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Abstract: The non-uniformly distributed calcareous concretion among the oil shale in the Junggar
basin of China has led to the difficulty in achieving the slope stability. This paper presents the nu-
merical simulation of the behavior of oil shale with calcareous concretion via the Particle Flow Code
(PFC2D) program based on the trial experimental test results. The critical parameters investigated in
this research covered the size, distribution, strength, and number of the calcareous concretion. The
following conclusions can be drawn based on the discussions and analysis: (1) the hard concretion
always results in the high compressive strength of the specimen compared with that without con-
cretion; (2) when the radius of the concretion size raised from 2.5 mm to 20 mm, the peak strength
of tested specimens is approximately 50 MPa, whereas, the specimen with large concretion is much
more ductile under compression; (3) the compressive behavior of tested specimens is similar even
when the position of the concretion is variable; and (4) different from the specimens with only one
concretion, these specimens contained two concretions featured with the double “X” failure mode.
Meanwhile, the peak strength of the specimens with two hard concretions is about 2.5 times that
of its counterparts with two soft concretions. The numerical simulation results are meaningful in
guiding the design and analysis of the oil shale slope with the concretion.
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1. Introduction

As one of the largest deposited unconventional shales around the world, oil shale drew
much attention either from the government or the industry in the past several decades [1-4].
How to excavate vast deposited oil shale effectively and cost-effectively is believed to be
the huge challenge for most countries [5]. Different from these methods currently adopted
by operators [6,7], it has been demonstrated that open-pit mining is the first choice for these
zones with shallow depth. A good example is that in China, where more than 700 billion
tons of oil shale were explored [8,9]. Among them, there are over 120 billion tons of oil
shale distributed in the Junggar Basin, northwestern China, for which the mining depth is
about 200 m [10].

If the open-pit mining method is adopted, as well noted, the slope stability is generally
the most critical concern for industrial operators. The properties of the rock mass either
in terms of the physical aspect or the mechanical response will be thus taken into consid-
eration, which is initially obtained from the design aspect [10,11]. As previously stated
by many scholars [12-14], these mechanical properties to be accounted for include the
compressive and tensile strength of the rock mass, water content, as well as the weathering
factors. In addition, both the specific component and micro-structures of the rock mass will
influence the response of the rock mass under different loading conditions. As depicted in
Figure 1, the existence of the concretions in the rock mass, in particular in the sedimentary
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shale rock, will generally results in the unique mechanical behavior [15,16]. As a typical
sedimentary shale rock, there are also many concretions observed in the Junggar Basin.

Figure 1. Carbonate concretions of the Rhinestreet shale [17].

These randomly distributed concretions (see Figure 1) will lead to the side effect
on the stability of slope, when the rock mass is extracted via open-pit mining. In order
to investigate the behavior of rock mass containing the concretions, much experimental
and theoretical research was previously conducted. As documented in several literature
reviews [18-20], it is not easy to obtain the natural rock samples containing the same
concretion from the laboratory, and thus the result of which is not always reasonable. To fill
the research gap and make sure the experimental tests are repeatable, the rock-like material
was developed to get the identical specimens containing concretions as designed [9].

Even though the use of rock-like material provided the effective method to obtain the
homogeneity specimens, the minor cracks or fractures initially distributed in the rock mass
are usually neglected. To change the current situation with the use of rock-like material in
the reproduction of the rock mass with concretions further, Zhu, Li et al. proposed the new
experimental design program [20]. In their research, the specimens were drilled from the
single rock mass firstly, and then the holes were cut from the prepared rock sample. After
that, the fresh mixture was grouted into these holes to fabricate the rock specimen with
concretions.

With the wide use of the large storage computing machine, the numerical simulation
is accepted by more and more researchers, Numerical modelling is regarded as the other
alternative option to understand the behavior of the rock mass with concretion better [21].
Among them, the particle flow code (PFC) program is believed to be one of the most
powerful programs for mining engineering, in which the research objective is made of
grain particles and is naturally heterogeneous [22,23]. It was well used in simulating the
specimens made of different materials, such as the mixture of soil and rock [24] and the
representative rock samples with the single crack [25].

Currently, there is no direct-related research, either in terms of the experimental tests
or the numerical simulation, was conducted to explore the influence of concretions on the
behavior of oil shale, although the existence of concretions in oil shale has drawn much
attention, in particularly, for mining operators. Theoretically speaking, these non-uniformly
distributed concretions will affect the stability of the oil shale slope, if the oil shale resource
is excavated by via the open-pit mining method. Unfortunately, no evidence is available to
support the mentioned conclusion. As a result, the stability control of the oil shale slope
with concretions is correspondingly difficult.

Against this background, this paper presents the first-ever research on the uniaxial
compressive behavior of the oil shale sample containing the concretion via the PFC2D
program. This paper starts with the laboratory tests on the typical oil shale specimens with
concretion to obtain the basic data, followed by the validation of the PFC model together
with the determination of microscope parameters. Then, the systematic parametric study,
covering the size, distribution, strength, and number of the concretion, was conducted. The
main conclusions obtained from this research will be benefit to researchers in obtaining the
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compressive behavior of oil shale containing concretions and provide the reference for the
cost-effective excavation and control the stability of oil shale slope.

2. Laboratory Test

The laboratory tests were carried out aiming at exploring the difference between oil
shale samples with or without the concretion. Several attempts previously failed to obtain
the cylindrical specimens due to the non-uniformly distributed concretions in the rock mass.
All cubic specimens are with a constant dimension of 50 x 50 x 50 mm, These specimens
were prepared in accordance with the standard recommended by the International Society
for Rock Mechanics (ISRM) [26]. Three cubic specimens were tested on the hydraulic
500 kN compression machine. The machine is controlled with a displacement controlling
mode. The displacement speed is constantly set up of 1 mm/min, during which the axial
load is applied on the top end of the surface until the crush of the specimen. As can be
found from Figure 2, the selected specimen after the test is failed with the separation of the
oil shale mass and calcareous concretion is obvious. The cracks generally occurred along
the interface between the concretion and rock mass. In addition, some failures were found
in the concretion itself.

Figure 2. Typical failure modes of oil shale specimen (50 x 50 x 50 mm) containing the concretions
after test.

Figure 3 depicts the compressive response of three tested specimens, in which the
stress was calculated on the cross section of the cubic specimens. Whereas, the axial strain
was manually calculated by the reading of the axial deformation. It is apparent that both
the axial stress and axial strain of these three specimens are much different, although these
specimens were drilled from the same rock mass. It indicated that the non-uniformly
distributed concretions will significantly affect the compressive behavior of the oil shale.
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Figure 3. Relationship between axial stress and axial strain curves of tested specimens.
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Because that the distribution of the concretion in oil shale is not always uniform, the
design of the slope and the proposal of technical methods in controlling the stability of
the rock mass are unreasonable, if they are all based on the mechanical behavior of the
experimental test results.

3. Numerical Simulation of Oil Shale with Concretions

In the present research, the particle flow code (PFC) 2D (Version 5.0), provided by
the Itasca Consulting Group, Inc. (Minneapolis, MN, USA) was adopted. To obtain the in-
depth understating of the compressive behavior of oil shale with concretion, the systematic
parametric study was conducted. The test variables in this research include the size,
distribution, strength, and number of concretions in the rock mass, which were not easy to
be investigated experimentally.

3.1. Numerical Set-Up of Oil Shale with Concretions

To make sure the constant of the numerical modelling and experimental tests, the base
numerical model presented herein is in a square with the dimension of 50 mm. The base
model was generated by the default procedure in PFC 2D (see Figure 4a,b).There are about
46,254 particles generated in rebuild the specimen within the closed square box made of
rigid walls (i.e., top, bottom, and two sides). The maximum and minimum particle sizes of
the balls are 5 x e 3 and 7.5 x e~3 with the given porosity of 0.008.

Wall
Facets (4)
facats
Ball group Any
Balls (46254)
concertien
matrix

(@)

(b) (c)

Figure 4. Flow chart for the establishment of the specimens: (a) generation of rock mass (matrix); (b) balancing the model;
(c) determining and generating the concretion.

Once the base model of the rock mass (matrix) was established, the following steps
were then applied to generate the inner concretion: (1) determining the position of the
concretion, using the symmetrical point for reference; (2) differentiating the concretion
from the rock mass through the user-defined program; (3) assigning the group names to
the rock mass and concretion; and (4) giving the microscopic properties to the rock mass
and the concretion, respectively.

Note that the side walls in the model will be removed when the numerical model
with the concretion was established. Once the assignment of the microscopic parameters
has been finished, the axial load can be applied to the rig walls in both sides of the
established numerical model. The reproduced model can be then use to simulate the
uniaxial compression test, which is similar to the tests carried out in the laboratory.

3.2. Tested Specimens

A total of 21 PFC2D models were established to investigate the effect of concretion
on the behavior of oil shale. These PFC models were divided into five groups as shown
in Figure 5, including one reference specimen without any concretion in Group 1 and
20 specimens covering the variable parameters in other groups.
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Figure 5. Test matrix.

In Group 2, rthere are five specimens were prepared, which can be used to explore
the influence of concretion size. The only difference between these specimens is the size of
the concretion, which ranges from 2.5 mm to 20 mm. These PFC models in Group 3 are
different from each other in terms of the location of the concretion with a constant radius of
10 mm. These concretions are distributed apart from the center line for specimens G31 and
G32 with the distance of 10 mm, while the other concretions are placed at the top corner of
the specimens. In Group 4, the 10-mm-radius concretion was placed in the middle of the
specimens, but the compressive strength was variable. The strength of these concretions is
either lower or higher than that of the rock mass, which was used to investigate the effect
of the compressive strength of the concretion. Note that five PFC models in Group 5 all
have two concretions except for the reference specimen. The radius of the concretions is
10 mm, and these two concretions were uniformly placed at the middle of the specimens. It
should be noted here that a different compressive strength was given to these concretions,
which will help to explore the influence of the number and strength of the concretion.

3.3. Selection of Bond Model

In the PFC 2D program, there are many build-in models designed for different pur-
poses [27-29]. Among them, the widely used model for geomechanics and mining engi-
neering is the linear parallel-bonded model (also called the Pb model). In this research, the
linear model was adopted to simulate the interactions between the particles and the rigid
wall, while the Pb model was used to simulate the connections of the particles either for
the rock mass of oil shale or the inner concretion.

Figure 6a shows the illustration of the linear model, in which there is no contact
moment in the linear model. The linear model only transfers the force. The contact force is
the combination of the linear and dashpot components. Herein, the linear element usually
provides the linear elastic, frictional behavior by the linear spring with a constant normal
and shear stiffness. Whereas, the dashpot force is produced through the dashpots. It is
therefore regarded as the ideal model to simulate the intersection between the rock mass
and the loading platen.



Appl. Sci. 2021, 11, 11244

6 of 13

Dashpot force(Fd), Viscous.

Linear force(Fl), linear elastic

(no tension) and firctional. Fd Fl
’ n n
J‘ 8y ﬂl
= r Fa
| M— s
k ks H
De—0 MT‘ i ¢ b= #
piece 1
FC-:F1+Fd, M¢=0 Fl, « My, 4« M,
(a)
Dashpot force(Fd), not shown.
Linear force(# 1), linear elastic bonded
(no tension) and firctional. - T o)
R g = 3 s .o
Bond load(F and M), ~ ! T 'T‘(s %5;'4_
) < LT S H
linar clastic & bonded. / kn o % kn A= ‘

Fe P YT MM
(b)

Figure 6. Illustration of the model used in this research [27]. (a) the illustration of the linear model;

(b) the connection between two different particles is controlled by the linear parallel bond model.

As seen from Figure 6b, the connection between two different particles is controlled
by the linear parallel bond model, which belongs to the type of linear based model as well.
Different from the linear model descripted above, the linear parallel bond model increases
additional interface between the rigid balls. The new feature of the bonded interface is that
it can resist the rotation until the failure of the bond. Once these connections are broken,
the second interface will not carry load. Then, the linear parallel model becomes the linear
model. Considering the real failure mode and mechanical behavior of the rock mass, it is
feasible to use the liner parallel model to simulate the oil shale with concretions.

In the Pb model, both the force and moment are transmitted by the parallel bond. The
Mohr—Coulomb criterion is adopted to simulate the discs in PFC2D. As stated earlier, the
Pb model is updated on the linear model, and thus the force-displacement law including
the contact force (F;) and contact moment (M.) can be expressed below [27]:

EE=F+F +FM. =M 1)

in which F!, F4, F are the linear force, dashpot force, and the bond force, respectively.

Note that the values of both F/ and F? are equal to their counterparts in the linear
model. Herein, the force in the Pb model is made of the normal force (F;) and shear force
(Fs), whereas the moment in the Pb model is resolved into a twisting and bending moment,
as shown in Equations (2) and (3):

F= _fnﬁc‘i‘Fs (2)

M = —M;#; + My, (2D model : M; = 0) ®)

As indicated in Equations (4) and (5), the shear force and bending moment can be
expressed below:
Fy= Fss8c+Fsfc (2D model : Fgs = 0) 4)
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Mp= Mps8c+Mpfc (2D model : My = 0) ©)

3.4. Determination of Micromechanical Parameters

There is a big difference between the conventional finite element modeling and DEM
modelling, the required in-put parameters of the former can be easily obtained from the
experimental tests, it is impossible to get the micro-mechanics properties requested by
the PFC model. Therefore, the trial-error method is generally adopted to reproduce the
macro-mechanical behavior of the tested specimen [30-34].

Considering the limitation of the experimental data about the compressive behavior
of the integrity oil shale, in this research, the averaged compressive strength of these three
specimens presented in Figure 3 (i.e., 40 MPa) was adopted herein to get the micromechan-
ical parameters for the base model. It should be noted that herein the properties of the
linear model were adopted from other research, considering that the intersection between
the rock mass and loading platen will not significantly affect the simulation results if all
parameters used for each model are constant.

By adopting the trail-error method, the microscopic parameters of the parallel-bonded
model are presented in Table 1, All these parameters are all calibrated on the bases of the
base model (i.e., 44 MPa and 0.005), because both the model size and the particle size will
affect the simulation.

Table 1. Microscopic parameters of the linear model.

Properties Rock Mass Concretion Concretion *
Effective modulus, emod (GPa) 3.8 3.8 38 x vy
Bond effective modulus, pb_emod (GPa) 3.8 3.8 38 x v
Tensile strength, pb_ten (MPa) 1.0 5.0 1.0 x o
Cohesion strength, pb_coh (MPa) 1.5 7.5 1.5 x v
Reference gap 0.75e 4 0.75e 4 0.75e 4
Friction angle (°) 35 35 35
Friction coefficient 0.577 0.577 0.577

It is not easy to get the compressive behavior of the concretion in the rock mass.
Therefore, in this research, the variable concretions with different mechanical properties
were obtained by changing the microscopic parameters through changing the value of
these microscopic parameters shown in Table 1. To achieve this aim, the values of v in this
research are 0.25, 0.5, 1.25, and 1.5, respectively.

4. Results and Discussions

In this section, the effect of the critical parameters, including the size, distribution,
strength, and number of the concretions on the response of the oil shale under compression
loading are discussed based on the numerical simulation results.

4.1. Effect of the Size of Concretion

The typical failure mode of the specimens with different concretion sizes are presented
in Figure 7a. It is obvious in Figure 7 that all specimens with concretion are failed with
the separation of the rock mass and the concretion along the interface in between, which
agrees well with the experimental observation presented earlier. No obvious damages can
be seen from the surface of the concretion itself, indicating that the concretion size will not
significantly affect the failure mode when other parameters are the same. However, with
the increase in the concretion size, the affected zone with micro fractures was enlarged,
which can be found from Figure 7b. It is not difficult to explain because the integrity of the
specimen is relevant to the size of the concretion.
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Figure 7. Typical failure modes of specimens in Group 2: (a) failure mode of specimen; (b) failure mode of concretion.

Although the concretion size will not affect the failure mode of the specimen, it is much
different when the axial stress and axial strain curves of these specimens with various
concretion sizes are compared, as shown in Figure 8. Compared with the base model
(reference specimen) without the concretion, the existence of the concretion results in the
enhancement of the overall compressive strength of specimens. This is mainly attributed
to the higher strength of the concretion.
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Figure 8. Axial stress, axial strain curves of tested specimens in Group 2.

It can also be found from Figure 8 that the peak stress of these specimens with
concretion is similar, although the post-peak behavior is not always constant as depicted
in Figure 8. That is, the ductility of these specimens with large concretion seems to be
superior to some extent.

4.2. Effect of the Position of Concretion

As depicted in Figure 9, all specimens with the hard concretion distributed at different
locations of the rock mass share the similar failure mode. All these specimens are featured
with the splitting of the rock mass and concretion along the interface in between. When
the fractures are presented together with the concretion, it is apparent that there is no
crack that occurred around the concretion. If the concretion is placed in the middle of the
specimen, the failure mode looks to be an “X” shape, which is the typical characteristics
of the shear failure. If the concretion is placed apart from the center line but still in the



Appl. Sci. 2021, 11, 11244

90f13

(@)
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mid height of the specimen, the “X” shape failure will not be obvious. Instead, the center
point will move forward to the center of the concretion associated with the crush observed
around the edge of the square specimens. The same observation can be also found from
the specimens contained in the concretion around the corner of the specimens.

Figure 9. Typical failure modes of specimens in Group 3: (a) failure mode of specimen; (b) failure mode of concretion.

The other notable observation shown in Figure 10 is that the difference between these
specimens with variable distributions of the concretion is neglected, either in terms of the
compressive strength or the ductility corresponding to the peak strength. This is mainly
attributed to the fact that all contacts between the rock mass and concretion are all the
same. As a result, the specific distribution of the concretion will not affect the compressive
behavior of the specimen, although the failure modes are somewhat different.
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Figure 10. Axial stress, axial strain curves of tested specimens in Group 3.

4.3. Effect of the Concretion Strength

As discussed above, the representative failure mode of the specimen is the separation
of the rock mass and included concretion, when the compressive strength of the concretion
is higher than that of the rock mass. In this section, the softer concretions were placed in
the middle of the specimens to explore the effects of the concretion strength.

It is apparent in Figure 11 that all specimens with the softer concretion are failed with
the crack of the concretion itself, which is much different from the reference specimen with
hard concretion. It can be also obtained from Figure 11 that the number of cracks inside the
concretion decreases with the concretion strength. Correspondingly, the shear failure with

the “X” shape becomes not obvious, indicating that the ductility of the specimen may be
enhanced.
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Figure 11. Typical failure modes of specimens in Group 4: (a) failure mode of specimen; (b) failure mode of concretion.

When the axial stress, axial strain curves of specimens from Group 4 are plotted
in Figure 12 together with the reference specimen, it can be found out that both the
compressive strength and the ductility of the specimens increase with the concretion
strength. The higher strength of the concretion always results in the higher compressive
strength of the specimens. However, the above conclusion is only suitable for specimens in
the cases for which the concretion strength is somehow lower than that of the rock mass.
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Figure 12. Axial stress, axial strain curves of tested specimens in Group 4.

4.4. Effect of the Number of Concretions

Different from these specimens with only one concretion, as shown in Figure 13, these
specimens from Group 5 show the unique failure modes. As discussed earlier, the typical
shear failure with the “X” shape crack is generally obtained for specimens with the sole
concretion. When there are two concretions distributed in the rock mass, the double “X”
failure mode can be seen from Figure 13. When the cracks of the specimens are presented
respectively, it can be found that: (1) two concretions were all crushed, and the double
shear failure modes seem to be more obvious for these soft concretions; (2) the shear cracks
always occurred around the hard concretions without obvious cracks in the concretions;
(3) the soft concretion will be crushed, but the hard one will maintain integrity associated
with the separation of the rock mass and the hard concretion.
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Figure 13. Typical failure modes of specimens in Group 5: (a) failure mode of specimen; (b) failure mode of concretion.

Figure 14 compares the axial stress, axial strain curves of specimens containing two
concretions, in which the compressive strength of the concretions is much different. As
expected, the compressive strength of the specimens with two soft concretions is the lowest,
followed by the specimens with one hard concretion and one soft one. The specimen with
two hard concretions has the highest compressive strength.
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Figure 14. Axial stress, axial strain curves of tested specimens in Group 5.

The above discussions agree well with the conclusion obtained from Section 4.3 for
the specimens with one concretion, suggesting that the existence of the hard concretion
will enhance the overall compressive strength of the specimen.

5. Conclusions

This paper has presented a systematic numerical simulation on the compressive
behavior of oil shale with the concretion. The Particle Flow Code (PFC2D) program was
adopted. The laboratory tests were firstly conducted and based on the base model that
was established. A large range of variable parameters, including the size, distribution,
strength, and number of the concretions, was well investigated through the parametric
study. According to the numerical simulation results and discussions, the following
conclusions can be drawn:

(1) For the specimens with a hard concretion, the typical failure mode is with the shear
cracks, which were featured with the separation of the rock mass and concretion
along the interface;
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(2) The failure mode and the compressive strength of these specimens with a hard
concretion will not be significantly affected by the concretion size. However, the post
peak behavior of specimens will be somewhat related to the concretion size;

(3) The axial strain and axial stress curves of specimens are not sensitive to the distribu-
tion of the concretion, although the failure mode will be a little different;

(4) When the number of the concretion increases from one to two, both the failure mode
and compressive behavior of the specimens were significantly affected.

Although the main aim of this first-ever research is to explore the the compressive
behavior of oil shale with the concertation, in fact, only some typical parameters are
accounted for currently. In the coming future, the effects of the composition of the shale,
the proportion of organic carbon, the composition of the hydrocarbon component, and
the porosity of the shale should also be well investigated. Note that the concretions are
extremely uneven in crystal size, and the lower part has a fine-grained structure, and the
upper part is represented by giant-grained crystals, and thus the influence of structural
characteristics should also be accounted for in future research.
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