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Reconstruction of a digital core containing clay minerals based on a clustering algorithm
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It is difficult to obtain a core sample and information for digital core reconstruction of mature sandstone
reservoirs around the world, especially for an unconsolidated sandstone reservoir. Meanwhile, reconstruction and
division of clay minerals play a vital role in the reconstruction of the digital cores, although the two-dimensional
data-based reconstruction methods are specifically applicable as the microstructure reservoir simulation methods
for the sandstone reservoir. However, reconstruction of clay minerals is still challenging from a research viewpoint
for the better reconstruction of various clay minerals in the digital cores. In the present work, the content of
clay minerals was considered on the basis of two-dimensional information about the reservoir. After application
of the hybrid method, and compared with the model reconstructed by the process-based method, the digital
core containing clay clusters without the labels of the clusters’ number, size, and texture were the output.
The statistics and geometry of the reconstruction model were similar to the reference model. In addition, the
Hoshen-Kopelman algorithm was used to label various connected unclassified clay clusters in the initial model
and then the number and size of clay clusters were recorded. At the same time, the K-means clustering algorithm
was applied to divide the labeled, large connecting clusters into smaller clusters on the basis of difference in the
clusters’ characteristics. According to the clay minerals’ characteristics, such as types, textures, and distributions,
the digital core containing clay minerals was reconstructed by means of the clustering algorithm and the clay
clusters’ structure judgment. The distributions and textures of the clay minerals of the digital core were reasonable.
The clustering algorithm improved the digital core reconstruction and provided an alternative method for the
simulation of different clay minerals in the digital cores.
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I. INTRODUCTION

Reconstruction of digital cores has been studied for several
decades as the microstructure reservoir simulation method
[1–4]. Generally, two kinds of methods are used to reconstruct
the digital cores. The first is to reconstruct by a physical
modeling technique, for instance, x-ray microcomputed to-
mography (CT) scanning, focused ion beam scanning electron
microscopes (FIB SEMs), and the combination of a series of
casting thin sections [5–7]. Due to various factors, such as
the unavailability and high cost of the instrument, and the fact
that the composition of rocks in the three-dimensional (3D)
images cannot be divided, the application of such methods has
not become widespread [8]. In the other method, numerical
modeling techniques, such as the stochastic method, process-
based (PB) method, multiple point statistic (MPS) method,
continuum geometrical (CG) method, and simulated annealing
(SA) method are frequently used [1,9–22]. The necessary data
of such methods can be obtained with relative ease. It is
believed that the PB method effectively simulates the processes
of sedimentation, compaction, and diagenesis based on the
two-dimensional (2D) information from the reservoir, particu-
larly a sandstone reservoir. However, the model reconstructed
by the PB method is much simpler [23]. The SA method
considers the statistical properties of the reference model
from the reservoir, such as porosity, aautocorrelation (AC)
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function, and linear-path (LP) function. However, connectivity
of the model is poor and the convergence speed decreases
drastically while updating the model [24–26]. The hybrid
method combines both the PB and SA methods, improving
transportation properties and accuracy of the reconstructed
digital cores [27,28].

The diagenesis of a sandstone reservoir is simple and grains
are sometimes cemented loosely. Subsequently, it would be
a challenge to acquire a core from such an unconsolidated
reservoir. Eventually, fundamental parameters that provide
essential information for the reconstruction of digital cores
based on the physical modeling technique can be obtained in
a difficult manner. Therefore, reconstruction of digital cores
using a 2D data-based method is applicable for sandstone
reservoirs [13,29–31], although the reconstruction method of
digital cores based on the 2D data can model rock matrix
and their pores. However, partition and reconstruction of clay
minerals in the digital cores are still challenging to perform
[32,33]. Meanwhile, clay minerals play pivotal roles in the
formation not merely in terms of plasticity with water, but also
for the absorbability and exchangeability of ions. In addition,
the formation damages are often caused by variant properties
of clay minerals during the production phase [4,34–38]. In
general, the accuracy and practicability of digital cores are
influenced by the reconstruction of clay minerals.

As an accurate physical modeling technique, the different
components in the CT images are difficult to divide and
reconstruct [3,28]. Øren and Bakke [1] and Jin et al. [39]
first reported a simple method to reconstruct the clay clusters
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using the typical numerical modeling method (PB method).
According to their research, they took a circumscribed polygon
of the grains in the model as the clay minerals [please see
the Supplemental Material [40] for the schematic diagram of
the spherical grains and the fractal grains (Fig. 8S)]. The
more serious drawback is that the content and the volume
of the clay minerals in their work are only decided by the size
of the grains; however, the various types and textures of clay
minerals in the reservoir were not considered. In either method,
the division and reconstruction of the minerals in the digital
cores are crucial for improving the above-mentioned technique
[28].

In this paper, the algorithms relevant to label and divide
various clay clusters were used. To the best of our knowledge,
the Hoshen-Kopelman (HK) algorithm was the first to propose
a “cluster multiple labeling technique” for the porous media
percolation, and it has a wide variety of applications [41–43].
Some examples of such applications are in nuclear fuel rod
processing [44], catalysis [45], curing of epoxy resin [46],
classification of radar signatures [47], and assessing habitat
fragmentation [42,48]. Only after the introduction of this
algorithm did the very large lattice simulations by the Monte
Carlo method become possible [49–51]. The HK algorithm
is based on detecting connected clusters on a lattice and
labeling the involved lattice sites, so that all sites are connected
and sharing the same label [48]. It is a well known fact
that clustering algorithm can be applied in various fields,
for instance, data mining, statistics, and mode recognition
[52–54]. The most widely used and frequently studied cluster-
ing algorithm is the K-means clustering. Usually, it can divide
the neighboring discrete points into different clusters based
on the nature of discrete points. It starts with a random initial
partition and keeps reassigning the points to clusters based
on the similarity between the point and the cluster centers
until a convergence criterion is met [52,55]. The K-means
clustering algorithm can process a large amount of data along
with theoretical reliability, simplicity in the algorithm, and fast
converging speed [54,56].

In the present work, we have proposed a truly hierarchical
method to reconstruct the digital cores containing various
clay minerals in which all of the connected unclassified
clay clusters in the initial model were labeled with size and
number by the HK algorithm. After that, any unreasonable
structure of large communicating clusters were divided into
smaller clusters on the basis of the affiliation between voxels
and centers of clay clusters by the K-means algorithm. The
textures of clay clusters were typically divided by the structure
judgment into three major textures, such as surface filling of the
grain, intergrain filling, and metasomatic texture. Furthermore,
considering the different types, content, and textures of the clay
minerals in the reservoir, the clay clusters in the reconstructed
model were reunified with the types, content, and textures of
the clay minerals in the reservoir. Finally, all of the clay clusters
were labeled with size, number, and texture. Eventually, digital
cores containing various clay clusters with different structure
properties were reconstructed. The method was motivated by
recent observations [1,28,39,42,56] and the purpose was to
divide and reconstruct various clay minerals with different
types and textures in the digital cores. The results allowed us
to obtain the distributions of various clay minerals and textures

FIG. 1. Schematic diagram of the size of sediment grains. RI is
the radius of the initial grain, RS is the radius of the sediment grain
(considering the clay content), VI is the volume of the red grain (the
initial grain), VC is the volume of the blue ring (the clay mineral), VS

is the volume of the sediment grain (considering the content of clay),
where VS = VI + VC .

with the size of the clay clusters in the reconstruction model.
In general, the digital cores containing clay minerals based
on the clustering algorithm reflected the classification and
structure of clay minerals. Moreover, clay clusters’ textures
and distributions in the digital core corresponded to that in
the reservoir. The present work was an attempt to reconstruct
the digital cores containing various clay minerals with different
textures. The accuracy and the applicability of the digital cores
were improved.

The rest of this paper is arranged as follows. In the next
section we briefly describe the 2D data from the reservoir. The
method of reconstruction of the initial model containing the
rock matrix, and unclassified clay clusters and pores is given in
Sec. III. In Sec. IV, the hierarchical method to divide and gather
the statistics of the various clay clusters with types, sizes,
number, and textures is presented. In Sec. V, the reconstruction
of a 3D digital core containing various clay minerals with three
typical textures is performed. Sec. VI describes the results,
including the geometry and statistics of the digital core, and
the distributions of various clay clusters with different sizes
and textures in the model. The paper is summarized in Sec. VII.

II. 2D DATA FROM THE RESERVOIR

The GD reservoir located in the northeast of the Shengli
oilfield (China) commenced oil production in 1983. It is a
typical unconsolidated sandstone reservoir with a high clay
mineral content. The 2D data of the reservoir are from the
GD827-10 well. The schematic in Fig. 1 shows details of
the sediment grains, and the grain size distribution and the
casting thin section of the reference model from the reservoir
are shown in Figs. 2(a) and 2(b). The porosity, permeabil-
ity, and shale content of the reference model are 26.38%,
0.614 μm2, and 12.36%, respectively. In addition, the content
of montmorillonite, chlorite, kaolinite, and illite are 40.8%,
27.4%, 19.1%, and 6.3%, respectively. The major textures of
montmorillonite are reported as the surface filling of the grain
and intergrain filling, along with some metasomatic texture.
The textures of illite include intergrain filling, film-type filling,
and metasomatic texture. Surface filling of the grain, film-type
filling, and metasomatic texture are also common in chlorite’s
textures. Last but not least, the principal texture of kaolinite is
intergrain filling [57].
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FIG. 2. Digital core reconstructed by the PB method. (a) The initial grain size distribution. (b) Casting thin section of the reference model.
(c,d) The 2D slices of sedimentation and compaction process by the PB method. (e) The 3D digital core reconstructed by the PB method.

III. RECONSTRUCTION OF INITIAL MODEL
BY HYBRID METHOD

A. Hybrid method

For the chronicity and complicacy of the geological and
hydrodynamical process, natural rock, such as sandstone, has a
large number of discontinuous, multiscale, geometry-irregular
pores, which form a complex porous structure with a fractal
feature [58]. The simulation results were obtained by applying
the hybrid method in the work of Liu et al. [28] by combining
the PB and SA methods which are in agreement with the
experimental measurements. Compared with the typical SA
method, the hybrid method improves the transport properties
of the digital cores [28]. Moreover, by comparing with the
PB method, the fractal feature is improved [1]. In the present
study, the PB method reconstructed the initial digital core
[Fig. 2(e); please see the Supplemental Material [40] for the
flow chart of the PB method (Fig. 1S)] using the 2D data of the
reservoir [Figs. 2(a) and Fig. 2(b)]. Principally, it contained
three processes, for instance, sedimentation, compaction, and
diagenesis [Figs. 2(c) and Fig. 2(d)]. The sedimentation
process was the successive deposition of individual grains in a
gravitational field. Each grain fell under the action of its own
weight until it attained a stable position at a local or global
minimum in potential energy. Grains were relaxed into a local
minimum if the sedimentation process occurred in a low energy
environment and into a global minimum if it occurred in a high
energy environment. The compaction process was modeled as
a linear process according to the formula

Z = Z0(1 − βz), (1)

where Z is the new vertical position and Z0 is the original
vertical position. The degree of compaction and the porosity
of the digital core was controlled by the compaction factor βz

[59]. Further details of the PB method are given in the study
by Øren and Bakke [1].

However, the purpose of our work was to reconstruct a
digital core containing clay minerals. So in the process of
sedimentation, the main difference was that the content of
clay minerals was considered during random choosing of the
grains. The size of the sediment grains was not only decided
by the initial grain size distribution, but also the volume ratio
of rock and clay minerals (Fig. 1).

The hybrid method combined the PB and SA methods to
reconstruct the digital core (Fig. 3; please see the Supplemental
Material [40] for the flow chart and schematic diagram of the

FIG. 3. Digital core based on the hybrid method. (a) The process
of the reconstructed model by the hybrid method (2D slices). (b) The
3D digital core reconstructed by the hybrid method.
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FIG. 4. Distribution patterns of clay clusters on the surface of the grain after division of rock matrix and unclassified clay minerals. (a)
Surface indentation of the grain. (b) Interactive filling between clay cluster and grains. (c) Intergrain filling between two grains. (d) Intergrain
filling among multiple grains. (e) Surface filling of strati form cluster on the grain. (f) Scattered distribution on the grain. The black parts
represent the rock matrix and the grayish parts represent the unclassified clay minerals.

hybrid method [Figs. 2S and 6S)] based on the 2D data of
the reservoir [28]. The casting thin section was taken as the
reference model [Fig. 2(b)]. The procedures of the hybrid
method are as follows: (i) Initialization: The digital core
reconstructed by the PB method was used as the input for
the hybrid method. Meanwhile, the initial temperature was
set; the temperature played an important role in the cooling
schedule. The initial temperature should be high enough to
explore the whole solution space; the parameters of the initial
system, such as AC function, LP function, fractal dimension,
and energy (E) were calculated. The energy of the system was

FIG. 5. Cluster identification by the HK algorithm. (a) 2D slice
after division of rock matrix and unclassified clay minerals. (b) Cluster
identification by the HK algorithm (different colors represent the
labeled clay clusters).

defined as the sum of the squares of the statistical properties’
differences between the reference model and the reconstructed
model.

E=
∑

i

σi[Ss(r) − S0(r)]2, (2)

where S0(r) and Ss(r) are the statistical properties of
the reference model and the reconstructed model. σi

is the weight of different statistical properties. (ii) Inter-
changing the arbitrary discrete voxels: The arbitrary discrete
voxels were in both matrix and pores. When arbitrary voxels
were surrounded by the voxels belonging to other part, the
energy of the system would subsequently be higher than
the voxels surrounded by the same portion. On the basis
of the randomness of the SA method, the discrete voxels on
the interface of one part were selected to interchange with the
voxels in the other part. An alternative system was obtained
by interchanging two arbitrarily selected voxels of the two
parts. (iii) Updating the system: The parameters of this system,
including AC function, LP function, fractal dimension, and
energy were calculated at the same time. The energy difference
(�E) between this system and the previously unchanged
system was also obtained. If �E � 0, the changed system
would be updated unconditionally. Otherwise, the Metropolis
criterion [60,61] was used to update the system. The system
could be updated with a probability (P ); if the system could
not be updated, then it would go back to step (ii).

P =
{

1 �E � 0
exp

(−�E
T

)
�E > 0.

(3)
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FIG. 6. Schematic of clustering algorithm. (a) Initial system. (b) System labeled by the HK algorithm. (c) System labeled and divided by
the HK and K-means algorithms.

(iv) Cooling: If �E was less than the minimum set point, the
temperature could be decreased. The temperature was updated
by

Tk+1 = ωTk, 0 < β < 1, (4)

where k is the number of generations [62,63]. As a matter of
fact, the cooling schedule could be adjusted by modifying
parameter ω, which was set between 0.5 and 0.999 in
the simulations to ensure the optimization of the system.
Meanwhile, the failure rate (ff ) was set up in order to avoid
the unnecessary cooling caused by the immediate increase of

FIG. 7. Structural features of clay clusters in the digital cores and
scanning electron microscope (SEM). (a,c,e) SEM of surface filling of
the grain, intergrain filling, and metasomatic texture. (b,d,f) textures
of surface filling of the grain, intergrain filling, and metasomatism in
the digital core.

energy. The failure rate (ff ) is shown by ff = Nf

N
. Whereas

Nf is the number of times of failure update caused by the
increase of energy, N is the total number of update times of
the update. If ff was more than the set value, the temperature
could be decreased by an equal interval. (v) Terminate: The
process could be terminated when the temperature dropped to
the set value or �E less than the specified value.

B. Division of rock matrix and unclassified clay clusters

The digital cores with the same porosity were successively
reconstructed by the PB method and the hybrid method in this
paper. The clay content was considered in the sedimentation
process. The results in the work of Coelho et al. [2] showed
that the transport properties remain unchanged with the shape
of the grains, except for oblate ellipsoids, which yield highly
ordered structures; subsequently all the beds with identical

FIG. 8. Digital core containing different clay minerals. (a) The
3D digital core containing clay minerals. (b) 2D slices of digital core
containing clay minerals.
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FIG. 9. Comparison of statistical functions in the digital core and the reference model in both pores and matrix. (a) AC and LP function of
pores; (b) AC and LP function of matrix; (c) fractal dimension.

porosities share almost identical conductivities, permeability,
and dispersion coefficients, regardless of grain shape or
construction mode. The transport coefficients depend only
upon porosity and an equivalent grain size [1–3,64]. It is a
well known fact that, as reported by Sundari et al. [64], the
volume fraction of grains may affect the porosity of the model,
but in the present work, the initial model reconstructed by the
PB method was taken as the input for the hybrid method.
Therefore, the volume fraction of grains remained unchanged.

Jin et al. [39] proposed the area between the surface of the
grain and the circumscribed polygon of a grain as the clay
minerals. However, the cementing forms of the clay minerals
are simple and the species of the clay minerals are unclassified.
Inspired by the work performed by Jin et al. [29], in the present
work, the uncharacterized spherical-like grains in the digital
core by the hybrid method were compared with the initial
spherical grains in the digital core by the PB method. The
digital core was divided into three parts: pores (P), rock matrix
(R), and unclassified clay minerals (C).

The clay minerals undergo various processes, mainly sedi-
mentation and diagenesis. Various textures of clay minerals are
lining, centroclinal, fan shaped, lepidoblastic, metasomatic,
and others [57]. Generally, they can be regarded as clay clusters
with variant shapes and sizes on the spherical-like grains. In
fact, the uneven fractal structures on the spherical-like grains
in the digital core reconstructed by the hybrid method could
be considered as the results of the geological process. The
structures of the clay clusters on the spherical-like grains in
the digital core were similar to the textures in the reservoir as
shown in Fig. 4. The most common forms were surface filling
of grain; intergrain filling, film type, and metasomatic texture.

IV. DIVISION AND STATISTICS OF CLAY CLUSTERS

A. Statistics of clay clusters based on the HK algorithm

The HK algorithm is applied [please see the Supplemental
Material [40] for the flow chart of the HK algorithm (Fig. 3S)]
to quantities on 2D or 3D lattices [48]. The objective of
the HK algorithm is to deal with infinite random binary
lattices containing two classes of sites denoted as occupied
and unoccupied sites [42]. In the present work, part C and
other parts were taken as a binary lattice to implement the
algorithm; we assumed that the concentration of part C was p,
which was also the probability of a voxel to be occupied by C;
when the voxel in the binary system was occupied by C, then
it could be labeled as mα

t , where α is a cluster identifier, t is the
number of times of using the cluster identifier. The algorithm
allowed multiple label assignment to a cluster α [65]. The
labels were a set of natural numbers:{

mα
1 ,mα

2 , . . . ,mα
s , . . . ,mα

t

}
. (5)

In this set of natural numbers, one number was considered
as the proper cluster label. The smallest number mα

s was termed
as proper cluster label. In fact, it was not mandatory to choose
the smallest cluster number as the proper label. Therefore,
choosing any other label in Eq. (5) could be appropriate. The
following set of integers defines the relationship between the
cluster labels:{

N
(
mα

1

)
, N

(
mα

2

)
, . . . ,N

(
mα

s

)
, . . . ,N

(
mα

t

)}
. (6)

In Eq. (6), N (mα
s ) is the only positive member of the set.

It denotes the number of part C which belonged to a cluster.
When the time was labeled by t and the voxels of the C part
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TABLE I. Geometry parameters of the reconstructed and reference models.

Reference model Reconstructed model Deviation

Porosity (%) 26.38 26.38 0.00
Effective porosity (%) 26.38 26.38 0.00
Average size of pore radius (m) 2.20 × 10−4 2.18 × 10−4 0.90%
Average size of throat radius (m) 8.50 × 10−5 8.40 × 10−5 1.17%

belonging to cluster α were less than the last label, then the
difference should be the number of the C part belonging to
a cluster α. The rest of the numbers in Eq. (6) were negative
integers. They correlated the labels mα

t to the proper label
mα

s . These labels were related to mα
s via the following set of

equations:

mα
r = −N

(
mα

t

)
, mα

q = −N
(
mα

r

)
, . . . , mα

s = −N
(
mα

p

)
. (7)

Equation (7) represents a tree diagram where the root of the
tree corresponded to the proper label mα

s . All other labels were
the nodes of the tree pointing directly or indirectly to other
nodes of the root. As shown in Fig. 5, after the application of
the HK algorithm, the connected clay clusters were labeled.

In the current study, the voxels of part C were labeled from
the initial voxel of the digital core using the HK algorithm
and the whole digital core was swept. Parts P and R were both

tagged as 0, while the voxels of part C belonging to the same
cluster were represented by the same tag. If the neighboring
voxels of part C either belonged to the P or R part, then the
current voxel should be given a new cluster label. If one of the
neighboring voxels of C part had been labeled, then the current
voxel should be given the same cluster label with that voxel
(the smaller label). In the third condition, if more than one
neighboring voxel of part C had been labeled and the labels
were very different, the voxel should be given the same cluster
label (the smallest label).

B. Division of clay clusters based on the K-means algorithm

The K-means algorithm is one of the most widely used
clustering algorithms to appropriately process a large amount
of data based on the K-means potential function [54,56]. The
data of the K-means algorithm in the reconstructed digital

FIG. 10. The process of division of clay clusters by the clustering algorithm. (a) The 2D slices of the reconstructed model by the hybrid
method. (b) The 2D slices after division of rock matrix and unclassified clay clusters. (c) The 2D slices of clay clusters in the reconstructed
model. (d) The 2D slices after applying both HK and K-means algorithm.

043304-7



HE, PU, JING, GU, CHEN, LIU, KHAN, AND DONG PHYSICAL REVIEW E 96, 043304 (2017)

FIG. 11. Size distribution of clay clusters in the reconstructed
model.

core were large communicating clay clusters obtained through
the HK algorithm. The K-means algorithm finds a partition
such that the squared error between the empirical mean of a
cluster center and the voxels is minimized. Let ci be the center
of cluster Ri . The squared error between ci and the voxels in
cluster Ri is defined as

Z(Ci) =
∑
xi⊆Ri

‖xi − ci‖2. (8)

The goal of the K-means algorithm is to minimize the sum
of the squared error over all clusters.

Z =
k∑

i=1

∑
xi⊆Ri

‖xi − ci‖
2

, (9)

where ‖xi − ci‖2 is the distance between a voxel xi and the
cluster center ci . The Euclidean distance between the kth
cluster center and the ith voxel is as given by Eq. (10).

d(xi,ci) =
√

(xi − ci)2. (10)

The detailed illustration for the K-means algorithm applied
in division of large clay clusters is as follows: (i) The kth

initial clustering centers were arbitrarily chosen from the set
of voxels belonging to the large connecting clay cluster. (ii)
The distance between the clustering centers and the voxels in
the large communicating clay cluster were calculated and each
voxel xi was assigned to the nearest cluster center ci . (iii) The
updated clustering centers were obtained by calculating the
mean distance between the clustering center and the voxel of
the clay clusters. (iv) If the updated clustering centers were still
changing, then the process went back to step (ii); otherwise
it moved to step (v). (v) The position of cluster centers and
divided clay clusters with size and number were the output.
The schematic and process of the clustering algorithm is shown
in Figs. 6 and 4S [please see the Supplemental Material [40]
for the flow chart of the K-means algorithm (Fig. 4S)]. The
initial clay clusters were attached in a disorderly manner on the
grains [Fig. 6(a)]; after the application of the HK algorithm on
the clay clusters, the number and size of connected unclassified
clay clusters were obtained [Fig. 6(b)]; the large clay clusters
were divided into smaller ones by means of the K-means

algorithm [Fig. 6(c)]. The K-means algorithm divided the
large communicating clay clusters into smaller ones with the
structure of the digital core unchanged. At the same time,
the porosity of the model remained unchanged. Finally, all the
clay clusters in the digital core were labeled and clustered with
number and size on the basis of both the HK and K-means
algorithms.

C. Structural division of clay clusters

Montmorillonite, illite, chlorite, and kaolinite are the
common clay minerals in the reservoir with various textures,
for instance, intergrain filling, film-type filling, metasomatic
texture, and others [66]. The different textures of clay minerals
in the digital core included the surface filling of the grain
(surface filling of single grain, lamellar filling on the surface
of the grain, and others), intergrain filling (between two grains,
among multiple grains), and metasomatic texture (filling inside
the grain).

After the application of the clustering algorithm, the number
and size distributions of the clay clusters were obtained.
However, the clay minerals were not only determined by the
size and the content, but also by the different textures. The
clay clusters would be reflected as surface filling of the grain
if the sites on the boundary of the clay cluster were related
to the pore and the same grain [Fig. 7(a)]. Furthermore, in
the reconstructed model the texture of the surface filling of
the grain typically covered the surface filling texture, such
as centroclinal, fan shaped, lepidoblastic, and others. The
clay clusters would be considered as intergrain filling, if the
neighboring sites of the clay cluster were occupied by the
sites of pore and the different grains [Fig. 7(b)]. The intergrain
filling typically covered the textures of clay clusters which
were cemented and filled between different grains (two or
more grains). If the neighboring sites of the clay cluster
all belonged to the same grain of other kinds of minerals,
then the clay clusters would be considered as metasomatic
texture [Fig. 7(c)]. The metasomatic texture typically covered
the textures of the clay clusters which were filled in other
kinds of minerals. The clay clusters with metasomatic texture
were scattered inside the grains. The smaller clusters (size
<5 voxels) were taken as the object to judge whether the
clay clusters were metasomatic texture or not. The textures of
surface filling of the grain, intergrain filling, and metasomatic
texture were tagged as A, B, and C, respectively [Fig. 7;
please see the Supplemental Material [40] for the flow chart
of structure judgment (Fig. 5S)].

V. RECONSTRUCTION OF DIGITAL CORE
CONTAINING CLAY MINERALS

In the hybrid method, the size of the grain was determined
by both the initial grain size distribution and the clay content in
the reservoir. Hence the initial configuration was determined
by the geometry and statistics of the reference model. After the
division of rock matrix and unclassified clay minerals, the clay
clusters were counted and divided on the basis of the clustering
algorithm and the structural judgment. In comparison with
the information about variant clay minerals of the reservoir,
such as distributions and textures, the clay clusters were
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FIG. 12. Distribution of different textures of clay clusters in the
digital core.

assigned different properties such as type, size, number, and
texture. Eventually, the digital core containing clay minerals
was reconstructed by the clay clusters were assigned different
properties [Fig. 8; please see the Supplemental Material [40]
for the process of reconstruction of a digital core containing
clay minerals (Fig. 7S)], and all of the clay clusters were
labeled with type, size, number, and texture.

VI. RESULT AND DISCUSSION

A. Geometry and statistics of the digital core

The digital core had not only the dispersion of grains, but
also the multiphase systems of arbitrary geometry. All the
work of this study was based on the model reconstructed by the
hybrid method. Although the clay minerals were divided and
reconstructed in the final digital core, but the morphological
structure of the digital core remained unchanged. The accuracy
of the hybrid method was systematically proved in the work
of Liu et al. [28]; the simulation results of the hybrid
method were compared with different methods (experiment,
x-ray CT image, and typical simulated annealing algorithm).
Consequently, the identical porosity, the transport properties
of the formation factor, permeability, and the local porosity
are similar. The simulated results of formation factor and
permeability suggest that the 3D digital core reconstructed
by the hybrid method has similar transport properties as
the x-ray microimage. These results were in agreement with
the experimental measurements. Therefore, in this work, we
just discussed geometry parameters of the model and the
correlation functions used in the hybrid method.

There are a variety of correlation functions that can be
used in the procedure of reconstruction, including the AC
function, LP function, two-point cluster function, chord-length
distribution function, and many others [9,28,50,67,68]. In
the present study, the AC function, LP function, and fractal
dimension were applied as the control and statistical functions.
These three statistical functions contain substantial structural
information about the digital core and yet are simple enough to
be implemented. Meanwhile, the three control functions reflect
the correlation between the digital core and the reference
model.

In a statistically inhomogeneous system, the AC function
is defined as

A
(j )
2 (r1,r2) = 〈I (j )(r1)I (j )(r2)〉, (11)

where r1 and r2 are two arbitrary points in the system,
the angular brackets denote an ensemble average, and the
characteristic function I (j )(r) is defined as

I (j )(r) =
{

1, when r is in phase j

0, otherwise . (12)

The AC function can be interpreted as the probability of
finding two points at positions r1 and r2 both in phase j .
Another important statistical function of the basic structure is
the LP function L(j )(r1,r2). The LP function is defined as the
probability of finding a line segment spanning r1 to r2 that lies
entirely in phase j . The LP function contains some connection
information and it reflects certain long-range information
about the system. In the isotropic medium, A

(j )
2 (r1,r2) and

L(j )(r1,r2) depend only on the distance r = |r1 − r2| between
two points and can be expressed simply as A

(j )
2 (r) and L(j )(r).

For all media with a volume fraction of φj , A
(j )
2 (0) = φj and

lim
r→∞ A

(j )
2 (r) = φ2

j , L(j )(0) = A
(j )
2 (0) = φj .

The fractal dimension can reflect the structure irregularity
and discontinuity [28]. The fractal dimension was determined
by box-counting measurements and defined as

DB = lim
k→∞

lnNδk

−lnδk

, (13)

where δk is the side length of a square grid, Nδk
is the number

of square grids with the side length of δk .
The statistical functions control the morphological structure

of the digital core. The comparisons for the reference model
and reconstructed digital core are presented in Fig. 9. It was
clear that the correlation functions of pores and matrix agreed
well with that of the reference model and the isolated points in
the initial system were gathered to form the pore space under
the control of the correlation functions. The reconstructed
digital core obtained via the hybrid method retained the
connectivity and spatial distribution. The fractal dimension
of the reservoir had a high fitting degree with the reference
model; the fractal dimension was 2.31.

Meanwhile, the geometry parameters, such as distribution
of pore and throat, are the important parameters of the
formation. In this work, we used the method proposed by Hu
and Blunt [6] and Okabe and Blunt [69], who used the maximal
ball algorithm to extract the geometry parameters of the pore
and throat. Table I compares some parameters of the pore and
throat in the reference model and in the reconstructed model.
The average radius of pore and throat were 218 and 84 μm,
respectively. The deviations were <1.17%. The geometry
parameters of the reconstructed model were in good agreement
with the reference model.

B. Statistics of clay clusters in the digital core

The initial configuration was established by the hybrid
method [Fig. 10(a)], after the division of rock matrix and un-
classified clay minerals in the reconstructed model [Fig. 10(b)].
The HK algorithm was applied to label all of the clay clusters
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FIG. 13. Distribution of the different clay clusters in the digital
core.

[Fig. 10(c)]. Meanwhile, the large communicating clay clusters
were divided into smaller ones by applying the K-means
clustering algorithm [Fig. 10(d)]. Ultimately, the number and
size of the clay clusters were obtained by the clustering
algorithm.

The biggest clay cluster in the digital core was 27 953
voxels, while the smallest clay cluster was 1 voxel equivalent to
the number of 9432 (Fig. 11). Clay clusters with the size below
11 voxels accounted for about 1.91% of all clay clusters. The
major clusters were almost 97.29% of all the clay clusters
which were distributed with the size between 10 000 and
25 000 voxels. The distributive properties of the clay clusters
were similar to those of the clay minerals in the reservoir with
the characteristic of major big clusters and scattered smaller
clusters.

The structures of the clay clusters were tagged as three
major textures with surface filling of the grain, intergrain
filling, and metasomatic texture. The 67.13% of the entire
digital core was intergrain filling which accounted for 4685
clay clusters. The second major texture was surface filling of
the grain with a value of 32.30% and it accounted for 4530
clusters in the reconstructed model. The metasomatic texture
dispersed inside the grains was 0.28%, which corresponded to
1560 clay clusters in the digital core. The main textures of the
large clusters were surface filling of the grain and intergrain
filling. The smaller clusters presented (the size smaller than
5 voxels) were scattered in the model with three different
textures. The relative amounts of clay clusters are shown in
Fig. 12.

C. Distributions of clay clusters in the digital core

After the statistic and the judgment of the clay clusters in the
reconstructed digital core, each clay cluster was assigned the
properties of type, size, number, and texture. Compared with
the type, content, distribution, and texture of clay minerals
from the reservoir, in the digital core, the different kinds of
clay minerals in the digital core were evenly distributed in
terms of size (voxels). See Fig. 13.

Montmorillonite was the most common clay mineral in
the reconstructed digital core. More specifically, the content
of montmorillonite was 40.84%. The major textures of

FIG. 14. Configurations and distributions of different clay min-
erals in the digital core. (a–d) The 3D configurations of montmoril-
lonite, chlorite, kaolinite, and illite. (e–h) The amount and number
distributions of clay clusters in the digital core.

montmorillonite were intergrain filling and surface filling of
the grain which corresponded to numbers of 2117 and 1935,
respectively. The intergrain filling of montmorillonite was
41.41%, and the surface filling of the grain was 58.39% in
the digital core. The biggest clay cluster with the texture
of intergrain filling was 22 716 voxels and the range of
surface filling of the grain was from 1 to 21 273 voxels.
The configuration of montmorillonite was mostly connected
clay clusters on the matrix of the digital core [Figs. 14(a)
and 14(b)]. Particularly, the content of chlorite in the digital
core was 27.43%. Furthermore, surface filling of the grain
was counted to be 37.14%, which corresponded to a number
of 975. The biggest clay cluster with surface filling texture of
grain was 21 193 voxels, whereas the smallest one was 1 voxel.
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In addition, intergrain filling of chlorite accounted for 62.65%
which was related to the number of 900. In contrast, the biggest
clay cluster with the form of intergrain filling was 22 767
voxels and the smallest one was 1 voxel, so chlorite was often
annular or connected clusters in the digital core [Figs. 14(c)
and 14(d)]. It is a known fact that the principal texture of
kaolinite is intergrain filling. In contrast, the major texture in
the reconstructed model was intergrain filling. Therefore, the
configuration of kaolinite was distributed continuously with
connected clusters. The large clay clusters of kaolinite all
belonged to the texture of intergrain filling and the content
was 98.58%. The biggest cluster with intergrain filling was
27953 voxels [Figs. 14(e) and 14(f)]. The content of illite
in the reconstructed model was only 6.28%. The textures of
illite included intergrain filling, surface filling of the grain, and
metasomatic texture. The intergrain filling and surface filling
of the grain accounted for 58.12% and 41.32%, respectively
[Figs. 14(g) and 14(h)]. Last but not least, metasomatic
texture was also common in the montmorillonite and chlorite.
The clay clusters with metasomatic texture were distributed
sporadically (Fig. 14). The numbers of metasomatic texture
in the montmorillonite, chlorite, and illite were 504, 619, and
244, respectively. The digital cores reconstructed by means
of the clustering algorithm constitute clay minerals showing
similar structure, distribution, and textures with the respective
core from the reservoir.

VII. CONCLUSION

The clustering algorithm efficiently improved the sim-
ulation of clay minerals. In addition, the combination of
HK and K-means algorithms provided an alternative method
for microscopic simulation of a reservoir, especially for the
differences of the clay minerals’ properties in the sandstone
reservoir. In this paper, the reconstructed digital core was
constituted of various minerals. The initial model was acquired

via the hybrid method having the same statistics and geometry
as those of the reservoir. The HK algorithm was applied
to gather the number and size of different connected clay
clusters. The K-means clustering algorithm was applied to
divide the large connecting clusters into smaller clusters on
the basis of differences in the clusters’ nature. Exclusive
consideration of statistics and division of clay clusters was
carried out which was solely based on types, content, and
textures of clay minerals in the reservoir. The distribution of
the clay minerals in the digital core was in accordance with
that in the reservoir. There were three typical textures of clay
clusters in the digital core such as metasomatic texture, surface
filling of the grain, and intergrain filling. The distributions and
textures of the clay minerals of the digital core were quite
reasonable.

We considered the improvement of the numerical modeling
technique by reconstruction of the various clay minerals with
different types and textures. In this context, we believe that
the algorithm which is proposed in this paper has wide
applications to study and simulate different models containing
clay minerals, such as the formation damage caused by the
clay minerals during oil production, the differences of the
lithology-electric relation caused by different clay minerals’
characteristics, and the difference in adsorption of variant
substances (gas, asphaltene, ions, and others) during the well
production due to difference in clay minerals, and many others,
some of which will be studied and reported on in the near
future.
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