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Mechanical compaction is an important diagenetic process in sandstone
reservoirs. Particle breakage, which commonly occurs during mechanical
compaction, plays a significant role in controlling the physical properties of
the reservoir. However, existing numerical simulation methods have limitations
in simulating mechanical compaction when considering particle breakage. In
this study, a discrete element simulation method of mechanical compaction
was proposed based on particle cutting, and the experimental results reported
in the literature were used to calibrate the simulation parameters. Finally, this
method was applied to the simulation of the mechanical compaction of
sandstone to analyze the pore evolution process. The results show that the
new simulation method has high computational efficiency and can reflect the
process of particle breakage. The simulation results coincide well with the
experimental results. In the simulated mechanical compacted process of coarse
sandstone, particle breakage is strong in the high-stress stage with a vertical
stress of 30 MPa—50 MPa. The porosity and mean radii of pores and throats
decreased rapidly, and the number of pores and throats increased rapidly in the
high-stress stage. When the vertical stress reached 50 MPa, compared to the
simulation results without considering particle breakage, the porosity difference
rate caused by particle breakage was 4.63%; the radius difference rates of pores
and throats were 2.78% and 6.8%, and the number difference rates of pores and
throats were 4.95% and 8.74%, respectively. In the process of mechanical
compaction, the pore evolution of the reservoir is controlled by the filling of
the pre-existing pore space by the fragments generated through particle
breakage and the generation of microfractures. Additionally, the simulation
method presented in this study can be applied to complex geological
conditions and can be combined with other reservoir simulation methods.
The simulation results can provide rich training samples for artificial intelligence
and other emerging technologies.
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1 Introduction

Diagenesis plays a significant role in controlling the porosity
and permeability of sandstone reservoirs (Higgs et al., 2007;
Morad et al.,, 2010; Bjorlykke, 2014). Mechanical compaction
occurs throughout the entire diagenetic evolution of the
sandstone reservoir. Simultaneously, particle breakage is
common during compaction, which causes rapid changes in
the particle surface area and accumulation structure, and is
accompanied by a large number of microfractures, thereby
affecting chemical diagenesis (Anders et al, 2014; Hooker
et al,, 2018; Qin et al,, 2022). Changes in the particle packing
structure affect the rate of pore reduction through mechanical
compaction (Chuhan et al., 2002; Karner et al., 2003; Yan et al.,
2021a). Simultaneously, the particle accumulation structure and
microfractures jointly control the pore throat structure
characteristics, thereby changing the reservoir permeability
(Laubach and Ward, 2006; Zeng, 2010; Qin et al, 2022).
Particle breakage commonly occurs
which affects the
property evolution of reservoirs in different ways. Therefore,

during mechanical
compaction, diagenesis and physical
studying the particle breakage process can reveal the evolution
process of the physical properties and reservoir formation
mechanism of sandstone reservoirs.

Physical experiments and numerical simulations are typically
used to study the processes of reservoir compaction and particle
breakage. Physical experiments are the most direct and effective
method. The

mineralogical characteristics, and sorting characteristics on

influences of particle size, morphology,
uniaxial

with
experimental results such as the stress-strain curve, porosity

particle breakage was analyzed using previous

compression  physical combined

experiments

ratio/porosity ~ evolution  characteristics, size

distribution (PSD) curve, and optical microscope images. The

particle

main conclusions are summarized as follows: under the same
stress conditions, particles with larger particle sizes, lower
mechanical strengths, worse sorting, smaller roundness, and
rougher surfaces are more severely broken (Hagerty et al,
1993; Lade et al., 1996; Mcdowell and Bolton, 1998; Nakata
et al., 2001a, b; Chuhan et al., 2002; Mcdowell, 2002; Chester
et al., 2004; Huang et al,, 2013; Zheng and Tannant, 2016; De
Bono and Mcdowell, 2018). Additionally, the new technologies
combined with the experiment provides an effective way to study
the particle breakage process. Acoustic emission (AE) technology
can indirectly obtain the information of the internal damage by
capturing acoustic signals generated in experimental samples
(Zhang and Zhou, 2020; Niu and Zhou, 2021; Zhou and Zhang,
2021). AE technology can be used to quantitatively assess the
degree of particle breakage (Mao et al., 2021; Feng et al., 2022).
On the other hand, Digital Imaging Correlation (DIC) and
computed tomography (CT) can obtain real-time images and
reconstruct the internal structure of experimental samples (Zhou
et al.,, 2018; Zhou et al., 2019; Xiao et al., 2021a; 2021b). These
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technologies can reproduce 3D dynamic evolution processes of
particle breakage (Afshar et al., 2018; Cuesta Cano et al., 2021;
Seo et al,, 2021). However, considering the high economic cost
and the complex and changeable composition of sandstone, it is
not practical to carry out large-scale experiments with this
technology.

In recent years, numerical simulation technology for
sandstone diagenesis has developed rapidly and has garnered
the attention of petroleum geologists. This technology mainly
includes the discrete element method (Yan et al., 2021b), soft
shell model, onion skin model (Mousavi and Bryant, 2013),
Touchstone (English et al., 2017), quartet structure generation
set algorithm (QSGSA) (Wu et al., 2022), etc. However, particle
breakage is not well considered in the above diagenetic
simulation techniques. In field of geotechnical and civil
engineering, a variety of numerical simulation methods have
been developed for the material damage. The simulation methods
include Finite Element Method (FEM) (Turner et al., 2019; Zhou
et al., 2021a) Extended Finite Element Method (XFEM)
(Seyyedan et al., 2021; Zhou et al., 2021b), Peridynamics (PD)
(Wang et al., 2016, 2018; Wan et al., 2020; Zhang et al., 2021),
General Particle Dynamics (GPD) (Zhou et al,, 2014), cluster
method based on Discrete Element Method (DEM) (Cil and
Alshibli, 2014; Sun et al., 2018; Jarrar et al., 2020) and particle
replacement method based on DEM (De Bono and Mcdowell,
2016; Zheng and Tannant, 2019; Wang et al., 2021). FEM, XFEM,
FD, GPD and cluster method can accurately simulate the
breakage process and have a good application in the
simulation of rock, single particle or a small number of
particles. However, each simulation object of these methods
the
computational cost limits its application in the simulation of

contains multiple computational units, and huge
multiple particles (thousands of particles or more). For the
breakage of multiple particles, the most commonly used
simulation method is particle replacement method. In this
method, the original particle is replaced by a group of small
particles to achieve particle breakage. The computational units
are consistent with particles. Particle replacement method has the
advantage of high computational efficiency but cannot reflect the
particle breakage process. However, the study of particle
breakage in the diagenesis of sandstone reservoirs not only
requires sufficient particles, but also needs to reflect the
process of particle breakage.

Therefore, the main purpose of this study is to propose a new
discrete element numerical simulation method that can not only
conduct numerical simulations of the mechanical compaction
process of sufficient particles, but also reflect the real process of
particle breakage. This can be used to study the pore evolution
during the diagenesis of sandstone. The structure of this paper is
as follows: Section 2 introduces the flow of the numerical
simulation method; Section 3 the accuracy and applicability of
the method; Section 4 analyzes the application results in the

simulation of mechanical compaction of sandstone; and Section
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5 discusses the influence of particle breakage on the pore
evolution process and the application prospect of simulation
method.

2 Numerical simulation method
2.1 Particle breakage criterion

Particle breakage depends on the relationship between the
stress of a particle and its breakage threshold, and breakage
occurs when the former is greater than the latter. There are two
kinds of criteria for calculating the stress on particles. One is
based on the principal stress calculation, including the maximum
principal stress (Eq. 1), average principal stress (Eq.2), and
octahedral shear stress criteria (Eq. 3). The other is based on
the maximum contact force and particle diameter, called
maximum contact force stress criterion (Eq. 4) (Ben-Nun and
Einav, 2010; Esnault and Roux, 2013; De Bono and Mcdowell,
2016; Ciantia et al,, 2019). De Bono and Mcdowell (2016)
compared the DEM simulation results with different breakage
criteria and found that the simulation results using the maximum
contact force stress criterion fit the physical experimental results
best. Therefore, the maximum contact force stress criterion was
adopted in this study. The particle breakage occurs when the
maximum contact force stress is greater than the breakage
threshold. The breakage threshold of particle is related to the
particle size. If the breakage threshold of the reference particle
(diameter = D) is known, the breakage threshold of any particle
size can be calculated using Eq. 5.

0 =0y, (1)
0= (0,+0,+03)/3, (2)
0=\ (01 - 02 + (0 — 33+ (01 - 03)2/3, 3)
o=Trm, (4)
D -3/m
Olimit = Gzimm)(a) > (5)

where ¢ is the stress of the particle; 0;, 0, and o3 are the
maximum, minimum and intermediate principal stresses,
respectively; Fp.. is the maximum contact force of the
particle; D is the particle diameter; Oy and 0jmio are the
breakage thresholds of the particles with diameters D and D,
respectively; and m is the Weibull modulus. Notably, the particle
diameters in this study were equivalent to sphere diameters.

2.2 Realization of particle breakage

Particle breakage is a process wherein the microfracture
generated at the contact point of the particle extends to the
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interior and eventually penetrates the particle (Yashima et al.,
1987; Cil and Alshibli, 2014; Ciantia et al., 2015). In this study, we
proposed a particle-breakage method based on particle cutting.
When the maximum contact force stress reaches the breakage
threshold of the particle, a random cutting plane is generated
through the particle at the maximum contact force point to
realize the particle breakage (Figure 1).

2.3 Simulation settings

To verify the accuracy of the simulation method, the simulation
device and particle samples were set up according to the experimental
conditions of Zheng and Tannant (2016). The experiment involved
the uniaxial compaction of quartz sand in a cylindrical rigid cup. The
particles had high sphericity, and the range of particle diameter was
0.6 mm-0.71 mm. In the numerical simulation, to improve the
calculation efficiency, the simulation device and height of the
sample were equally reduced. The simulation device comprised a
rigid cylinder with a bottom diameter of 10 mm and height of 7 mm,
and a square rigid loading plate with a side length of 10 mm.
Spherical particles with a uniform distribution in the diameter
range of 0.6 mm-0.71 mm were generated in the cylinder, and
the particles naturally accumulated under the action of gravity to
form simulated samples with a height of approximately 5mm
(Figure 2).

In the DEM simulation, the contact model and mesoscopic
parameters controlled the mechanical behavior and interaction
process of the simulated object. In terms of the contact model, the
contact moment of the linear contact model is zero and the
contact force is decomposed into linear component and damping
component. The linear component provides linear elastic,
frictional behavior, while the dashpot component provides
viscous behavior (Itasca Consulting Group Inc., 2018). The
linear contact model has been proved to be consistent with
the mechanical behavior of granular materials (Cil and
Alshibli, 2014; Zheng and Tannant, 2019; Yan et al, 2021).
For the mesoscopic parameters in the linear contact model,
the results calibrated by Zheng and Tannant (2019) based on
their experiments (Zheng and Tannant, 2016) were referred to
and modified in this study (Table 1).

2.4 Numerical simulation workflow

In this study, the particle flow code was used to conduct
numerical simulations on the PFC6.0 discrete element numerical
simulation platform developed by Itasca (Itasca Consulting
Group Inc., 2018). Based on the setting of the simulation
parameters, the particles in the device naturally accumulated
to an equilibrium state under the action of gravity, and the
loading plate moved downward at a uniform speed of 0.05 m/s.
The vertical stress was the average value of the stress between the
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FIGURE 2
Simulation device and particle sample.

TABLE 1 DEM simulation parameters.

Parameter

Value

Contact model

Linear model

Particle diameter (mm) 0.6-0.71
Initial particle number 1,425
Particle density (kg/m?) 2,650
Wall-particle effective modulus (GPa) 1.1
Particle-particle effective modulus (GPa) 1
Normal-to-shear stiffness ratio 2
Particle friction coefficient 0.5
Wall friction coefficient 0
Damping coefficient 0.5

loading plate and the bottom plate in the Z-axis direction. The
model with a vertical stress of 0.1 Mpa was used as the initial
compaction model. Subsequently, the breakage threshold of the
reference particle (0jimir0) and Weibull modulus (m) were set. The
model traversed each particle at 100 steps per cycle to calculate
the maximum contact force stress o and breakage threshold oy it
If 0 > Ojimiv- the particle was cut and broken. This process was
repeated until the vertical stress reached the target condition
required by the simulation (Figure 3).
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!

| Move loading plate down at 0.05m/s |

Overtical = 0-1Mpa No

Initial compaction model

!
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I Model cycle 100 steps |<7
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Olimit > Frmax/d”
Yes J{

| Generate cutting plane and cut particles |

Vertical stress > Target —2i0

Yes

FIGURE 3
DEM simulation workflow chart.

3 The accuracy and applicability of
numerical simulation method

3.1 Calibration of gjjmito and weibull
modulus (m)

The breakage threshold of the reference particle (with a

diameter of 0.6 mm) (0ijimiv) and the Weibull modulus (m)
determine the particle breakage process in the numerical
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simulation. The values of ojimio and m for different particle
breakage criteria and breakage realization methods are often
inconsistent. The control variable method was used to establish
two groups of DEM simulations. In group A, m was set as 3 and
Olimito Values were set as 50 MPa, 52.5 MPa, 55 MPa, 57.5 MPa,
and 60 MPa, respectively. In group B, 0jimio Was set as 55 MPa,
and m values were set as 1, 2, 3, 4 and 5, respectively. A uniaxial
vertical compression simulation was conducted based on the
aforementioned DEM simulation process. The target vertical
stress was set as 40 MPa. The simulation results of different
Olimito and m were compared and combined with the
experimental results (Zheng and Tannant, 2016) to obtain the
values of 0jimito and m that are suitable for the particle breakage
criterion and particle breakage realization method used in this
study.

3.1.1 Effects of giimito and weibull modulus (m) on
simulation results

With an increase in the vertical stress, particle breakage
commenced and gradually intensified, resulting in an increase
in the number of particles. In the two groups of simulations, the
particle breakage began in the vertical stress range of
10 MPa-15 MPa. Therefore, the number of particles was
counted every 5MPa from a vertical stress of 15MPa to
analyze the particle number evolution. Under a constant m
value, the lower the 0y value, the higher is the number of
particles. When 0jmi0 = 50 MPa, the number of particles
increased the fastest in the vertical stress range of
25 MPa-30 MPa, and when oy = 52.5 and 55 MPa, the
number of particles increased the fastest in the vertical stress
range of 30 MPa-35 MPa. When 0j;;nii0 = 57.5 and 60 MPa, the
number of particles increased the fastest in the vertical stress
range of 35 MPa—40 MPa. Therefore, the lower the i value,
the lower is the vertical stress corresponding to the rapid particle
increase stage (Figure 4A). Additionally, under a constant Gjimio
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value, with increasing m values, the increase in the number of
particles is faster and larger (Figure 4B).

During the loading process, some of the particles did not
break, while the remaining particles underwent one or more
breakage events and formed multiple fragments, which jointly
determined the particle number. The percentages of unbroken
and broken particles at different loading stages (vertical stresses
of 20 MPa, 30 MPa, and 40 MPa) were calculated. Both
simulation results showed that the content of broken particles
increased rapidly with increasing vertical stress. Under a constant
m value, the proportion of broken particles increased with
increasing Ojimito. Among the particles generated by breakage,
the proportion of particles generated by different breakage times
was similar (Figure 5A). Under a constant oy, value, the
proportion of broken particles increased with increasing m
values. Moreover, with an increase in the m value, the particle
content generated by high breakage times increased rapidly;
namely, with increasing m values, the particle is more likely
to undergo multiple breakage events (Figure 5B).

Conversely, the cumulative PSD curves of different
compaction stages (vertical stresses of 20 MPa, 30 MPa, and
40 MPa) were drawn to analyze the changes in PSD
characteristics caused by particle breakage. The PSD curve
was drawn to diameter of 0.6mm and the cumulative
percentage of the diameter of 0.71 mm are omitted (the value
is 100%) for data display. Therefore, the description of this part
did not include a particle diameter of 0.71 mm. Under the
condition of constant m, the larger the 00 value, the lower
was the particle content at each particle size interval, and the PSD
curves show similar change characteristics. The particle content
in each particle size interval gradually increased with increasing
vertical stress, and the higher the vertical stress, the faster was the
rate of increase (Figure 6). Under a constant oy value, the
larger the m value, the greater was the particle content difference
at different particle size ranges, which was manifested as the
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FIGURE 5

The percentage of particles formed by different breakage times: (A) Group A and (B) Group B.

difference between the content of particles with large sizes and
that of particles with small sizes. The particle content at each
particle size interval gradually increased, and the above
differences became more evident with increase of the vertical
stress (Figure 7).

Therefore, in the uniaxial vertical compression simulation,
both 6jimio and m affect the evolution of the particle number.
Gimio affects the rapid increase stage of the particle number and
m affects the breakage times, and they jointly control the
evolution of the PSD.

3.1.2 Calibration results of gjjmito and m

By comparing the PSD curves of the experiment, the
simulation results in the loading process (vertical stresses of
20 MPa, 30 MPa, and 40 MPa) coincided well with the physical
experimental results under the conditions of 6j;mi0 = 55 MPa and
m =3 (Figure 8). The results showed that the simulation method
based on particle cutting was accurate. Therefore, the breakage
threshold of a particle with an equivalent sphere diameter D can
be calculated using Eq. 6.

D -1
Olimit = Uumr(g) , (6)

where 0j;,;, is the particle breakage threshold (MPa) and D is the
particle equivalent sphere diameter (mm).

Frontiers in Earth Science

3.2 Applicability of the simulation method
in the study of compaction

In the study of sandstone reservoir compaction, it is essential
to analyze the evolution process of porosity (pore volume/total
volume of sample x 100) under stress. Additionally, in the study
of granular material mechanics, the stress-void ratio (pore
volume/particle volume) or stress-strain characteristics are
used to evaluate the experimental results. During the
simulation, the displacement of the loading plate was recorded
and the porosity of the sample was obtained by calculating the
percentage of the volume of particles in the total volume (Eq. 7).
Combined with the results of the stress-pore ratio in physical
experiments, the pore ratio was converted into the porosity (Eq.
8). A comparison between the numerical simulation and
experimental results shows that, although there were some
differences in the initial porosity, the porosity evolution has
the same change characteristics during the process of stress
increase, indicating that the simulation result of this method
was ideal for the process of sandstone compaction and porosity
reduction (Figure 9).

Vv,
P, = (1-——2 ) x 100, 7
1= ( S(HO—AH))X (7)
P, =5 x 100, ®
e+1
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where P; is the porosity of the numerically simulated sample; Vp
is the total volume of the particles; S is the bottom area of the
simulation device; Hy is the height of the loading plate when the
vertical stress is 0.1 MPa; AH is the downward displacement of
the loading plate; P, is the porosity of the experimental sample;
and e is the pore ratio of the experimental sample.

In sandstone reservoirs, porosity determines the space for
hydrocarbon storage. The pore structure controls the flow path
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and determines the charge, migration and accumulation of oil
and gas, which is another key index for reservoir pore evaluation.
(Nelson, 2009; Shanley and Cluff, 2015; Qiao et al., 2020). In
addition to studying the porosity, pore structure is also the focus
in the
introduction, particle replacement method is commonly used

of sandstone reservoir research. As mentioned
to simulate particle breakage, but cannot reflect the particle
breakage process, and simulating particles with irregular
10A).

morphology and microfracture formed by particle breakage

morphology is challenging (Figure The particle
have a significant effect on the pore structure, so the
simulation results of particle replacement method for pore
structure are not accurate. The particle cutting method
proposed in this study is an improved attempt based on the
particle replacement method. The method reflects the process of
particle breakage, and the fragments after particle breakage are
real and can simulate particle breakage of any shape (Figure 10B).
Therefore, this method is suitable for studying the evolution of

the pore structures during compaction.

4 Application results of the simulation
method

4.1 Simulation conditions

Based on the calibration of simulation parameters and the
analyses of accuracy and applicability, the numerical simulation
method proposed in this study is applied to the study of
mechanical compaction of sandstone. Coarse sand particles
with irregular shapes were generated in the cuboid container
as simulation samples (Figure 11), and the initial number of
particles was 1,580. The particle shape is the real shape of quartz
sand particles obtained by CT, and the particle diameter
approximately shows a Gaussian distribution in the range of
0.5 mm-1 mm (Figure 12). The simulated parameters are those
calibrated in Sections 2, 3. The simulation is carried out based on
the flow shown in Figure 3, and the simulated target stress is set to
50 Mpa.

4.2 Particle breakage characteristics

The simulation results were extracted at intervals of 5 or
10 MPa (Figure 13). The particle breakage characteristics of the
mechanical compaction process were analyzed in terms of the
particle number, breakage times, PSD curve, and relative
breakage.

During the mechanical compaction of coarse sand, particles
began to break when the vertical stress was approximately 5 MPa.
In the low-stress stage (vertical stress of 5 MPa-30 MPa), the
number of broken particles increased slowly, whereas in the high-
stress stage (vertical stress of 30 MPa-50 MPa), the number of
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FIGURE 10

Comparison of DEM simulation methods for particle breakage: (A) particle replacement method and (B) particle cutting method.

FIGURE 11
Simulation device and sample for mechanical compaction
simulation.

broken particles increased rapidly with increasing vertical stress,
and the rate of increase gradually increased (Figures 13, 14).
Additionally, among the broken particles, the proportion of the
number of particles produced at different times of breakage was
similar and did not change significantly with increasing vertical
stress (Figure 14). In terms of the evolution of the PSD curve,
compared to the original PSD curve, in the low stress stage, the
PSD curve did not change significantly. However, in the high-
stress stage, the content of small-sized particles increased rapidly
and the sorting of the samples gradually worsened (Figure 15).

Based on the PSD curve, the relative breakage (Br) was calculated
to evaluate the degree of particle breakage. Br is the ratio of the total
breakage (Bt) to the breakage potential (Bp) (Hardin, 1985). Bt is the
area enclosed by the initial PSD curve and loaded PSD curve, namely,
the area of the shaded part in Figure 16A. Bp is the area between the
vertical line with the minimum particle size value (0.15 mm in this
study) and the initial PSD curve, namely, the area filled by the grid
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FIGURE 12
Initial particle diameter distribution of the sample.

line in Figure 16A. With increasing vertical stress, the relative
breakage showed a near-exponential growth, wherein it slowly
increased at first and rapidly increased thereafter; namely, the rate
of increase of relative breakage was obviously accelerated at the high-
stress stage.

4.3 Pore evolution characteristics

In the mechanical compaction simulation, a sample with a
vertical stress of 0.1 MPa was used as the initial sample, and the
corresponding initial porosity was 37.1%. The displacement of
the loading plate was monitored in real time, and the porosity of
the sample was calculated (Eq. 7). With increasing vertical stress,
the evolution of porosity can be divided into three stages. The
first stage (vertical stress below 8 MPa) involved particle rolling
and rearrangement. At this stage, the porosity of the samples
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Evolution of the particle number and breakage times during PSD evolution during the compaction of coarse sand.
the compaction of coarse sand.

8 MPa-30 MPa) was the weak particle breakage stage. At this

decreased exponentially and the rate of porosity reduction stage, the porosity decreased linearly, and the rate of porosity
changed from fast to slow. At the beginning of this stage, the decrease was the lowest during the entire compaction process.
rate of porosity reduction was highest during the entire The third stage (vertical stress of 30 MPa-50 MPa) was the
compaction process. The second stage (vertical stress of strong particle breakage stage. In this stage, the porosity also

Frontiers in Earth Science 10 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1038038

Jia et al.

P o ®
o 1= =]
N L N

Cumulative percent (%)

[~
=]
s

05 06 07 08 09

Particle diameter (mm)

FIGURE 16

10.3389/feart.2022.1038038

0.1

2
©
!

0.084

Relative breakage

004

0 T T T T
20 30 40

Vertical stress (MPa)

50

(A) Schematic diagram of the calculation method of relative breakage and (B) the evolution characteristics of relative breakage.

Stage 1 Stage 2 Stage 3

38

Porosity (%)

28 T T T T T

20 30
Vertical stress (MPa)

40 50

FIGURE 17
Porosity evolution characteristics of coarse sand.

showed a near-linear decreasing trend, but the slope was larger
than that in the second stage; namely, the porosity decreased at a
faster rate (Figure 17).

Conversely, the model was saved and exported at an interval
of 5MPa in the DEM simulation process, and the Avizo
9.0 software was used to analyze the pore structure evolution
characteristics of the samples during mechanical compaction. In
terms of the pore evolution, when the vertical stress was lower
than 30 MPa, the pore number of the sample did not change
considerably (Figure 18A), whereas when the vertical stress was
30 MPa-50 MPa, the pore number showed an upward trend.
Simultaneously, with increasing vertical stress, the mean pore
radius of the sample showed a three-stage variation trend similar
to that of porosity; namely, a rapid decrease, slow decrease, and
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Evolution of pore structure characteristics of coarse sand: (A)
number of pores and throats and (B) mean radii of the pore and
throat.

rapid decrease (Figure 18B). In terms of the throat evolution,
with increasing vertical stress, the number of throat first
decreased and then increased (Figure 18A). The mean throat
radius gradually decreased, and its reduction rate gradually
accelerated (Figure 18B).
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5 Discussion

5.1 Comparison with the simulation
without particle breakage

A control simulation was conducted under the same
conditions but without particle breakage, and compared the
difference rate of the simulation results with and without
particle breakage (ratio of the difference between the two
results and the simulation results with particle breakage).

In terms of the porosity evolution, with increasing vertical
stress, the simulation results without particle breakage showed a
two-stage evolution feature. When the vertical stress was below
8 MPa, the porosity decreased exponentially. When the vertical
stress was 8 MPa-50 MPa, the porosity decreased in a linear,
slow, and stable manner. The porosity of the simulation with
particle breakage exhibited a three-stage pore evolution.
Therefore, with increasing vertical stress, the porosity of the
two simulations gradually showed a difference, especially when
the vertical stress was 30 MPa-50 MPa; the above difference was
more obvious (Figure 19). When the vertical stress reached
50 MPa, the difference in the porosity was 4.63%.

In terms of the pore structure evolution, when the vertical stress
was below 30 MPa, there was little difference in the number and
mean radii of pores and throats between the simulation results with
and without particle breakage. When the vertical stress was
30 MPa-50 MPa, the difference between the two simulations was
significant. The number of pores and throats in the simulation
without particle breakage did not change significantly, and the mean
radius decreased slowly and stably. However, the number of pores
and throats in the simulation with particle breakage showed an
obvious upward trend, and the mean radii decreased rapidly.
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Additionally, the above differences were more pronounced in the
throats than in the pores. When the vertical stress reached 50 MPa,
the difference rates of the number of pores and throats were 4.95%
and 8.74%, respectively, and those of the radii of the pores and
throats were 2.78% and 6.8%, respectively.

5.2 Control of the pore evolution in the
sandstone reservoir by particle breakage

In the process of mechanical compaction, the pore evolution
characteristics of the simulation with and without particle
breakage are obviously different in the high-stress stage
(vertical stress of 30 MPa-50 MPa), wherein the particle
breakage is strong (Figures 14, 15, Figure 16B). Therefore,
particle breakage has a significant effect on the porosity and
pore structure. The particle size composition characteristics of
uncompacted loose sand affect the packing structure and further
control the porosity (Yan et al., 2018, 2019). The particle size
composition was characterized by dynamic changes during the
mechanical compaction with particle breakage (Figure 15).
Therefore, the porosity is not only controlled by the vertical
stress but also by the change in the particle size composition. The
fragments generated by particle breakage continued to rotate and
move under the action of stress and filled the pore space between
the pre-existing particles (Figures 21A,B), thereby further
decreasing the porosity. Simultaneously, the production of
small particles formed smaller pores and throats, resulting in
the number of pores and throats increased rapidly while the
mean radius decreased rapidly in the high-stress stage (Figures
20A,B). Additionally, particle breakage creates a large number of
microfractures that can form thin throats, which increases the
number of throats and decreases the mean radius (Figure 21B).
Therefore, owing to the influence of both fragments and
microfractures caused by particle breakage, particle breakage
has a more significant effect on the evolution of the number
and radius of throats during mechanical compaction.

5.3 Application prospect of the simulation
method

In this study, the DEM simulation method for simulating the
mechanical compaction considering particle breakage exhibits the
advantages of the numerical simulation method and is improved. In
addition to the aforementioned applications, this method also has
broad application prospects in other studies on sandstone reservoirs.
First, with  different
morphologies, and mechanical properties (e.g, quartz and

particles particle size compositions,
feldspar) can simulate different types of clastic sediments.
Simultaneously, different burial depths, burial rates, and tectonic
stress conditions can be simulated by setting the loading stress,

loading rate, and stress direction. Therefore, this method enables the
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Application prospect of the simulation method proposed in this paper: (A) simulation of mechanical compaction with particle breakage
considering various geological factors, (B) fluid flow simulation with Avizo 9.0, and (C) 3D visualization effect of the model and 2D slice images.

multi-factor-controlled simulation of mechanical compaction with
particle breakage in complex geological settings (Figure 22A).
Second, the numerical simulation method proposed in this study
can be combined with other numerical simulation software to
conduct comprehensive reservoir research. For example, the
simulation results can provide accurate basic models for the
numerical simulation of chemical diagenesis method (e.g.,
QSGSA) and can be combined with fluid flow simulation
software or technology (e.g., Avizo software, Lattice Boltzmann
Method, etc.) to obtain the permeability of compacted samples
(Figure 22B). Additionally, artificial intelligence technology has
become an important research means in the field of oil and gas
geology. In terms of reservoir diagenesis, current research has
focused on the prediction of diagenetic facies by combining
extensive well logging data (Wang and Lu, 2021; Li et al, 2022).
However, the current challenge of artificial intelligence in the
application of diagenetic processes is that it is difficult to form
an ideal training set due to time and economic cost constraints. The
3D model of the simulation has good visualizations, and 2D images
can be obtained by slicing at any position and angle (Figure 22C).
Thus, it can provide rich training samples and basic support for
artificial intelligence and other emerging technologies in reservoir
diagenesis research.

5.4 Deficiencies and future research

The mechanical mechanism of granular materials breakage is
complex and the fragmentation forms are diverse. It is challenging to
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simulate the breakage of multiple particles. In the numerical
simulation method proposed in this paper, the particle breakage
is realized by generating random cutting plane to cut the particle at
the maximum contact force point, which simplifies the particle
breakage process to a certain extent. The simulation results may not
fully reflect the characteristics of particle fragmentation. Therefore,
in future research, enriching and optimizing the particle breakage
mode in numerical simulation based on the particle breakage
mechanism may be an effective way to improve the accuracy of
the numerical simulation method of mechanical compaction
considering particle breakage.

6 Conclusion

This study proposes a DEM simulation method for
mechanical compaction considering particle breakage. The
effects of the breaking threshold of the reference particles
(0limito) and the Weibull modulus (m) on the simulation
results are discussed, and the model parameters are calibrated.
On this basis, this method was applied to the compaction
simulation of coarse sandstone, and the control of pore
evolution by particle breakage was analyzed. The main
conclusions of this study are as follows:

1) A DEM simulation method to realize particle breakage by
particle cutting is proposed. This method has high
computational efficiency and can reflect the process of
particle breakage. The simulation results coincided well
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with the experimental results under the conditions of djimit0 =
55 MPa and m = 3.

2) During the mechanical compaction of coarse sandstone, the
reservoir porosity and mean radii of pores and throats
decreased rapidly, and the number of pores and throats
increased rapidly during the high-stress stage (vertical
stress of 30 MPa-50 MPa) with strong particle breakage.
When the vertical stress reached 50 MPa, compared to the
simulation results without considering particle breakage, the
porosity difference rate caused by particle breakage was
4.63%, the number difference rates of pores and throats
were 4.95% and 8.74%, and the radius difference rates of
the pores and throats were 2.78% and 6.8%, respectively.

3) The fragments generated by particle breakage filled the
pore space between the pre-existing particles under the
action of stress, resulting in the evolution characteristics of

Additionally, the

generated by particle breakage also

porosity and pore structure.
microfractures
controlled the characteristics of the throat, resulting in a
more significant control of throat evolution by particle
breakage.

4) The numerical simulation method presented in this study can
be applied to complex geological conditions and combined
with other simulation methods, which can be used as an
important technique in sandstone reservoir research. At the
same time, the simulation results can provide rich training
samples for artificial intelligence and other emerging

technologies.
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