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A B S T R A C T

A partly clumped-particles combined with joint planes model was developed to simulate the microstructure of
quartz mica schist. It considers grain-scale heterogeneity including microgeometry heterogeneity and grain-scale
elastic heterogeneity. Clumped-particles with larger volume and larger stiffness were used to represent stiff
minerals such as quartz, the rest of unclumped particles with smaller stiffness were used to represent soft
minerals such as mica. The joint planes, which have smaller stiffness and strength than mica, were used to
describe schist. The extensive sensitivity studies have shown that the clump’s radius, clump’s content and joint
plane’s strength affect the microscopic and macroscopic behaviors of sample. For DanBa quartz mica schist, the
model calibrated uniaxial tests and well matched with the stress-strain curves, crack initiation stress and crack
damage stress of laboratory test.

1. Introduction

Rock, being a heterogeneous material in nature, can be characterized
by its internal microstructure. Quartz mica schist contains quartz and
mica as its essential components. Quartz is harder than mica, so a het-
erogeneous caused by elastic mismatch exists. Arup K. Khaund[1] has
reported elastic mismatch influences the crack path as well as crack ve-
locity in brittle composites. Kee Sung Lee [2] has found that the larger the
elastic mismatch between the coating and the substrate laygers is, the
lower the loading of initiation of cracks occurred at during the contact. P.
D. Warren [3] has demonstrated that in brittle materials, the progression
of surface flaws into cracks is significantly hindered when the indenter is
stiffer than the substrate, and conversely, when the substrate is stiffer
than the indenter, the development is less impeded. Rock is a heteroge-
neous material which has elastic mismatch phenomena, while quartz
mica schist is such a typical rock. Despite elastic mismatch, quartz mica
schist is a transverse anisotropy material with fabric which is symmet-
rical about an axis perpendicular to the foliation [4].

In the present study, in order to obtain the micro cracking and
anisotropic characteristics of quartz mica schist, the partly clumped-
particles with Joint planes model have been examined based on
bonded particle model. In the mixture of quartz and mica (stand for hard

and soft minerals respectively), quartz have larger elastic modulus than
mica (Table 1). The mechanism behind the formation of compression-
induced tensile cracks is illustrated in Fig. 1. Under the same stress,
the harder component (depicted in light gray) undergoes less deforma-
tion compared to the softer part (in white), leading to tensile stress in the
restraining bond. Besides the initiation and propagation of microcracks,
their eventual interaction is crucial for triggering localization phenom-
ena, such as axial splitting or the formation of rupture zones, during
unconfined or confined compression tests.

2. Partly clumped-particle model for quartz mica mixture

2.1. Partly clumped-particle

The bonded particle model (referred to hereafter as the BPM) which
describes the rock behaves like a cemented granular material has
received considerable attention for its ability to simulate non-linear be-
haviors and progressive failure process of rock. The BPM necessitates
neither any flow rule to delineate the post-yield response nor fracture
toughness to govern fracture behavior; it solely relies on the principles
governing particle deformation and the criteria for particle bond rupture.
Potoyondy and Cundall [8]，A.Fakhimi [9] and N. Cho, C.D. Martin,et,
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al.[10] have paved the way of BPM to simulate rock material.
Besides the macro-mechanical simulation of rock, BPM has much more

merits on the description of formation, growth and eventual interaction of
micro-cracks, which govern the macro-mechanical behavior of rock.
Experimental observations have shown that compression-induced cracks
predominantly align parallel to the direction of maximum compression.
Kemeny and Cook [11] underscore the significance of generating such
compression-induced tensile cracks, highlighting that laboratory tests on
rocks undergoing differential compression have unveiled a multitude of
mechanisms responsible for extensile crack propagation. These mecha-
nisms include pore crushing, sliding along pre-existing fractures, elastic
mismatch among grains, dislocation movement, and Hertzian contact.
Here we mainly discuss cracks induced by elastic mismatch between
grains as well as sliding along pre-existing schist of mica.

Several studies have demonstrated that grain size and specific sur-
face area are crucial parameters for elucidating the variations in me-
chanical properties among rock types of identical composition [12].
Lundquist and Goransson proposed that the shape of mineral grains, the
distribution of grain sizes, and the quantity of fine-grained matrix play
significant roles in determining the mechanical properties of rocks [13].
However, it is equally important to distinguish boundaries between
minerals of the same phase (such as quartz-quartz) from those between
minerals of different phases (like quartz-biotite). The latter represents a
boundary separating materials with distinct atomic lattices, bond types,
strengths, and moduli of elasticity (E-modulus), which can lead to varied

modes of microfracture propagation [14]. Hengxing Lan [15] developed
a grain-based Universal Distinct Element Code model to create a
deformable polygonal grain-like structure, mimicking the microstruc-
ture of brittle rocks. Their findings indicate that the crack-initiation

stress is primarily governed by microscale geometric heterogeneity,
whereas the strength characteristics are controlled by microcontact
heterogeneity. In this part, partly clumped-particle model is adopted to
simulate the different phases of quartz-mica mixture.

In PFC2D, the clump logic offers a methodology for creating and
modifying groups of particles, known as clumps, that behave as a rigid
body. During the calculation cycle, the particles within a clump main-
tain a fixed distance from each other. Contacts with particles external to
the clump remain unaffected and develop only when the particles
constituting the boundary of the clump encounter other particles [16].
Through clump logic, clumped-particles have larger stiffness were used
to represent stiff minerals such as quartz, the rest of unclumped particles
have smaller stiffness were used to represent soft minerals such as mica.
The main reason for such a consideration is the crystal shape, as shown
in Fig. 2, quartz has nearly the same size in width and in length, while
mica have much larger size in length than in width, and the width of
mica are several times shorter than the width of quartz, a clump contains
several particles near each other, and each clump is grown by identi-
fying the current particles as a seed particle and then adding adjacent
particles to the clump until the clump size has reached assigned value, so
a clump which is actually a large particle with irregular boundary can
describe quartz, the rest unclumped particles were divided by joint
planes to describe mica. We use this partly clumped-particles assemble
to represent quartz mica mixture.

As a matter of fact, a clump will not break up under stress for it
behaves as a rigid body. Clumps are used to represent stiff minerals
assuming that stiff minerals harder enough than soft minerals and will
not break up, micro cracking just occurs between unclumped particles or
between the clump and unclumped particles interface.

As shown in Fig. 2, we did not intend to strictly match the grain size
and grain distribution to actual grains in terms of similarity, the random
model used to make the contents of clumped-particles equals to the
contents of quartz in the photomicrograph.

2.2. Effect of micro-parameters in BPM

The bonded-particle model code utilized in the present study was
PFC2D, developed by the ITASCA Consulting Group for commercial pur-
poses. Since its initial release in 1995, PFC2D has been extensively used in
numerous research projects. PFC2D represents a rock mass as an assembly
of circular disks with finite thickness (or spheres with a single layer in the
out-of-plane direction) that are connected through cohesive and frictional
bonds, featuring finite stiffness at the contact and bonded areas between
disks. When the local stresses (such as tension, shear, or moment due to
particle rotation) exceed the specified bond strengths, these bonds break,
leading to the formation of a rupture surface, or crack. Notably, PFC does
not necessitate any flow rule to describe the post-yield response or fracture
toughness to control fracture behavior during these processes. Instead, it
solely relies on the law of motion for particle movement, simple constitu-
tive laws for particle deformation, and yielding laws for particle bond
rupture. There are many more detailed introductions in literatures [8,10,
16]. Parallel Bond model is one of the basic bond models provided in PFC,
which approximates the physical behavior of a cement-like substance
joining the two adjacent particles. The main microparameters that char-
acterize a parallel-bonded material are given below:

{λ, Ec, (k
n
/k

s
), σc, τc}, parallelbondmicroproperties, (describecement)

(1)

Table 1
Moduli of common minerals in quartz mica schist.

Quartz Muscovite Biotite Plagioclase “average”feldspar

Elastic
modulus/
Gpa

95.76 77.37 33.80 69.01 39.71

Poisson’s
ratio

0.06 0.25 0.36 0.35 0.32

References [5] [6] [7] [8] [9]

Fig. 1. Physical mechanisms for elastic mismatch between grains compression-
induced tensile cracking (a) and idealization as bonded assembly of circular
particles (b) White color stands for soften material, light gray stands for
hard material.

{Rmin,Rmax/Rmin, ρ, Ec, (kn/ks), μ}, particlemicroproperties, (describegrain)
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Where
Rmin and Rmax/Rmin describe the particle diameters, which satisfy a

uniform particle size distribution bounded by Rmin and Rmax;
ρ is the particle density;
Ec and Ec are the Young’s moduli of the particle and parallel bond,

respectively;
(kn/ks) and (kn/ks) are the ratios of normal to shear stiffness of the

particles and parallel bond, respectively;
λ is the radius multiplier used to set the parallel-bond radius R via:

R = λ min
(
R(A),R(B)), R isparticleradius (2)

μ is the grain friction coefficient;
σc and τc are the tensile and shear strengths, respectively, of the

parallel bond.
In the subsequent analysis, the moduli of the grain and cement are

correlated with their respective normal stiffnesses, with the particle and
parallel bond stiffnesses being assigned accordingly. kn = 2tEc, t = 1, ks
= kn

kn/ks,

k
n
=

Ec
R(A) + R(B), k

s
=

k
n

(k
n
/k

s
)
, (3)

To determine the normal stiffnesses, we envision the material at each
contact as an elastic beam with its ends located at the particle centers, as
illustrated in Fig. 3. It has been demonstrated that the macroscopic
elastic constants in PFC2D are independent of particle size [8].

Relative motion at the parallel-bonded contact results in the devel-
opment of axial and shear directed forces (T and V, respectively) as well
as a moment (M). The maximum normal and shear stresses (σandτ,
respectively) carried by the bonding material can be expressed as:

σ =
T
A
+
|M|R
I

,A = 2Rt, I =
1
12

t(2R)3

τ =
|V|
A

(4)

Where A and I represents the area and moment of inertia of the parallel-
bond cross-section respectively (Fig. 3(b)), and positive T indicates
tension. When either σor τexceeds the corresponding strengths (σc,τc),
the bond breaks, forming a tension crack or shear crack between two
particles.

The PFC micro-parameters were analyzed through simulations of
both uniaxial compressive tests and Brazilian tests. During the uniaxial
test simulation, the lateral strain, axial strain, and peak strength were
documented. Meanwhile, the tensile strength was determined using the
Brazilian test simulation. The methods for generating samples and
applying loads were detailed in references [8,16]. Due to the inherent
heterogeneity in PFC, such as the application of a standard deviation to
micro-strength and the arbitrary generation of disk assemblies with
varying particle radii, no two PFC runs will yield identical results [10].
In this parametric study, each simulation was conducted ten times using
the same parameters, and the results were averaged to approximate the
variability observed in rock testing. Although this approach is somewhat
time-consuming, it helps to avoid obtaining unique, potentially irrele-
vant answers and provides a more realistic representation of the vari-
ability encountered in rock testing [10].

The PFC specimens for uniaxial compressive test were measured
50 mm× 100 mm and consisted of 3732 particles. The tests are con-
ducted under displacement control, where the platens move towards one
another at a constant speed. The loading rate was set sufficiently slow to
ensure that the sample remained in quasi-static equilibrium throughout
the test, maintaining stability and preventing any potential strength

Fig. 2. Partly clumped-particles for quartz mica mixtures, the blue particles are unclumped particles stands for mica, the others are clumped particles for quartz, the
same color particles near each other form a clump.(haven’t induced joint planes for schist yet).

Fig. 3. Equivalent continuum material of parallel-bonded particles system.
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increase or unexpected material responses within the simulated models
[17–21].

2.2.1. Effect of Young’s modulus
In BPM, there are two parts of Young’s modulus at each parallel-

bonded contact: Ecis the Young’s modulus at each particle to particle
contact, Ec is the Young’s modulus of each parallel bond. The overall
modulus at a parallel-bonded contact (at which the two bonded particles
have a nonzero overlap) is the sum of Ec andEc. When a parallel bond
breaks, the overall modulus at the contact is reduced byEc, which also
correct for rock materials after microcrack be produced. The problem is
how to divide these two parts; many special experiments may need to get
the modulus reduction of broken mineral. For this reason, no attempt
was made for dividing the modulus and only to be fixed to 50 % of each
part.

Young’s modulus between two particles different from particles as-
sembly, the latter always lower than the former. we assign particle’s
Young’s modulus according to Table 1, take Biotite as an example, the
micro parameters of Biotite is shown in Table 2, the calculated Young’s
modulus of particles assembly is 20Gpa, which is lower than 33.8Gpa
(the sum of Ec and Ec). It is true that rock’s Young’s modulus is lower
than mineral’s. In this model for quartz and mica mixture, the mineral’s
Young’s modulus for micro-cracking analysis is mainly taken into ac-
count other than rock’s Young’s modulu.

2.2.2. Effect of Poisson’s ratio
Besides Young’s modulus, Poisson’s ratio is another important

measure to describe material’s deformation characteristic. As is
mentioned before, from the uniaxial test simulation, lateral and axial
strain could be recorded; Poisson’s ratio is given by the ratio of lateral
strain to axial strain. In PFC model, Diederich [22] and Potyondy and
Cundall [8] were shown that the stiffness ratio (normal to shear ratio for
both contact and bond) directly involves Poisson’s ratio. As the stiffness
ratio increases (the rest parameters are shown in Table 2), Poisson’s
ratio also increases and the sample becomes ductile (Fig. 4). Both con-
tact and bond stiffness ratio were varied from 1.0 to 10.0. Fig. 4 in-
dicates that as stiffness ratio is increased, the amount of the ratio of
tension crack numbers to total crack numbers also increases, when
stiffness ratio reaches 4.5 or larger, more than 90 % cracks are in the
form of tension crack.

However, it is important to note that direct comparison of Poisson’s
ratio in PFC2D with laboratory results may not be meaningful due to the
limitations of 2D analysis in PFC [8,10]. The fundamental assumption in
PFC2D for particle elements is that particles are either disks with finite
thickness or spheres with a single layer in the out-of-plane direction.
While the former resembles the plane strain condition and the latter
resembles the plane stress condition in continuum mechanics, PFC2D
differs from continuum mechanics assumptions in that there is no
out-of-plane stress in plane strain and no out-of-plane strain in plane
stress. Therefore, attempts to match volumetric strain or Poisson’s ratio
in PFC2D material to 3D physical material may not always be successful.

2.3. Partly clumped-particle model for elastic mismatch of minerals

2.3.1. Partly clumped-particle model
A clump exhibits rigid body behavior, with its constituent particles

maintaining a constant distance from each other throughout the calcu-
lation cycle. Contacts with particles outside the clump remain unaf-
fected, and these external contacts arise when particles forming the
boundary of the clump encounter other particles. So clumped particles
can act like a single particle that has an irregular shape but move as a
rigid body. A partly clumped-particle assemble is the mixture of circular
particles and large particles with irregular shape.

In a totally clumped particle model N. Cho and C.D. Martin[10] were
shown that clump size(clp_rad), bond normal strength(σn) and ratio of
shear strength to normal strength (σs/σn) were the parameters which
could affect both uniaxial strength and slope of failure envelope. In this
section, clump’s radius, clump’s content and the accumulations of crack
in partly clumped-particle model were tested. The micro-parameters for
quartz mica schist used in this analysis are given in Table 2(for biotite)
and Table 3(for quartz). The trial-and-error method was employed based
on the effect study outlined in Section 2.2 and relevant references [8,16,
23], to minimize the number of attempts. The calibration factors, which
encompass the parameter range, primarily involve fixing the strength
parameters in a certain range initially to facilitate the study of clump
and joint planes parameters. Since biotite is a mineral with relatively
low strength within a certain range, the parallel bond strength values
(σcandτc) for biotite have been fixed at ± 8 MPa (see Table 2). In
contrast, for the strong mineral quartz, we assume that the parallel bond
strength values (σcandτc) remain constant at ± 0 MPa (see Table 3).

2.3.2. Effect of clump’s radius
N. Cho and C.D. Martin [10] suggested that as clump size increases,

dilation is significantly increased but the ratio of tensile to uniaxial
compression strength σt/σci is reduced. In partly clumped-particle
model, the ratio of clumped-particle volume to unclumped-particle
volume was kept as a constant of 1.5 in the following calculation, the
clump’s radius was made as a variable in order to get different outcomes.
Unlike totally clumped particle model concern dilation and the strength
ratio σt/σci[10], this research will focus on Elastic modulus, crack
initiation stress and peak strength for the elastic mismatch as well as
stress concentration caused by partly clumped particles.

Table 2
The micro parameters of biotite.

Ec 16.9Gpa Ec 16.9Gpa

kn/ks 2.5 kn/ks 2.5
µ 0.1 σc 30Mpa± 8Mpa
Rmax/Rmin 1.66 τc 30Mpa± 8Mpa
Rmin 0.45 mm λ 1.0
ρ 3210 kg/m3 ​ ​

Fig. 4. Effect of contact and bond stiffness ratio on Poisson’s ratio and tension
crack numbers to total crack numbers at peak strength.

Table 3
The micro parameters of quartz.

Ec 47.88Gpa Ec 47.88Gpa

kn/ks 0.6 kn/ks 0.6
µ 0.1 σc 60Mpa ± 0Mpa
Rmax/Rmin 1.66 τc 60Mpa ± 0Mpa
Rmin 0.45 mm λ 1.0
ρ 3210 kg/m3 ​ ​
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Martin and Chandler [24] described a typical procedure to determine
the crack-initiation stress from laboratory testing results. In conven-
tional laboratory tests, the crack-initiation stress is defined as the stress
at which dilation first appears on a plot of crack volumetric strain. These
strains are calculated from the total volumetric strains [25,26]. While
this method is effective for obtaining crack initiation stress from labo-
ratory tests, it is not suitable for PFC2D materials. As previously
demonstrated, the volumetric response and Poisson’s ratio of
two-dimensional PFC2D materials cannot be directly compared to those
of three-dimensional physical materials [10].

Potyondy and Cundall [8] proposed that the crack initiation stress
can be estimated by considering the stress magnitude that corresponds
to 1–2 % of the total number of cracks at the peak stress during the
biaxial simulation of PFC synthetic rock. In the present study, the crack
initiation stress corresponds to approximately 2 % of total number of
cracks were taken into consideration.

The results were given in Fig. 5 shown clearly that as clump size
increases, elastic modulus is significantly increased. While the peak
strength was reduced from 53.3Mpa to 38.8Mpa for clump radius
increased from 1.5 mm to 8 mm. The crack initiation stress was also
reduced for clump radius increases from 3 mm to 7 mm. It is worth
noting that if the average clump radius was too small (close to the
particle size) or too large (close to the specimen size), the trend may
reversed slightly and revealed fluctuate.

Except for the extremity clump radius (too small or too large), the
larger the clump size is, the more intensity stress concentration (Fig. 6)
near some clumps would be, while the stress exceeds bond strength of
particle-particle or particle-clump, then breaks occur. So initiation stress
of large clump size conditions are lower than small size, and the peak
strength of large clump size conditions are lower accordingly.

2.3.3. Effect of clump’s content in assemble
The clump acts as a single rigid body which contains a group of glued

particles, these particles have larger Elastic modulus and bond strength
than unclumped particles (see Table 2 for biotite, Table 3 for quartz), so
contacts with particles external to the clump are stiffer and stronger than
unclumped particles.

In addition, N. Cho and C.D. Martin [10] suggested that excessive
particle rotation was restricted by taking the clump logic (Fig. 7). Fig. 8
clearly demonstrates that when particle rotation is completely sup-
pressed, the peak strength increases significantly (by an order of
magnitude). However, it is impractical to suppress all rotation since
force chains clearly indicate that bending does occur. While clumped

particles can mitigate the impact of particle rotation, they still allow for
proper simulation of moment loading.

The clump can suppress particles rotation and add the stiffness and
strength to assemble. In partly clumped assemble, the results were given
in Fig. 9 shown clearly that peak strength, crack initiation stress and
elastic modulus are all significantly increased as clump’s content
increases.

2.3.4. Accumulation of cracks
Elastic mismatch causes stress concentration. Such stress is larger

than average stress in sample, when the concentrated stress excesses the
bond strength either particle-particle or particle-clump, breaks occur.

Fig. 10 indicates that at low axial stress level, the crack begins to
accumulate in partly clumped assemble, while Fig. 11 indicates that
crack begins after axial stress reaching nearly half of peak strength in
unclumped assemble, and the number of cracks increase rapidly near
peak strength. Such phenomenon can explain by elastic mismatch in
partly clumped assemble and there is no such mismatch in unclumped
assemble.

Fig. 5. Effect of the clump radius on peak strength and crack initiation stress as
well as elastic modulus (The ratio of clumped-particle volume to unclumped-
particle volume was kept 1.5 for all).

Fig. 6. Stress concentration near some clumps (black for compression and red
for tension, the width of them means magnitude of stress).

Fig. 7. Particle rotation mechanisms in unclumped and clumped particles.
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3. Joint planes model for schist

3.1. Joint planes model

Despite elastic mismatch between quartz and mica, quartz mica
schist is a transverse anisotropy material with fabric which is

symmetrical about an axis perpendicular to the foliation [4]. In trans-
versely isotropic rock, peak strength varies with respect to the orienta-
tion of the plane of weakness.

To gain valuable insights into the anisotropism induced by mica
schist, it is essential to test joint planes with various orientations at
significant stress levels and under different stress paths. However,
implementing such an experimental program in a laboratory or in-situ
setting is challenging due to its complex procedure, time-consuming
nature, and high costs. Field investigations were shown that the joint
planes densities and orientations of gneissic mica schist changed
frequently for the quartz dike invasion (Fig. 12), so it would be impos-
sible to gain a series of samples with the same configuration strictly.
However, from large fields scale, the joint plane’s orientations of
gneissic mica schist were found to have regular arrangement. This reg-
ular arrangement has great influence on cave and slope stability. Nu-
merical simulation can fulfill the aforementioned requirements;
numerous studies have been conducted using numerical modeling with
joint planes in BPM, primarily to investigate failure modes and assess
how joint orientation influences the strength and deformation of
gneissic mica schist.

D.Potyondy & J.Autio [27] have created two best-fit isotropic ma-
terials to bind the laboratory response set to represent the gneissic
tonalite. The upper-bound material corresponds to the maximum
modulus and strength (E = 80 GPa, UCS=140 MPa), while the
lower-bound material corresponds to the minimum modulus and
strength (E = 62 GPa, UCS=90 MPa). F.-S. Jeng and T.-T. Wang [28]
employed a bonded particle model for interlayered rocks, utilizing two
layers of equal thickness, where one layer is stronger and stiffer than the
other. Both used two materials to simulate the weak plane and

Fig. 8. Effect of particle rotation. Note that as particle rotation is completely
suppresses, peak strength is increased an order of magnitude.

Fig. 9. Effect of clump’s content on peak strength and crack initiation stress as
well as elastic modulus (the radius of clump was kept 2.0 ± 1 mm for all).

Fig. 10. Crack growth in partly clumped assemble(clump’s content 50 %).

Fig. 11. Crack growth in totally unclumped assemble.

Fig. 12. Quartz dike invasion.
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inter-layer. In fact, mica schist is only sorts of weak plane with no
thickness, and both sides of weak plane have the same property.
Therefore, another method to simulate the mica schist should be
considered.

Joint planes can be defined in PFC2D to represent surfaces along
which sliding and separation can occur between bonded groups (or
clusters) of particles. The direction normal to each plane lies in the xy-
plane; thus, the planes map into lines in a PFC2D model [16]. A
joint-plane contact is defined as a contact that occurs between balls
located on opposite sides of the joint plane. These joint-plane contacts
can be designated with a contact model and properties that differ from
those assigned to contacts not located on the plane. Such plane has met
the need to simulate mica schist, and also can represent fractures, fis-
sures, joints, faults or bedding planes in a geologic medium. This joint
plane model for mica schist was taken into use.

3.2. Effect of Joint plane’s bond strength

Parameters in Table 2 for biotite are used in this section for Joint
plane effect test, a set of parallel joint planes (with the same distance d,
d=4 mm in this parametric study) were made for mica schist (Fig. 13).
All joint-plane’s contacts were assigned the same properties; the prop-
erties would be changed during test in order to observe the influence of
macro-properties of assemble.

As illustrated in Table 2, the mica’s normal and shear bond strengths
σc=τc= 30Mpa± 8Mpa, the joint plane’s bond strength was assign to
0.1, 0.3, 0.6, 0.9 times of mica’s bond strength and joint plane’s particle
friction to 0, the results are given in Fig. 14(for peak strength), Fig. 15
(for crack initiation stress), Fig. 16(for Elastic modulus) under different
angles. Note that a joint plane assigned weak (e.g., low friction or bond
strength) properties on the plane will not, in general, lead to sliding on
the plane directly, because of the roughness of the plane [16]. The
particle-friction coefficient seems to only influence the post-peak
response, and as of now, it is unclear how it should be calibrated.
Friction of joint plane’s particles were set 0, but it does not mean the
friction of joint plane is 0, however, it is the lowest value that can be
given to describe smooth mica schist.

Fig. 14 shows that joint plane’s bond strength affects the peak
strength greatly, when joint plane’s bond strength decrease (from 0.9 to
0.1 times of mica’s bond strength), the peak strength decreases and the
anisotropism increase which showed a U Shape under different angle as

M.H.N. Behrestaghi [29]. Crack initiation stress (Fig. 15) shows similar
rules as peak strength, except for slightly fluctuate between 0.6 and 0.9
times of mica’s bond strength.

Fig. 13. Schematic illustration of the adopted joint plane model for mica schist.
The interfaces between different colors are joint plane, except the joint plane,
all particles have the same properties.

Fig. 14. Peak strength under different angle θ.

Fig. 15. Crack initiation stress under different angle θ.

Fig. 16. Elastic modulus under different angle θ.
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Elastic Modulus showed in Fig. 16 indicates that the elastic modulus
increases for joint plane’s bond strength decrease. However, the increase
exhibits irregularity, which may be attributed to the Elastic Modulus
being calculated using the stress and strain increments between the
test’s start and the point where half of the peak stress is reached.
Consequently, the modulus is not solely dependent on particle param-
eters but also on the peak strength.

4. Calibration of PFC to DanBa quartz mica schist using partly
clumped particles and joint plane model

4.1. DanBa quartz mica schist

Similar to numerous layered rock formations that have been modeled
in previous researches [23,30], DanBa quartz mica schist exhibits
prominent schistosity and a parallel alignment of mineral grains, which
is apparent through the visible banding that does not require magnifi-
cation (Fig. 17). Sorts of quartz mica schist mainly contains minerals
such as mica, quartz and plagioclase (Table 4). Mica and quartz which
account for more than 90 % of volume are the main parts of quartz mica
schist. The quartz is harder (with larger elastic modulus and smaller
Poisson’s ratio) than the biotite, muscovite, plagioclase feldspar
(Table 1).

4.2. Laboratory test analysis

Testing samples for determining the unaxial compressive deforma-
tional behaviour of rock are Ф50 ± 1 × 100 ± 2 mm, the loading rate
applied in these tests were chosen as 0.002 mm/s. Testing procedures
include recording the axial (εaxial) and lateral (εlateral) strains in a sample
as it is loaded with axial stress. In 1928, Richart et al. [31] first
emphasized the significance of volumetric strain, alongside axial and
lateral strains, in compression testing. Cook [32] subsequently
confirmed that the volumetric strain measured by surface strain gauges
on a sample represents a pervasive volumetric property of the rock,
rather than a superficial phenomenon. For a cylindrical sample sub-
jected to axial loading, with or without confining stress, and under small
strains, the volumetric strain is calculated as follows:

εv =
ΔV
V

≈ εaxial +2εlateral (5)

By plotting the axial, lateral, and calculated volumetric strains
against the applied axial stress, one can trace the path of a rock sample
leading to failure. Figures for DanBa quartz mica schist in uniaxial
compression was given in Fig. 18 and Fig. 19.

C.D. Martin [33] has demonstrated that the stress-strain curves for

brittle rocks can be divided into five regions (Fig. 18). The initial region
of these curves corresponds to the closure of existing microcracks within
the sample, which may or may not be present depending on the initial
crack density and geometry. In the case of schist orientation perpen-
dicular to loading direction (Fig. 18), the closure process is clear and
lasted to axial strain of 0.172 %, when schist orientation was parallel to
loading direction (Fig. 19), the closure process was short and just lasted
to axial strain of 0.08 %. It may be explained that the existing micro-
cracks is mainly orientated along the schist plane.

After the existing cracks have closed, the rock is presumed to behave
as a linear, homogeneous, elastic material (Region II). The linear region
is evident when the schist orientation is perpendicular to the loading
direction (Fig. 18), whereas it appears blurred and brief when the schist
orientation is parallel to the loading direction (Fig. 19). Microcracks
may occur simultaneously with the closure process due to the lower
tensile strength between schist layers compared to their compressive
strength.

The onset of dilation starts at the beginning of Region III. Brace et al.
[34] found that dilation began at a stress level of about 30–50 % of the
peak strength. For sample 1 and 2, the stress levels are about 38.8 % and
32.6 % of the peak strength respectively, the value of each are 10.1Mpa
and 7.1Mpa. It is important to note that this dilation is only detected by
the lateral strain gauge, indicating the growth of axial cracks, i.e., cracks
parallel to the direction of the maximum applied load. This stress level
will be termed as the crack-initiation stress (σci). Identifying crack
initiation from laboratory stress-strain curves can be challenging,
especially when the sample already contains a high density of micro-
cracks aligned with the direction of the maximum applied load (Fig. 19).
The crack-initiation stress is determined by plotting crack volumetric
strain against axial strain, where it corresponds to the axial stress at
which dilation first appears on the crack-volume plot.

The crack volumetric strain is calculated as follows. Initially, the
elastic volumetric strains are determined using the elastic constants (E,ν)
obtained from the linear portion of stress-strain curves in Region II,
according to the formula:

ΔV
/

Velastic =
1 − 2ν

E

(

σ1 − σ3

)

(6)

The crack volumetric strain is then determined by subtracting the
elastic volumetric strains from the total volumetric strain that has been
measured.

The axial stress level at which the total volumetric strain reversal
occurs signifies the commencement of Region IV and indicates the
initiation of unstable crack growth, as outlined by Bienawaski [35].
Typically, this occurs within an axial stress range of 70–85 % of the
short-term peak strength, marking the point where the axial strain
ceases to be linear. The increase in load beyond the unstable crack stress
represents a temporary strain-hardening effect that cannot be depended
upon for sustained loading conditions. Therefore, this stress level will be
termed the crack-damage stress (σcd), as loads exceeding this threshold
lead to unacceptable material damage under permanent loading.

It’s interesting that when sample’s schist orientation perpendicular
to loading direction shown in Fig. 16, the value of σcd is 18.47Mpa, about
70 % of the short-term peak strength(26.05Mpa), while sample’s schist
orientation parallel to loading direction shown in Fig. 19, the value of
σcd is 9.49Mpa, only 43.5 % of the short-term peak strength
(21.787Mpa). It means that the crack-damage stress varies greatly for
the schist orientation, the simulation of such anisotropism of the quartz
mica schist will be discussed in the following pages.

Fig. 17. clear schistocity of quartz mica schist (from Danba, Sichuan, China).

Table 4
DanBa quartz mica schist mineral contents.

mineral mica quartz plagioclase others

content 40.5 52.1 6.7 0.7
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4.3. Choosing material properties for model

While it may be straightforward to assign specific properties to a
BMP model, selecting properties that closely mimic the behavior of a
targeted physical material can be challenging, particularly in the context
of a model that combines partly clumped particles with joint planes, as
this introduces numerous additional parameters that must be consid-
ered. This section will describe how to match elastic properties, peak
strength and crack-initiation stress. The following calibration sequence
should be followed to minimize iterations.

(1) Match the Young’s modulus by setting material strength to a large
value and varying elastic modulus. Then match the Poisson’s
ratio by varying the particle and bond stiffness ratio (normal to

shear). It may be necessary to perform some iteration to match
both values, the process should be according to the rules revealed
by parametric studies in Section 2 to minimize iterations.

In this partly clumped-particle combined with joint planes
model, parameters have three main groups: unclumped particles,
clumped particles and joint planes.

The strength parameters include: parallel bond strength of
unclumped particles σc andτc, parallel bond strength of clumped
particles clp_pb_nstr and clp_pb_sstr, joint planes strength
j_pb_nstr and j_pb_sstr.

The elastic modulus parameters include: contact modulus Ec
and parallel bond modulus Ec of unclumped particles, contact
modulus clp Ec and parallel bond modulus clp Ec of clumped
particles, joint planes modulus j_kn and j_pb_kn.

Fig. 18. Stress-strain diagram obtained from a DanBa quartz mica schist sample 1 (schist orientation perpendicular to loading direction).

Fig. 19. Stress-strain diagram obtained from a DanBa quartz mica schist sample 2 (schist orientation parallel to loading direction).

X.-P. Zhang et al. Deep Resources Engineering 2 (2025) 100166 

9 



Stiffness ratio parameters include: contact stiffness ratio
kn/ksand parallel bond stiffness ratio kn/ks of unclumped parti-
cles, contact stiffness ratio clp_kn/ clp_ks and parallel bond
stiffness ratio clp_pb_kn/clp_pb_kn of clumped particles, contact
stiffness ratio j_kn/s_ks and parallel bond stiffness ratio j_pb_kn/
j_pb _ks of joint planes.

(2) Once the desired elastic response has been achieved, align the
peak strength at zero confinement by adjusting the mean material
strength while setting the standard deviation of material strength
to zero. The strength of unclumped particles, clumped particles
and joint planes all affect the peak strength, during the iteration
process we should keep the strength of clumped particles much
larger than unclumped particles, the strength of unclumped
particles larger than joint planes.

(3) Now match the crack-initiation stress by increasing the standard
deviation of material strength. We just consider the standard
deviation of unclumped particles and set the deviation of clum-
ped particles as well as joint planes to zero. This step may reduce
the peak strength and, thus, a few iterations between steps 2 and
3 may be required.

(4) If one desires to reproduce post-peak behavior, vary the particle
friction coefficient µ, clp_µ and j_µ. In this research no attempt to
match the post-peak behavior.

4.4. PFC simulation for unaxial compressive test

There exists evidence from the parametric study that introducing the
partly clumped model and joint plane is more realistic and effective for
modeling of quartz mica schist rock in PFC. In this section such model
was applied to simulate DanBa quartz mica schist and the results were
compared with unaxial compressive test described in Section 4.2.

According to Table 4, 52.1 % clumped particles stand for quartz were
taken, as hard mineral, while 47.9 % unclumped particles for mica+-
plagioclase+others were considered as soft mineral. The final clump size
for the simulation was 0.64 ± 0.32 mm, about the grain size of quartz
for DanBa quartz mica schist. All parameters are listed in Table 5 for
DanBa quartz mica schist, these parameters mainly take from Table 2
and Table 3. The density of particle was set to 3210 kg/m3, which was
calculated from the density of DanBa quartz mica schist 2686 kg/m3 for
considering the spacing between particles. The elastic modulus and
strength of unclumped particles for mica were reduced for considering
the micro-cranny and tiny bug. Finally, the desirable sets of micro-
parameters were found by “trial and error” according to the rules
detected by parametric study before and calibration sequence in Section
4.3.

Fig. 20 shows the comparison of axial stress-strain and lateral strain
response between PFC synthetic rock and DanBa quartz mica schist
sample 1. Although PFC exhibits slightly linear, overall responses for
axial stress-strain are well matched. Compared with the laboratory re-
sults, the initial non-linearity was not present because no initial flaws or
pore effects were modeled in PFC, such phenomenon was also revealed
by N. Cho and C.D. Martin [10] in totally clumped model. If a random
distribution of pores or cracks were employed, the nonlinearity

measured could potentially be captured in PFC [36–38]. However,
modeling this initial pore effect lies outside the scope of our current
research endeavors.

As a matter of fact, because of the lack of strain caused by the close of
initial flaws or pores, there are gaps between PFC model and test sample,
not only axial but also lateral strain. For the initial flaws or pores mainly
arranged along the schist plane, the gap distance differs for the schist
orientation. When schist orientation perpendicular to loading direction
(Fig. 20), the gap distance of axial strain becomes larger than that of
schist orientation parallel to loading direction (Fig. 22), while the gap
distance of lateral strain is reverse.

The shape of the failure zone in PFC showed the typical macro shear
fractures observed in the laboratory test of sample 1(Fig. 21), while
schist orientation parallel to loading direction, the failure zone in PFC
shown the mainly macro tensile fractures observed in the laboratory test
of sample 2(Fig. 23).

As has been discussed in Section 2.3.2, we take crack initiation stress
corresponds to approximately 2 % of total number of cracks as Potyondy
and Cundall [8] suggested. The crack initiation stress of calibrated PFC
sample 1 and sample 2 are illustrated in Fig. 24 and Fig. 25, 37 % σfand
31 % σf of each respectively. These two values are well matched with
laboratory result (38.8 % σfand 32.6 % σf in Fig. 18 and Fig. 19).

M.S. Diederichs and P.K. Kaiser [39] used the crack density
χ(χ = A− 1 ∑ d2 where d is the crack length and A is the 2D PFC sample
area) versus axial stress curve to determine first crack, systematic
cracking and first interaction of crack. In this research the particle radius
distributes between 0.25 mm and 0.415 mm, the crack length between
particles will not be fluctuated very much, so we can take the crack
number instead of the crack density to determine the crack damage
stress. We take the point that the crack numbers start to accelerate, as is
illustrated in Fig. 24 and Fig. 25, 74 % σfand 44 % σf of each respec-
tively. These two values are also well matched with laboratory result

Table 5
Micro-parameters of DanBa quartz mica schist for calibration.

Rmin 0.25 mm Rmax/Rmin 1.66 clp_rad 0.64 ± 0.32 mm j_dis 2 ± 0.2 mm

Ec 8.45Gpa Ec 8.45Gpa clp Ec 47.88 Gpa clp Ec 47.88 Gpa
kn/ks 2.5 kn/ks 2.5 clp_kn/ clp_ks 0.6 clp_pb_kn/

clp_pb_kn
0.6

τc 20Mpa± 3Mpa σc 20Mpa± 3Mpa clp_µ 0.1 clp_pb_nstr 60 ± 0Mpa
µ 0.1 λ 1.0 clp_pb_sstr 60 ± 0Mpa clp λ 1.0
j_kn 5Gpa j_pb_kn 8.5e12 j_µ 0.0 j_pb_nstr 4.5 ± 0Mpa
j_kn/s_ks 2.5 j_pb_kn/j_pb _ks 2.5 j_pb_sstr 15 ± 0Mpa j λ 1.0

Prefix “clp_” stand for parameters for clump, prefix “j_” stand for parameters for joint planes.

Fig. 20. Comparison of predicted axial stress-strain and lateral strain response
from the calibrated PFC to the measured laboratory response of DanBa quart
mica schist sample 1.
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Fig. 21. Sample 1 failure in uniaxial compression test for the calibrated PFC and the observed failure in laboratory test. (a) Crack distribution, (b) sample dilation
and (c) synthetic rock failure.

Fig. 22. Comparison of predicted axial stress-strain and lateral strain response
from the calibrated PFC to the measured laboratory response of DanBa quart
mica schist sample 2.

Fig. 23. Sample 2 failure in uniaxial compression test for the calibrated PFC and the observed failure in laboratory test. (a) Crack distribution, (b) sample dilation
and (c) synthetic rock failure.

Fig. 24. Axial stress-strain and crack number-axial strain curves for calibrated
PFC for sample 1.
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(70 % σfand 43.5 % σf in Fig. 18 and Fig. 19).
Microcracks first generate around the hard minerals (Fig. 26) and

along the joint planes (Fig. 27), the cracks orientation parallel to the
loading direction and mainly tensile crack at initial stage. This phe-
nomenon just fit the stress concentration around hard mineral caused by
elastic mismatch and the joint plane’s particle strength is weaker than
others.

5. Conclusion

The bonded particle model has been widely used to model brittle
failure. Many macroscopic rock peculiarities can be simulated by using a
series of micro parameters and interaction law for disks bond contacts.
Partly clumped-particles for elastic mismatch of minerals and joint
planes for schist were adopted to describe the DanBa quartz mica schist.

Elastic mismatch between grains causing stress concentration was
simulated by partly clumped assemble. The modulus of biotite as soft
mineral, quartz as hard mineral was used for parametric studies. The
results showed that the intensity of stress concentration and elastic
modulus was significantly increased as clump size increased, however,

Fig. 25. Axial stress-strain and crack number-axial strain curves for calibrated
PFC for sample 2.

Fig. 26. Crack in PFC calibrated sample 1 at crack initiation (loading stress 9.835Mpa≈37 %σf ), show in clump form.

Fig. 27. Crack in PFC calibrated sample 1 at crack initiation (loading stress 9.835Mpa≈37 %σf ) show in joint plane(schist) form.
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the crack initiation stress as well as peak strength reduced as clump size
increased; crack initiation stress, peak strength and elastic modulus
were all significantly increased as clump’s content increased.

Joint plane was adopted for mica schist, test results showed that joint
plane’s bond strength affected the peak strength greatly, when joint
plane’s bond strength decreased, the peak strength decreased but the
anisotropism increased and showed the U Shape under different angles,
crack initiation stress showed similar rules as peak strength.

Partly clumped-particles combined with joint planes model was used
to simulate the anisotropic of DanBa quartz mica schist, and the results
were well matched with uniaxial compressive test. Currently, the cali-
bration between DanBa quartz mica schist and PFC was made by using
the uniaxial compressive test. More complex loading paths need to be
evaluated to investigate whether the same agreement as observed in this
study can be achieved using PFC to model triaxial test and engineering
problems such as rock slopes and tunnels.
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