% by weight was used to create a void-bound specimen [51], ensuring that the strength of
the natural and artificial samples was comparable. The wet sample paste was doped with
a small amount of barium sulfate (an X-ray contrasting agent) as a contrasting agent to
visualize the cement bonds. The artificially reconstituted sample was scanned after 28 days
of curing. All the specimens were cylindrical, with a diameter of 5 mm and a height of
10 mm. The image of the samples and the X-ray CT setup is shown in Figure 1.

Figure 1. (a) Image of natural and artificial rock sample. The first two cylinders on the left with
brownish pink color are the natural rock samples carved out of sandstone, and the two grey cylindrical
samples on the right are the lab-prepared artificial rock samples. (b) Micro-CT machine.

Over 1000 scans were captured from each specimen, and the entire ensemble was
reconstructed by stitching the images together using MATLAB (R2023a version). All scans
were captured at an energy level of 140 keV and a resolution of 7 µm. The Otsu thresholding
technique was used to binarize the 3D ensemble [52], which was then segmented into
particles and voids using Morse-Gram software (see: https://bitbucket.org/vgl_iisc/
morsegram, accessed on 29 August 2024) [53]. This algorithm utilizes the topological

https://bitbucket.org/vgl_iisc/morsegram
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features of the images and assigns a unique ID to each individual particle. The labeled
image of the AR specimen is shown in Figure 2, where the colors represent the IDs of
the particles.

Figure 2. Color-labeled particles of the artificial rock specimen. Every individual particle is assigned
a particle ID, which is shown here on the color bar.

2.2. DEM Simulations

The discrete element technique models the mechanics of particulate materials by the
time-step solution of Newton’s laws of motion and is efficient in capturing interparticle
interactions [50,54]. Analogous to the variety of reconstitution protocols employed in labo-
ratory, DEM simulations of granular materials also employ a range of sample generation
protocols to generate particle ensembles [55]. Each sample generation protocol is invented
with a specific focus—that is, to simulate samples with specific attributes, for example,
protocols that generate homogeneous samples, or protocols that generate a specific initial
fabric or a specific target porosity, etc. Three of the commonly employed methods of sample
generation in DEM simulations include the following.

(a) Overlapped generation method (random number approach): This is arguably
one of the simplest ensemble generation methods employed in DEM. The particles of a
given size distribution are generated at random positions inside a walled container at
the desired porosity [56–58]. As the particles are generated randomly, they have large
unrealistic overlaps, which are even comparable to the particle diameter. In order to bring
the particle overlaps within acceptable limits, the simulation is run for a small number
of cycles, small enough to ensure the particle displacements to be significantly less than
the particle diameter. After the given number of time cycles are completed, all the particle
velocities are again set to zero to dissipate the kinetic energy in the system. By repeating this
process of small time cycling and removing particle velocities multiple times, the high initial
elastic energy of the overlapped particles is converted into kinetic energy and immediately
expelled from the system (see Figure 3a1,a2,a3).

(b) Particle expansion method (radius expansion): The particles of the required size
distribution are generated at much smaller radii in a wall-enclosed space and in the absence
of gravity. The radii of the particles are then increased gradually at very low values
of friction coefficients. Once the radii of the particles are increased to the target size,
the values of friction coefficients are increased, and the ensemble is achieved at the desired
porosity [59,60] (see Figure 3b1,b2,b3).

(c) Undercompaction method: The sample is generated in multiple layers, and each
layer is compacted to a desired porosity before the subsequent layer. After the generation of
particles for each layer in a cylindrical container, the layer is compressed by a moving rigid
wall to a calculated height. Once the layer is compacted, the sample is equilibrated, and the
same procedure is followed for the next layer and eventually the complete sample. This



Minerals 2024, 14, 1000 5 of 11

method is a DEM equivalent of wet and dry undercompaction methods used in laboratory
sample reconstitution [56,61] (see Figure 3c1,c2,c3).

In all DEM simulations, a linear frictional contact model with rolling friction compo-
nent is employed at all the particle–particle and particle–wall contacts. The diameter of the
specimen is maintained at 15 times the average particle diameter. The spherical particle
radii are normally distributed within a normalized standard deviation of 0.15. The values
of contact model parameters are adopted from the proposed values in the literature for
quartz sand particles [4,49,62,63]. The DEM model parameters are listed in Table 1.

Figure 3. Rows of simulation snapshots depicting the process of three sample generation methods:
(a1,a2,a3) Overlapped generation method at the random particle generation state, at 10% particle
overlap stage, at final equilibrium state. (b1,b2,b3) Particle expansion sample generation method at
0% radii expansion, 75% radii expansion, at 100% radii expansion state. (c1,c2,c3) First layer particle
generation, second layer particle generation, final compacted sample in undercompaction particle
generation method.
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Table 1. Contact model parameters.

Model Parameter Value

Normal contact stiffness (kn) 5 × 107 N/m
Shear contact stiffness (kS) 5 × 107 N/m
Damping factor (β) 0.2
Sliding friction coefficient (µs) 0.25
Rolling friction coefficient (µr) 0.2

3. Results

The scanned X-ray CT cross-sectional images of the ensemble are stitched together to
reconstruct the 3D volume, which is further segmented in the MorseGram software [53].
The MorseGram segmentation scheme works on the principle of Morse–Smale theory and
uses topological features of the image for segmentation of the discrete objects. The labeled
3D image of the artificial rock ensemble is shown in Figure 2, where each color represents
the unique identification number of the particle. After the segmentation, the characteris-
tic features of the particles like their volume, surface area, centroid, equivalent radius,
eigenvalues, eigenvectors, etc., are determined, which are used for micro-scale quantifi-
cation of the fabric. Figure 4a,b illustrate cross-sections of both (natural sandstone) NR and
(artificially cemented) AR samples. In the AR sample, regions corresponding to particles,
cementation, and void spaces are clearly distinguishable, whereas such distinction is not
evident in the NR sample. This is apparent from the histograms of intensities which have
been presented with the cross-sectional images in Figure 4a,b.

Figure 4. Cross-sectional image of the (a) natural rock sample and (b) artificial rock sample obtained
from the reconstruction of the sample from the XRCT scans. The reconstructed image shows the cross-
section in the gray-scale, with different phases of the sample having different intensity. Below the
cross-sectional scans (a,b), are the corresponding histograms of the grey-scale intensity distribution
in the cross-section.

The AR sample displays two distinct peaks corresponding to voids and solid phases
(particles and cementation), whereas the NR sample shows only one peak. The uniform
intensity across the NR sample results from the fusion of natural sediment particles, when
they are subjected to extremely high pressure and temperature.

The effect of sample generation methods or protocols on the initial structure and fabric
of the ensemble is more accentuated in the DEM samples. One quantitative parameter to
evaluate the contact fabric in an ensemble is the contact fabric tensor [64,65]. Mathematically,
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it is calculated as the average dyadic product tensor of the contact unit vectors, given
by Equation (1):

Fc =
1

Nc

Nc

∑
i=1

ni
c ⊗ ni

c (1)

where Nc is the number of contacts in the ensemble, and ni
c is the contact unit vector of

the ith contact. The contact fabric tensors for three ensembles generated by the three DEM
sample generation protocols and for the AR sample are as follows:

Overlap generation method:

 0.331 −0.00341 0.00025
−0.00341 0.331 −0.000333
0.00025 −0.000333 0.338


Particle expansion method:

 0.331 −0.000574 0.00025
−0.000574 0.331 0.000139
−0.000149 0.000139 0.338


Undercompaction method:

 0.32 0.0007 0.00056
0.0007 0.32 −0.00038

0.00056 −0.00038 0.36


Artificial rock specimen:

 0.388 0.006 −0.004
0.006 0.332 0.002
−0.004 0.002 0.281


The difference between the major and the minor components of the fabric tensor is a

measure of the contact fabric anisotropy in an ensemble [57,66,67]. The overlapped and
particle expansion methods are usually employed to generate homogeneous and isotropic
ensembles, which is observed in their resultant fabric tensors. All the diagonal components
of their corresponding fabric tensors are nearly equal to 0.33. The contact fabric tensor of the
sample generated by the undercompaction method shows significant anisotropy. Instead
of equal diagonal components of 0.33, the diagonal components of the fabric tensor for the
sample generated by undercompaction method are 0.32, 0.32, and 0.36, which indicates
significant contact anisotropy in the ensemble.

The distribution of the angle which the contact normal directions make with the
vertical axis for the three DEM samples is presented in Figure 5a.

Figure 5. (a) Distribution of contact orientation angle with the vertical direction (deg.) for the three
DEM sample generation methods. (b) Coordination Number (CN) distribution in ensembles created
by the three DEM sample generation methods.

For the overlapped and the particle expansion sample generation protocols, the con-
tact angle with vertical axis’ distributions are identical. For the undercompaction method,
the distribution shows the characteristic dip in frequency at an angle of 75 deg. with the ver-
tical. Similarly, the coordination number (CN) distribution for the three ensembles exhibits
a similar trend as shown in Figure 5b. The CN distribution is identical for the overlapped
and the expansion generation method but is different in the case of the undercompaction
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generation method. The average coordination number of ensembles generated by the
overlapped, expansion, and undercompaction methods are 5.45, 5.41, and 5.31, respectively.
The larger coordination numbers occur less frequently in the undercompaction generation
method as compared to the other two methods.

4. Discussion

In this study, we visualize the three-dimensional microstructure of the rock specimens
using high-resolution XRCT images.

The formation of sedimentary rocks under extreme conditions of pressure and tem-
perature makes the fragments of weathered rocks lose their parent-fragmented feature
and form a complex structure that is difficult to replicate either in the lab or using DEM.
The average density of the rock specimens used in this study was 2.2 g/cc (grams per
cubic centimeter), and the artificial rock (AR) samples were prepared to match this target
density. It should be noted here that calcite precipitation and dry tamping techniques were
prepared exactly to the required density of 2.2 g/cc, and the maximum density achieved
using the wet tamping method was 1.90 g/cc, which is significantly lower than the natural
rock (NR) sample density. The high attenuation density of rock specimens also rendered
the imaging process quite challenging. Thus, a very high energy of 140 keV was used in
the experiment to capture the CT images.

The accuracy of the segmentation relies on image binarization, which distinguishes
grains and cementation from the background voids in the ensemble. Figure 4 shows the
cross-section of the natural and artificial rock specimens. The cemented sand specimen
clearly distinguishes the cement, grain, and void phases. In Figure 4b, the dark regions rep-
resent void spaces, while the bright regions indicate cementation. The intensity histogram
provides two distinct peaks, suggesting that the grain and void spaces have different
attenuation and can be distinguished from each other. Similar features are observed in the
scans of artificial cemented sand specimens available in the literature [68–70], irrespective
of their resolution.

The contact fabric tensor for the artificial rock sample indicates that most grain contacts
are oriented along the x-direction. On the other hand, natural rock scans have no distinction
among the three phases, which makes it difficult for the post analysis. Additionally,
a limestone sample was scanned during the experiments. However, due to its high density
and fusion of constitutive particles, the specimen obstructs a major portion of the X-ray
transmission, appearing as a solid block in the images.

As shown in the results from DEM samples, with the presence of gravity, the process of
the deposition and compaction does have non-trivial imprints on the ensemble fabric, even
in the case of spherical particles. The process of sample generation significantly determines
the properties of the contact network, contact density, and particle and contact orientations
in an ensemble. Given the variability of constituent sediment particle morphologies and
the processes involved in the lithification of sandstone and other sedimentary rocks, a wide
range of microstructural features in these materials can be expected.

The stark contrast in the bonding features observed in the AR and NR samples is a
clear consequence of the limitations of laboratory reconstitution methods in replicating
the structural features of natural sedimentary rocks. The microstructral features present
in natural weak rocks owing to the time scale, presence of chemical agents, range of
temperature, and pressure encountered during the lithificaton of sedimentary rocks cannot
be simulated during lab reconstitution, and its absence is apparent in the difference in
structure in the AR and NR samples, particularly in the particle fusion induced bonding in
the natural weak rocks, which needs to be carefully studied to compare its micromechanics
with cement bridge bonds formed in artificial bonded samples. While the artificially bonded
materials can have a contact-bound, void-bound, or matrix-bound bonding structure
with a proper delineation possible between the bonding agent and the granular particles,
the fusion in natural rocks shows an interpenetration and homogenization at the contact
zones between the grains.
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The interpenetration of the grains as observed inside the CT for a natural sandstone
sample shows two predominant phases—the undivided solid phase and the pore phase.
Hence, the structure of naturally occurring soft rocks in general can be described as a two-
phase material with a solid phase devoid of any clear separation or any grain boundaries
present alongside a tortuous pore network. A reconstitution protocol to obtain a two
phase porous media is perhaps better suited to study the behavior of natural soft rocks
like weak sand stones. Laboratory reconstituted cemented sand specimens (AR) show a
very clear composite structure with multiple distinguishable phases (of the parent grain,
the interparticle cohesion, and the pore space). Such a structure is perfectly poised to
replicate natural specimen density and strength, but is not suitable to recreate fabric
and microstructures.

The current study was restricted to the initial fabric and intact samples, a critical aspect
of the mechanical response of soft rocks is the accumulating damage and the presence of
multiple operative mechanisms that include fracture, pore collapse, and plasticity during
deformation. The reconstitution of specimens should also consider these microstructural
aspects of mechanical response in addition to matching the ensemble response.

5. Conclusions

This paper explores the efficacy of the common laboratory sample reconstitution
techniques to replicate the fabric and structure of the naturally occurring weak rocks.
Although the reconstituted samples prepared under controlled conditions offer valuable
macroscopic insights into the destructuring process of the natural rocks, the XRCT analysis
suggests that the initial fabric of the artificial samples differs drastically from that of the
natural ones. The difference in the structure of the natural and artificial rock is qualitatively
different with no discernible grain boundaries or bonding bridges present in the natural
rock sample. Even in the DEM samples, the orientation of particle’s contacts depends on the
preparation technique used. While the overlap generation and particle expansion methods
produce isotropic ensembles, samples created through the undercompaction method exhibit
significant anisotropy. These DEM results highlight the effect of the presence of factors
such as gravity, compaction and layering on the structure of geomaterials. These factors
should be taken into account while attempting to replicate the mechanical response of the
natural rock with the artificially cemented sand specimens in laboratory experiments.
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