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Abstract: Digital rock physics (DRP) has undergone significant advancements in the use of various
imaging techniques to acquire three-dimensional volumes and images of rock samples for the
computation of petrophysical properties. This study focuses on developing a DRP workflow using
high-resolution thin section scans for computing porosity and permeability in cuttings samples. The
workflow was tested on quarry sandstone plug samples and artificially generated pseudo-cuttings
before applying it to real cuttings from oil and gas wells. The results show that the porosity and
permeability values obtained through the DRP workflow are statistically equivalent to those obtained
through conventional routine core analysis (RCAL). The workflow was also able to handle the
presence of various lithologies in real cuttings samples. The study demonstrates the feasibility of
obtaining porosity and permeability values in cutting samples using the DRP approach, offering a
fast and cost-effective methodology that provides additional data and allows linking petrophysical
properties to image data from the cuttings.

Keywords: digital rock physics; thin sections; cuttings; pseudo-cuttings; plugs; routine core analysis

1. Introduction

Oil and gas exploration and development require reservoir characterization, which
involves transforming remotely measured properties from geophysical and logging tech-
niques into laboratory experiments to confirm the properties’ value in real subsurface rock
samples, thereby reducing uncertainty. However, traditional laboratory analysis necessi-
tates intact and perfectly cylindrical rock samples, commonly known as plugs, which can
be challenging or costly to obtain for exploration activities [1].

Digital rock physics (DRP) has emerged as a valuable tool for reservoir characterization
over the past three decades. It utilizes non-destructive methods to determine petrophysical
properties. X-ray computed tomography (CT) or micro-computed tomography (micro-CT)
are widely used to create three-dimensional (3D) rock volumes, serving as digital replicas of
the materials under investigation [2–6]. These 3D volumes are typically employed for poros-
ity computation through segmentation and for numerical simulations of permeability using
the lattice Boltzmann method, which requires powerful and expensive high-performance
computing clusters [7–9]. In parallel, scanning electron microscopy (SEM) has demon-
strated that not only 3D volumes but also 2D images can serve as supplementary aids to the
3D data [2,3,7,10]. SEM has also enabled the use of thin sections, which are prepared from
rocks (plugs, cuttings) and do not possess a cylindrical shape, making them more suitable
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for CT and micro-CT analysis. To address this, some researchers have explored confocal
laser scan microscopy (CLSM) on thin sections, where epoxy resin impregnating the pores
is combined with a chemical additive that activates during laser scanning, enabling visu-
alization of pore space and computation of properties [11–16]. Recent advancements in
automatic thin section scanners have further facilitated the application of DRP workflows
by providing high-resolution images of entire rock samples in a shorter time and at a
relatively lower cost [17]. The algorithms used in DRP approaches often focus on image
segmentation, which is performed after image acquisition to compute the petrophysical
properties and is referred to as “petrographic image analysis” [13,18–21]. Although previ-
ous studies have applied digital approaches to cutting samples, the emphasis has primarily
been on mineralogy and lithological identification [3,22–24].

The objective of this study is to develop a DRP workflow for analyzing cutting sam-
ples to obtain porosity and permeability using thin sections and a digital approach. The
developed method will be initially applied to quarry sandstone plug samples and pseudo-
cuttings artificially generated from these plugs for testing purposes. The workflow will be
evaluated before its application to real cuttings obtained from oil and gas wells.

2. Materials and Methods
2.1. Plug Samples

Plug samples of sandstone were obtained from quarries and provided by Kocurek
Industries Inc. These samples had a diameter of 1.5 inches and a length of 3 inches (Figure 1).
A total of 7 rock types of sandstone were selected for their homogeneous composition,
texture, variety of porosity, and permeability properties. Priority was given to including low,
medium, and high permeability values (Table 1). However, one of the samples, Bandera
Brown, was reported to have non-homogeneous composition and texture. This particular
sample will help us understand how the heterogeneity of the sample affects the obtained
petrophysical values.
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Table 1. Plug sandstone samples from quarries with low, medium, and high porosity and permeability
values.

ID Sample ID Name Formation Homogeneous Porosity (%) Permeability (mD)

1 SS-123 Torrey Buff Eocene Yes 13–17 0.4–3
2 SS-100 Bandera Brown Desmoinesian No 21–23 30–45
3 SS-109 Carbon Tan Late Cretaceous Yes 12–17 40–50
4 SS-121 San Saba Paleozoic Yes 19–21 70–85
5 SS-106 Berea Spider Upper Devonian Yes 19–21 120–300
6 SS-120 Salt Wash North N/A Yes 20–22 440–800
7 SS-110 Castlegate Late Cretaceous Yes 27–29 800–1200

2.2. Routine Core Analysis in Plug Samples

Routine core analysis, specifically helium porosity and gas permeability measure-
ments, were conducted on a Coretest system using the AP-608 Automated Permeameter–
Porosimeter. The helium expansion method based on Boyle’s law was employed to de-
termine pore volume. Permeability was measured using helium, and both porosity and
permeability were measured five times for each sample under 500 psi of confining pressure.
The instrument consists of a sealed reference chamber filled with Helium gas at room
temperature to a pressure of 200 psi. The sample is placed in a sealed chamber connected
to the reference chamber through a two-way valve. Opening the valve allows the gas
in the reference chamber to expand into the combined volume of the two chambers. By
applying Boyle’s law and knowing the volume of the reference chamber, initial pressure,
and final pressure, the volume of the sample chamber can be calculated. The porosity
and grain density of the sample were determined by calculating the bulk volume and
weight of the plug. As a quality check, a set of standard samples was run at the beginning
of each batch of samples. Each plug was loaded into a hydrostatic core holder, and the
necessary overburden was applied. The samples were allowed to reach equilibrium under
each confining stress before measurements were taken. Sample pore volumes were directly
measured by injecting helium. In this case, the confining pressure was set to the routine
value of 500 psi. Following porosity measurements, gas permeability measurements were
conducted on the same samples at 500 psi of confining pressure. Helium gas, instead of
nitrogen, was used since the samples had a permeability higher than 0.1 mD. The gas was
flowed through each sample, and the flow was allowed to stabilize before taking readings.
The differential pressure across the sample was measured, and a pulsed decay method
under unsteady state conditions was used to calculate permeability. To ensure accurate
measurements from the AP-608, an automatic leak check was periodically performed to
detect and identify any leaks before and after the measurements. This routine served as
a quality control measure for the obtained data. Each plug sample underwent a total of
5 measurements, providing repetition for the test (see Supplementary Materials Table S1).

2.3. Pseudo-Cuttings Generation

Pseudo-cuttings, or artificial cuttings, were generated from the plug samples (Figure 2).
Since there is no standardized procedure for particle size analysis of cuttings from well
drilling, the ASTM D422 standard test method for particle-size analysis of soils [25] was
employed. A FRITSCH jaw crusher was used to obtain 30 g of each sample, resulting in
particle sizes ranging between 0.85 and 2.8 mm, which corresponds to the 7/20 fraction
according to the ASTM norm (Figure 3). The selection of this size fraction was based on the
relationship between the rate of bit penetration (ROP), weight on bit (WOB), and the size of
cuttings produced during drilling [26].
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Figure 3. Process evaluation of pseudo-cuttings generation from plugs. The particle size distribution
plots represent the minimum and maximum obtained sizes based on the coarseness index (CI) and
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2.4. Thin Section Preparation

Thin sections were prepared from the end-trims of sandstone plugs. To ensure paral-
lelism of the sample faces, the plugs were carefully ground. Subsequently, the rock samples
were impregnated with blue-dyed epoxy resin and meticulously prepared for petrographic
thin sections with a final high-quality polishing of metallographic grade.

2.5. Thin Section Scan

Automatic high-resolution scans of the thin sections were conducted using a Zeiss Axio
Scan.Z1 whole slide image scanner (Oberkochen, Germany), employing plane polarized
light illumination (PPL) at a 10× magnification. The resulting scanned images of the entire
thin sections were gigapixel images, comprising multi-resolution image pyramids, with a
maximum resolution of 0.44 microns per pixel. Each thin section scan was completed in
less than 10 min.

2.6. Digital Rock Physics Workflow

A digital rock physics workflow was developed to compute properties utilizing the
high-resolution thin section scans.

The implemented Python code takes 2D PPL images from an automatic thin section
scanner as input, allowing for the differentiation between the solid and void phases. The
subroutine outputs a range of laboratory properties, including porosity and permeability.
The acquisition of these properties involves two main phases: binarization, which distin-
guishes the pore space from the solid phase, and quantification and characterization of the
pore space.

The first step in the processing involves the binarization of the sample. In the PPL
images, an unsupervised classification is utilized to segment the resin from the rock or
rock fragments. Additionally, an effort has been made to determine the area on which the
analysis should be performed in a deterministic and automatic manner. This is necessary
because the rock sample captured in the thin sections is often irregular, fragmented, and
not always centered in the middle of the glass.

The binarization of cuttings in the thin section follows the same unsupervised tech-
nique. Cutting detection and isolation are accomplished by applying a modified version
of the marker-based watershed algorithm. An apollonic fill is applied to determine the
locations of cutting centroids, assuming that they correspond to the centers of the largest
circumferences that can be fitted inside each cutting. These centroids are subsequently used
for the marker-based watershed segmentation.

Once the pore space is labeled in the images, a physics-driven approach is adopted to
measure all the reservoir properties by characterizing and quantifying the pore space. The
calculation of porosity is a straightforward process that involves counting the proportion
of pixels labeled as pore and comparing that to the number of pixels labeled as grains to
obtain a percentage.

However, the calculation of permeability is more complex. It relies on extracting
the pore size distribution using the apollonic algorithm, which fills the pore space with
circles representing the actual pore size distribution. Once this distribution is obtained,
the calculation of permeabilities can be performed. In this study, Winland’s permeability
equation [27] was considered. Winland’s equation is a simple permeability model suitable
for homogeneous and relatively uniform pore size distributions, such as those found in
sandstones. It was observed to provide the best fit for scenarios where both laboratory and
digital data were obtained.

The size and location of the area to be analyzed are determined using the concept of
the representative elementary area (REA). Small areas exhibit significant variations in the
measured property, and at a certain size known as the “lambda correlation”, the size of
the image does not need to be larger, as the property measurement will consistently yield
the same value, capturing the heterogeneity of the rock. The developed code measures
multiple points (i.e., 5 points/areas) per sample and per image. It is important to note
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that the area size representative for one property, such as porosity, also applies to other
properties such as permeability.

Cuttings observed in thin sections are classified into different categories based on their
optical properties. For each cutting, the mean values of the red, green, and blue channels in
the RGB color space, along with the hue, saturation, and value in the HSV color space, are
extracted. This vector of information is subsequently used for unsupervised classification
using the K-means algorithm. The optimal number of cutting clusters is determined using
the Bayesian information criterion (BIC) coefficient, which is calculated for all possible
solutions (i.e., different numbers of clusters from 2 to 10) using the aforementioned vector
of optical information. Once the cuttings are labeled with their corresponding cluster, it
becomes possible to link each label to a specific lithological category.

2.7. PETMiner Software

PETMiner [28] version 3.2.2.3 is a data visualization and mining software designed to
enhance the integration of microstructural and petrophysical data. In this study, PETMiner
was utilized to establish links between measured and computed petrophysical properties
and the corresponding image data. This allowed for the replacement of points on plots
with the images where the properties were computed.

2.8. Cuttings from Oil and Gas Wells

The developed DRP workflow was applied to real cuttings obtained from various
oil and gas wells operated by Repsol. A total of 223 cutting samples were examined (see
Supplementary Materials Table S4). The cuttings were washed and dried on the well rig
following standard procedures after drilling. Specific details regarding the well locations
and assets have been omitted to ensure confidentiality.

3. Results
3.1. RCAL Plugs

The porosity and permeability results obtained from the plug samples (Table 2) demon-
strate a range of values, including relatively low porosity (<0.17 porosity fraction) and
low permeability (<10 mD), medium porosity (<0.3 porosity fraction) and permeability
(<100 mD), as well as high porosity (>0.3 porosity fraction) and permeability (>100 mD).
It is also observed that, for each plug sample, there is minimal variability in porosity
and permeability, and the reproducibility of measurements using RCAL was consistently
excellent after conducting five measurements on each plug (Figure 4), with the exception of
sample SS-120 (Salt Wash North).

Table 2. Average results from routine core analysis (RCAL) for plug samples.

ID Sample ID Name Porosity (frac.) Permeability (mD)

1 SS-123 Torrey Buff 0.17 3.2
2 SS-100 Bandera Brown 0.26 84
3 SS-109 Carbon Tan 0.17 53
4 SS-121 San Saba 0.21 68
5 SS-106 Berea Spider 0.21 256
6 SS-120 Salt Wash North 0.22 622
7 SS-110 Castlegate 0.28 801
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3.2. DRP Plugs

The porosity and permeability results obtained using the DRP workflow on plug
samples are presented in Table 3. These results exhibit the three main groups with relatively
low, medium, and high values. Each sample demonstrates some variability in porosity and
permeability compared to the average values (Figure 5). For each thin section, multiple
porosity and permeability values were computed, corresponding to various measurement
areas as outlined in the DRP workflow (i.e., multipoint approach; see Supplementary
Materials Table S2).

Table 3. Average results from digital rock physics (DRP) analysis for plug samples.

ID Sample ID Name Porosity (frac.) Permeability (mD)

1 SS-123 Torrey Buff 0.16 2.3
2 SS-100 Bandera Brown 0.22 34
3 SS-109 Carbon Tan 0.19 93
4 SS-121 San Saba 0.23 44
5 SS-106 Berea Spider 0.25 528
6 SS-120 Salt Wash North 0.23 555
7 SS-110 Castlegate 0.23 435
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3.3. DRP Pseudo-Cuttings

Hundreds of cuttings were identified and extracted from each thin section for the
application of the DRP workflow in order to obtain porosity and permeability properties
(Figures 6 and 7).

Porosity and permeability results obtained from the application of the DRP workflow
on pseudo-cutting samples are presented in Table 4. These results exhibit a continu-
ous trend of values ranging from relatively low to relatively high (Figure 8). A total of
over 800 porosity and permeability points were obtained for the seven studied sandstone
samples, with more than 100 measured points per sample (see Supplementary Materials
Table S3).

Table 4. Average results from digital rock physics (DRP) analysis for pseudo-cutting samples.

ID Sample ID Name Porosity (frac.) Permeability (mD)

1 SS-123 Torrey Buff 0.16 3.4
2 SS-100 Bandera Brown 0.19 26
3 SS-109 Carbon Tan 0.19 55
4 SS-121 San Saba 0.2 40
5 SS-106 Berea Spider 0.25 172
6 SS-120 Salt Wash North 0.22 158
7 SS-110 Castlegate 0.25 220
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3.4. DRP Cuttings from Oil and Gas Wells

Tens to hundreds of cuttings were identified and extracted from each thin section of
real cuttings obtained from the five tight sandstone oil and gas wells (Figure 9).
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Figure 9. High-resolution thin section scan images showcasing examples of the bounding boxes of
identified cuttings that were cropped and processed using the DRP workflow from a selection of
the five Repsol oil and gas wells studied. Note the variation in cutting sizes between the samples
(A,B) from a real oil and gas well, as no sieving was performed before thin section preparation.

Porosity and permeability properties were obtained using the DRP workflow on the
real cuttings (Figure 10), revealing a continuous trend of porosity and permeability values
from low to relatively high.
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4. Discussion
4.1. RCAL vs. DRP in Plugs and Pseudo-Cuttings

A comparison of the average values from DRP and RCAL (Figure 11) in plugs and
pseudo-cuttings indicates that DRP provides comparable porosity and permeability values,
falling below one standard deviation, for the low, medium, and high permeability groups
of samples, with the exception of sample SS-100 (Bandera Brown). The implementation
of the DRP workflow enables an understanding of why certain samples exhibit a wide
range of variability in porosity and permeability properties when using the DRP approach
(Figure 12). This variability appears to be associated with non-homogeneous textures
characterized by moderate clay content and iron-rich grains, which could potentially
influence the values obtained through the DRP analysis in different cropped areas.

The comparison of DRP porosity and permeability results from pseudo-cuttings and
average RCAL results from plugs (Figure 13), as well as average DRP results from plug
samples (Figure 14), reveals that the average values obtained from RCAL and DRP on
plugs align with the continuous trend of porosity and permeability values observed in the
pseudo-cuttings.
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Figure 12. Comparison of plug photography (left), high-resolution thin section scan of plugs (center),
and cropped area photomicrograph for the DRP workflow (right). It is observed that sample SS-100
Bandera Brown (A) exhibits non-homogeneous composition and texture, in contrast to sample SS-110
Castlegate (B). Plug samples have a diameter of 1.5 inches.
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It is important to highlight that the RCAL values correspond to a 3D volume of the
rock, and the obtained results represent an average across the entire rock volume. On the
other hand, the DRP approach allows for the computation of more points, but only within
the area of the plug where the thin section was prepared. This can lead to more variability
in the average porosity and permeability values when compared to RCAL (Figure 15).
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measured or computed.

4.2. DRP in Real Cuttings

As the real cutting samples correspond to tight sandstone reservoirs, the obtained
porosity and property values are relatively low but consistent with the expected values for
such reservoirs.

It is important to mention that the size of the cuttings varied in the real cutting samples,
as no sieving was performed before thin section preparation to avoid time-consuming
sample manipulation and potential biases. The relatively small size of the cuttings in some
samples hindered their identification and extraction for processing (Figure 9). Moreover,
these small-sized cuttings likely do not meet the minimum representative elementary area
(REA) required for computation to obtain petrophysical properties.

One limitation of applying a DRP workflow to extract petrophysical properties from
cuttings is the use of polycrystalline-diamond compact (PDC) bits during drilling. These
bits have the potential to pulverize all or parts of the rock fabric, resulting in bit flour,
clay, or sand [29,30]. As a result, the rock texture can be altered by PDC bits, generating
platelets and other artifacts that range from minor textural alterations to extensive drill-bit
metamorphism (DBM). In cases of DBM, partial melting and quenching can even lead to
the formation of glassy cuttings [31]. Consequently, the loss of the original rock texture or
alteration of the cuttings hinders the application of a DRP workflow.

4.3. DRP Workflow and Image Data

One of the advantages of the DRP workflow is the ability to link the computed petro-
physical properties with image data, allowing for the replacement of points on plots with
the corresponding images where the properties were computed. The image data can encom-
pass various types of images acquired from the rock sample. In this study, high-resolution
thin section images, cropped areas, and segmented areas were used (Figures 16–19).
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Figure 16. Example of average porosity and permeability values obtained by DRP in plugs (A), high-
resolution thin section scan images ((B); 1.5 inches in diameter), cropped areas (C), and segmented
areas ((D); 500 × 500 microns).
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Figure 17. Porosity and permeability values obtained by DRP in plugs using the multipoint ap-
proach (A) and segmented areas (B).
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Figure 18. Example of porosity and permeability properties (A) computed using the developed
DRP workflow in pseudo-cuttings. (B) correspond to cropped (B), and segmented (C) images where
properties where obtained.
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Figure 19. Cropped areas after identifying bounding box cuttings to compute porosity and perme-
ability following the DRP workflow in real cuttings from five wells. From left to right: Well 1 to
Well 5. The bottom right plot corresponds to cuttings from all wells.

The use of clustering analyses in real cutting samples, combined with the ability to
observe the plane polarized light (PPL) image corresponding to each cutting within a
defined cluster, facilitated the identification and assignment of a lithology to each clustering
class (Figure 20). Additionally, this approach could aid in the identification of artifacts,
exotic materials, or loss circulation material typically found in the cutting samples.
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Figure 20. Example of three clusters defined in one well: Cluster 1 (A) corresponds to claystones,
Cluster 2 (B) corresponds to fine-grained sandstones, and Cluster 3 (C) corresponds to coarse-grained
sandstones.

4.4. DRP Time, Cost, and Added Value

The described and applied DRP workflow provides porosity and permeability results
within minutes for each sample using a modest and cost-effective virtual machine. When
comparing DRP with RCAL, it is not necessary to argue that the cost and time required for
analyzing porosity and permeability in the laboratory are also low-cost and fast. However,
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it is crucial to note that RCAL analysis requires a perfectly cylindrical plug sample. In
cases where plug samples are damaged, unconsolidated, or unavailable, or in any other
situation that prevents the measurement of petrophysical properties in the lab, the DRP
workflow offers flexibility by allowing the acquisition of petrophysical properties using
various sample types, including cuttings. In essence, the DRP approach enables the use of
any kind of rock material.

Furthermore, the utilization of high-resolution thin section images obtained from
automatic thin section scanners has contributed to reducing computation time, as the
generated files are relatively small compared to other image acquisition techniques.

In terms of cost, each analysis conducted through the DRP workflow is relatively
inexpensive. It requires the production of a thin section, a high-resolution thin section
scan, and the execution of the DRP code on a modest virtual machine with a significantly
reduced price per hour.

It is important to note that plug samples are not always readily available for RCAL
analysis, yet the need for petrophysical properties remains crucial in reducing subsurface
uncertainty and improving geological modeling. In other instances, although plug samples
may be available, they may not possess the ideal shape, such as perfect cylindrical form, or
their preservation status may be compromised, possibly due to previous SCAL analysis or
being part of legacy samples. Furthermore, plug samples may not always be accessible, as
they are often guarded by operators or national oil companies who hold ownership rights
over subsurface rock materials.

5. Conclusions

The development of the DRP workflow was showcased, beginning with the utiliza-
tion of homogeneous reference plug samples obtained from sandstone quarries to obtain
RCAL properties. Subsequently, the DRP workflow was applied to compute porosity and
permeability properties, allowing for a comparison with RCAL results. The workflow
was further enhanced by generating pseudo-cuttings from plugs, enabling a more com-
prehensive analysis of cuttings. The results obtained from comparing RCAL, plugs DRP,
and pseudo-cuttings DRP demonstrated the statistical equivalence of porosity and perme-
ability values to those obtained from plug rock samples. Moreover, the application of the
DRP workflow to real oil and gas reservoir cuttings successfully identified the presence of
different lithologies without interfering with the computation of petrophysical properties.

In summary, this study emphasizes the importance and value of the DRP workflow
as a relatively fast and cost-effective procedure for extracting petrophysical properties,
specifically porosity and permeability. It proves to be especially useful when only cut-
ting samples are available, or when plug rock samples are unsuitable or unavailable for
laboratory analysis. The DRP workflow utilizes high-resolution thin section scan images,
providing the added advantage of obtaining more comprehensive data from the samples
through a multipoint approach and the ability to link computed petrophysical properties
to the corresponding image data from the rock plugs and cuttings.

Finally, the added value of implementing the DRP workflow in oil and gas reservoir
characterization, specifically with plug and cutting samples using thin sections, holds signif-
icance in the current global energy transition context. This includes activities such as carbon
capture, carbon sequestration, and geothermal operations, where core or plug samples
may not be obtained, but cuttings are always available. By leveraging the DRP workflow,
valuable insights can be gained, contributing to enhanced reservoir understanding and
decision-making in these evolving energy sectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13091140/s1, Table S1: Routine Core Analysis (RCAL) results
for plugs samples; Table S2: Digital Rock Physics (DRP) results for plugs samples; Table S3: Digital
Rock Physics (DRP) results for pseudo-cuttings samples; Table S4: Digital Rock Physics (DRP) results
for cuttings samples.

https://www.mdpi.com/article/10.3390/min13091140/s1
https://www.mdpi.com/article/10.3390/min13091140/s1
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