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Abstract: Calculation and characterization of the whole process of internal microscopic damage
to surface damage in red-bed soft rock is a theoretical research difficulty and an urgent need for
engineering safety protection. However, the current study cannot accurately and directly correlate
internal and external damage. Therefore, in this paper, a coupled tensor-DEM-FEM model is
proposed to deal with surface damage by indoor triaxial test digital image processing (DIC), internal
damage by FJM acoustic emission study, and internal and external damage by moment tensor
correlation. The study demonstrates that the whole process damage process of the red-bed soft rock
peak front can be divided into six distinct phases, with early damage beginning with the elastic phase;
the local strain divergence value begins to spiral out of control during the period of crack acceleration
development; the overall acoustic emission intensity distribution is in the range of [-8.5, —6.3] in
two dimensions and in the range of [-11, —9] in three dimensions; the R were between —40 and
40, which corresponded to the results of the indoor tests. A model has been developed that allows
a direct reflection of the whole damage process. The method can be used to better understand the
disaster mechanism and guide engineering practice.

Keywords: red-bed soft rock; internal meso-damage; surface damage; internal and external damage
associations; the whole process of damage; acoustic emission; DIC; coupled tensor-DEM-FEM model

1. Introduction

Red-bed soft rocks in South China’s coastal areas are widespread engineering and
building materials as well as geotechnical engineering carriers. Their mechanical properties
are complicated, and disasters frequently exhibit the features of substantial deformation
of the entire damage process [1,2]. Traditional methods for studying the whole period
characteristics of red-bed soft rock disasters cannot directly reflect the whole process of
internal fine damage and crack clustering in red-bed soft rock, making the process time-
consuming and prone to error expansion through multiple transformations. However, the
aforementioned characteristics of the whole process of damage are crucial to engineering
safety. At the same time, the internal degradation of red-bed soft rocks is a cumulative
process, and the cascading effect of fine damage occurs continually, eventually leading to
disasters [3,4]. So, it is necessary to conduct a multifaceted and multiscale correlation study
of the damage process in red-bed soft rocks to propose effective damage mechanisms for
engineering practice.
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Until now, plenty of work has been conducted to explain the whole process of red
bed chondrite damage. Surface damage, internal damage, and their correlations are the
three basic characteristics of red-bed soft rock damage [5-7]. CT technology can be used to
analyze the microscopic damage state at various phases of the rock mass damage process [8];
however, it is extremely difficult to detect the instantaneous dynamics of damage during the
entire rock mass damage process using CT technology [9,10]. While the acoustic emission
technique can be used to evaluate instantaneous changes in interior damage and analyze
the rock body’s development mechanism during the damage process [11,12], the dynamic
expansion law of surface cracks can be measured using the DIC approach [13,14]. As a result,
the combination of acoustic emission and DIC technology can simultaneously measure and
investigate the internal and surface damage of red-bed soft rock. It has become one of the
most essential tools at the moment. This is what makes the correlation characterization
of internal and external damage and its calculation based on acoustic emission and DIC
techniques in red-bed soft rock a key to research. Especially the characterization and
calculation of the whole process of internal microscopic damage to surface damage are
hot spots [15,16]. At present, the characterization and calculation of the whole process
of internal microscopic damage to surface damage in red-bed soft rock are mainly based
on other rock methods. There are mainly analytical methods, data statistics methods,
and numerical simulation methods. The damage calculation formula is used to calculate
the damage evolution process. In this regard, researchers completed relevant work. The
damage evolution equation is investigated using the foothold of internal rock damage
factors, and an ontological model of damage is proposed. The whole process of damage
factors from the interior to the outside of fragile rocks was directly calculated [17]. The
calculation techniques for damage variables and damage thresholds are proposed based
on the rock damage theory of energy mechanisms. It provides an efficient method for
energy conversion and damage characterization, and it quantitatively expresses the real
damage status of rocks [18]. However, the method has the problems of an imprecise damage
estimate and the significant error of the traditional constitutive equation. To solve this
issue, the data statistics technique was used, which involves describing the rock damage
evolution law using statistical distribution theory. Internal flaws (e.g., cracks, joints, and
pores) in rocks have a random distribution, and researchers have studied the whole process
of internal fine-scale damage to surface damage in rocks using statistical approaches mixed
with damage ontology models [19,20]. Using a statistical approach for the acoustic emission
parameters, the fractal dimension of the spatial distribution of the acoustic emission is
computed, and an accurate evaluation of the internal and exterior damage to the rock body
may be derived [21]. Statistical damage parameters may be used to create the linked tensor
model of internal and exterior damage to jointed rock [22]. However, the data statistics
approach can only extract patterns and correlations from the data type, implying that there
is limited validation of the data’s quality and authenticity [23]. This is supplemented by
numerical simulation approaches that can track rock damage information precisely. Finite
element and discrete element approaches dominate numerical simulation methods [24-26].
Due to the requirements of continuity and minimal deformation of the rock body, the
finite element approach is difficult to adequately characterize the damage condition of the
rock body [27]. DEM uses the mineral particle as a unit, which is frequently limited by
the particle’s computing efficiency [28]. In modeling the interaction process between a
continuous material and a discrete medium like the red-bed soft rock damage, the DEM—
FEM interface coupling model based on the parameter transfer between the two media can
be chosen [29]. However, existing numerical simulation methods employ Bond damage
in the parallel contact model (PBM) as an internal damage event to depict the rock’s
damage process through the spatial and temporal evolution of PBM damage [30,31]. In
fact, the above process has two major drawbacks: one is that the PBM damage is only a
model failure in the discrete element concept, which differs from the real acoustic emission
process reflecting the damage. Second, PBM, as a bonding model at the contact point of
spherical particles, has a lower self-locking effect in simulating the damage process of the
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rock than the genuine mineral crystal model; hence, its tensile strength ratio is illogical.
Third, because PBM is dependent on a transformed power wave into a moment tensor, the
computation process will be extremely complex [32,33].

In conclusion, the characterization and quantification of the whole process of internal
fine-scale damage to surface damage is a highly popular topic. As a result, the purpose
of this research is to present a simple and straightforward way of correlating internal and
exterior damage. To do this, the following challenges must be overcome: (1) There are
differences between the PBM damage analysis and the actual situation; (2) the calculation
process will be very complicated based on the conversion of the recorded power wave at
the moment tensor; and (3) the FEM and DEM cannot individually represent the interaction
process between the continuous material and the discrete medium.

To address the aforementioned deficiencies, this paper conducts a triaxial compression
visualization test of red-bed soft rocks using a geotechnical multifield coupled damage
whole process high spatial and temporal resolution 3D visualization test system. We
applied strain tensor variance statistics, with a large sample size of the strain field obtained
by digital image technology (DIC), to the local deformation variance characteristics of
different stages of the macroscopic disaster process. In the DEM modeling procedure,
the novel FJM’s acoustic emission moment tensor was employed to connect the internal
microscopic damage and exterior deformation of the red-bed soft rock with the contact
force grouping tensor. A 2D and 3D state calibration method for this model is proposed for
red-bed soft rocks. The whole process of the external red-bed soft rock damage is recreated
using the coupled DEM-FEM approach, and the viability of this method is proved by
comparing the results with the processing results of digital image technology.

2. Research Contents and Methods

The coupled tensor-DEM-FEM model is a research method used to analyze the whole
process of damage, from internal microscopic damage to surface damage in a rock body. The
FEM represents the surface deformation cloud, the DEM represents microscopic damage,
and the tensor model represents the overall damage features from the interior to the surface.
To address the problem of characterizing the whole process of a disaster caused by fine view
damage inside a red-bed soft rock disaster, this paper begins with the triaxial compression
visualization test based on the geotechnical multifield coupled damage whole process high
spatial and temporal resolution 3D visualization test system. We used the DIC technique
to identify the strain field on the surface of the red-bed soft rock and obtain the surface
damage of the red-bed soft rock. The seismic behavior of the acoustic emission event was
directly analyzed by moment tensor to study the whole process of clumping of fine view
cracks based on the acoustic emission mechanism of the discrete element FJM to obtain the
force and displacement information around the cracks inside the red-bed soft rock. The
feasibility of this method was confirmed by comparing the processing results of the DIC
technique; the method’s principle is depicted in Figure 1.

2.1. Visualization Test of Red-Bed Soft Rock Triaxial Compression Disaster

The triaxial compression visualization test under the natural state of red-bed soft rock
was carried out using the geotechnical multifield coupled damage whole process high
spatial and temporal resolution 3D visualization test system (see Figure 2) developed by
Professor Cuiying Zhou's team at Sun Yat-sen University. To create the pressure chamber,
the system uses high-strength transparent material and a specific sealing procedure, allow-
ing for a totally transparent loading environment while ensuring the strength and stiffness
required for safety. The system is outfitted with a digital imaging technology (DIC) system,
which consists primarily of eight sets of CMOS high-definition cameras calibrated in 360°
correlation around the rock sample.
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Figure 1. Principle diagram of the research method for whole period characteristics of the red-bed
soft rock disaster.
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Figure 2. Multifield coupling damages the whole process in a high-spatial-temporal-resolution 3D
visualization test system.

In this article, rock samples were collected from a typical red bed in a riverine area
of the Pearl River Delta in South China. The rock sample is low-intensity with a rapid
softening process and a chaotic microstructure, and its disaster displays a progressive
process. Scattering was performed for the red-bed soft rock test in order to obtain processing
applicable to digital images. The specimen was placed in the center of a totally permeable
visual loading test system’s press bearing plate, and the test system’s high-resolution image
module for internal and exterior damage was calibrated. At the start of the test, lateral
pressure and axial stress were applied at a loading rate of about 0.05 MPa/s and added to
a predetermined lateral pressure value, followed by a loading rate of 0.02 mm/min until
the specimen was damaged. Digital image technology can advance beyond limited human
eye recognition to obtain information on red-bed soft rock disasters. Because variance can
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reflect a dataset’s deviation from its average value, the strain variance of the entire damage
process is used in this paper to reflect the deformation characteristics of different stages.

1 & —\2
S = \/n—lk_zl(xk - X) )

where n is the total number of samples, X} is the kth node’s strain value, and X is the
average strain value.

Figure 3 depicts a deformation process diagram of red-bed soft rock used in this article
to calculate variance more intuitively. The displacement vector u represents the displace-
ment of the position vector x( to x at one location in the red-bed soft rock, u = (u, v, w), and
the three components indicate the displacement vectors in three directions, respectively.
In the two-dimensional strain calculation method, ¥ = (#,v). In order to examine the
deformation, the distance between the two proximity points is assumed to be infinitely tiny,
with the real displacement between the two locations being xy 4+ dXg to x 4+ dX, and the
changes in d X and dX being expressed by the deformation gradient F as follows:
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Figure 3. Soft rock deformation process diagram.
Two-dimensional situation:
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F= ox ay @)
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The selection of strain tensors has many forms; this paper chose the Green-Lagrange

strain tensor:
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2.2. FJM of Meso-Damage Evolution in Red-Bed Soft Rock

The discrete element is a numerical simulation method based on mineral particles that
is an effective method for reducing the damage in the fine view of indoor tests [34,35]. The
parallel bond model (PBM) is the most commonly utilized model for the simulation of the
damage process in rocks. The PBM as a bond model at the contact point site of spherical
particles has a poorer self-locking action than the genuine mineral crystal model, and its
tensile to compressive strength ratio is illogical. Therefore, it has been gradually replaced
in recent years by two models that better reflect the self-locking effect of mineral grains: the
granular model and the flat-joints model [36]. Therefore, in this paper, the FJM was chosen
as the basis for modeling discrete elements, 2D and 3D calibration methods are provided,
and acoustic emission analysis is carried out to reflect the evolution of fine damage within
red-bed soft rocks.

2.2.1. Flat-Joint Model

By modifying the point contact state at the contact location, the FJM approximates
particle contact as the surface contact of mineral crystals. The damage determination of FJM
is shown in Figure 4. Tension cracks are formed when the normal tensile stress exceeds the
tensile strength; shear cracks are formed when the applied tangential stress exceeds the unit
shear strength. The contact surface in the FJM differs significantly from that in the parallel
bonding model. Because the FJM divides the contact surface between particles into several
units that are merged to form a contact surface, the units themselves can be destroyed.
The computing efficiency decreases as the number of units increases. When the number of
units is more than four, the effect on the results is insignificant [37], and eight contact units
are chosen, on balance, in this paper. The activation distance, which impacts the overall
bond number, must be considered during the FJM application procedure. The discrete
element particles are rigid spheres that do not deform, and the mechanical calculation of
their contact process displays displacement and deformation based on the overlap amount.
The FJM is active by default only when the contact distance is less than zero. The contact
model of linear elasticity controls the mechanical properties of the FJM before damage in
this situation. To avoid this, the initial activation gap must be larger than zero. However, in
order to avoid cross-bonding, this distance must not surpass the particles’ minimum radius.
As a result, in this paper, the initial activation gap was set at 0.8 times the minimum particle
radius. The radius of the FJM contact surface is determined by a value of 0.5774 times the
minimum particle radius.

2.2.2. Acoustic Emission Mechanism

Because the forces on the particles and their resulting motions can be calculated
directly in the model during the PFC procedure, calculating the moment tensor directly
based on the change in the contact force of the surrounding particles during the cohesive
disruption will be easier than converting the recorded power wave into a moment tensor.

The particles that were originally in contact at both ends of the microcrack are referred
to as the “source particles” in this paper. As the source particles travel, the contact between
them deforms, causing the contact force to alter. As a result, the microcrack’s area of action
is the same as the center of the circle, and the radius of action is the diameter of the largest
source particle. As a result, the contact force change of all contacts on the source particle is
multiplied by the corresponding force arm (the distance between the contact point position
and the center of the microcrack), and the summing operation provides the moment tensor
component, as shown in the expression:

M;; =) (FR)) (6)

where F; is the i-th component of contact force variation and R; is the j-th component
of distance between contact point and microcrack center. If the acoustic emission event
contains only one microcrack, the center of the microcrack is the spatial location of the
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acoustic emission event; if the acoustic emission event contains multiple microcracks, the
geometric center of all microcracks is the spatial location of the acoustic emission event.

Shear/Tensile cracks

shear failure
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%, x°
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K4 \L@
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Figure 4. FJM and its damage judgment diagram.

To improve computing performance, the moment tensor with the highest scalar mo-
ment value is used as the moment tensor for each emission event and saved. The scalar
moment is formulated according to the moment tensor matrix.

AR
Mo = (%) )

where m; is the j-th eigenvalue of the moment tensor matrix.

The moment tensor is recalculated at each time step during the duration of the acoustic
emission event; if no new microcrack is produced in the microfracture action region during
that time period, this acoustic emission event contains only one microcrack; if a new
microcrack is produced and its action region overlaps with the old microcrack action region,
the microcrack is considered to belong to the same acoustic emission event. In this case, the
acoustic emission contains multiple microcracks. As a result, the source particle regions
were superimposed, and the duration was recalculated and extended.

2.3. Tensor Model of Surface Damage Caused by Internal Damage in Red-Bed Soft Rock

The interior fine-scale damage evolution of red-bed soft rocks was produced using the
FJM acoustic emission model described above. This data can accurately represent the fine
mechanical properties of red-bed soft rocks. The moment tensor approach is introduced in
this research to further examine the total damage features of red-bed soft rocks from the
interior to the surface, and a three-dimensional stress-fabric analysis is proposed as a result.

2.3.1. Moment Tensor Method

The moment tensor can be thought of as the same effect created by equating the
equivalent displacements caused by the contact forces operating on the particle surface
to the body forces in the discrete particle technique. When the internal fine view damage
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occurs, the source information is formed, and in seismology, the source information may
be retrieved in inversion by recording the power waves released from the source. Moment
tensor theory is frequently employed to examine the source information [38]. In the present
study, we adopt the modeling method proposed by Zhao et al. [39]. The moment tensor
is seen in source analysis as the actual force at the source replaced by an analogous set
of forces producing a displacement at the surface equal to the actual force. Gilbert [40]
developed this approach for calculating displacements at free surfaces, and the observed
spatiotemporal connection for arbitrary displacements can be stated as:

du(x,t) = My [Gnﬁk . s(f)] ®)

where Mj; is a set of second-order seismic moment tensors M, and G, denotes the nine
generalized moment tensor states in the three-dimensional case. ExpressingM completely,
there are:
My Mxy M-
M= |My My, M, )
MZX sz MZZ

T

ay A1x A2y 43x | | A1x A1y A1z
_ T| _
M= [ayazaz|m|ay’ | = |a1, azy azy, my ayy Gyy a2 (10)
T
as A1z a2z a3z m3| [d3x 43y a3z

where the diagonalized matrix m is the one that can be decomposed again.

tr(M) my*
m= my == tr(M) + my* (11)
ms3 tr(M) m3*

where m; is the eigenvalue of the matrix and tr(M) is the trace of the matrix. The first half

of the Equation (11) is the spherical tensor part of m;, and the second half is the bias tensor

part. Based on this, the concept of R-value was introduced by Feignier and Young [41]:
tr(M) %100

R = 12
(o] + Sl ]) 12

For different seismic damage states, the R-values change. Three common damage
state force patterns are provided in Figure 5, namely, tension damage, shear damage, and
compression damage. The R-values and moment tensor forms are listed in Table 1.

—T> +
V...
| A
Compression Shear Tension

Figure 5. Three common failure states in source analysis.
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Table 1. Three common source moment tensor forms and R-values.

Failure Mechanism m R
—m
Compression 0 0 —42.86
0
Pure shear 0 0
0
m
Tension 0 42.86
0

2.3.2. Three-Dimensional Stress-Fabric Analysis

The contact distribution normal to the grains can be used to provide the structural
description of red-bed soft rocks (mineral grain assemblages), and the contact density
function is the function that describes the contact distribution. In a spherical coordinate
system, the most widely employed contact density function is a Fourier triangle series. In
this article, a spherical coordinate system was developed for this purpose, as shown in
Figure 6, with the local coordinate system at the particle contact consisting of orthogonal
unit vectors n, s, and t, where:

n = costi + sinfcosBj + sinfsin Pk
s = sinfi — cosOcosPj — cosBsinfk (13)
t = sinfj — cosBk

where i, j, and k are distributed as unit vectors in the x, y, and z directions.

zZ A

N
<y

X

Figure 6. Spatial diagram of particle contact force.

The contact density function takes the form of a second-order Fourier series as pro-
posed by Chang et al. [42]:

¢(0,p) = ﬁ [1 + Z(3c0529 + 1) + 3bsin®6cos2p (14)

The tensor in the Cartesian coordinate system takes the form of:

g(n) = ﬁDijni”j (15)
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where Dj; is the contact density tensor:

1+a
D;j = 1-5+3b - (16)
iy -

In the formula, a and b are the parameters defining the normal anisotropic distribution
of the contact.

In addition to the contact density tensor, the fabric tensor has been proposed to
characterize the spatial arrangement structure of particles, which is commonly defined
as [7]:

1
Fij = N;nin]‘ (17)

where N is the number of contacts, using the contact density function written in integral
form as follows:

2t m
Ej = /0 /0 E(0, Bynn;sin6dodp (18)
Substituting Equation (14) into Equation (18), we can obtain the group structure tensor:
1 5+ 2a
Fij:ﬁ 5—a+6b (19)

5—a—6b

In this paper, the results of anisotropy coefficients a and b are analyzed by two
deterioration indexes in discrete element test results.

2.4. DEM-FEM Coupling Model for the Whole Process of Red-Bed Soft Rock Disaster

The DEM of mineral particles functions as a unit, often constrained by the computation
efficiency of the particles, which cannot be indefinitely small, signaling that displacement
is also calculated as a unit of particles occurring intermittently. As a result, DEM cannot
efficiently depict the overall deformation cloud map. While most digital image technology
test processing methods are performed in the interior visual settings of the environment,
other more complex test conditions can only be analyzed numerically. The coupled DEM-
FEM model can couple the interaction of continuous materials and discrete media through
parameter transfer. As a result, this article applies the principle of equivalence and presents
a DEM-FEM coupling approach that approximates digital image technology, as shown
in Figure 7. Weighting factors are determined for each vertex by taking the triangle area
opposite a vertex and dividing it by the total area of the triangle [43].

In fact, the DEM-FEM coupling approach has been presented in previous research as
a method capable of compensating for the inadequacies of discrete element computational
forces in large tunnel and slope projects [44,45]. The wall coupling method is employed
in this paper to more closely approach the true state of the exterior cladding. The DEM
and FEM are run on their respective model components, with the FEM mesh expanding
the coupled wall and the DEM generating the inside particles. During the computation of
the coupled DEM-FEM, the motions of the wall vertices and cell nodes are synchronized.
The FEM cell node velocities are transferred to the coupling wall vertices, causing the
DEM particles to generate forces and deformations. The forces and deformations of the
particles are transmitted back to the FEM as updated boundary conditions via the coupling
wall based on the distance distribution. As a result, the computation of the discrete and
continuous domains can be coupled. The researchers used the same coupling method to
analyze the deformation in triaxial tests [46,47].
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Figure 7. DEM-FEM coupling process diagram.

3. Results and Discussion

3.1. Three-Dimensional Visualization Test of Multifield Coupling Damage of Red-Bed Soft Rock
with High Time—Space Resolution in the Whole Process

3.1.1. Laboratory Test Results

The compression-density stage, linear elastic stage, fracture accelerated development
stage, and damage stage are the standard pre peak loading curves of rocks. Figure 8 depicts
the stress-strain curve of red-bed soft rock during the loading process in the indoor test.
Its mechanical curve is separated into three major stages, A-B being the initial crack and
pore compacting stages, which are reflected by the curve’s downward convexity. The linear
elastic stage (B—C) is often regarded as a rather stable mechanical feature of the rock at
this stage, with only a minor degree of crack sprouting. C-D is the stage of increased
fracture expansion, and the red-bed soft rock process is nearing completion. After D is
the final failure stage, distinguished by a rapid decline in the curve and maximum crack
development. In order to better illustrate the features of each stage, a total of six sub-stages
were divided in front of the peak (stages 1-6), and the analysis in the subsequent article
largely corresponds to these stages.

10
Stage 6
sk
<
)
=
= A—B
t.; 4 Crack closure stage
B—>C
Linear elastic stage
2 C—D
_ Crack stable
[ development stage
0 £0 fl T I
0.0 0.5 1.0 1.5 2.0 2.5

Strain/%

Figure 8. Stress-strain curve of red-bed soft rock in the loading process and division of different stages.
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This study depicts the various stages of red-bed soft rock degradation in Figure 9 using
a fully transparent loading mechanism and a high-definition camera. In terms of crack
development, the resolution of the camera and the naked eye cannot see stages 1-3; hence,
the chamber couldn’t discern the difference between stages 2 and 3, and their variations
must be reflected in the DIC’s strain field variance. However, the beginning sprouting point
of macroscopic cracks occurring in stage 4 may be dimly photographed. Stages 5-6 involve
accelerated crack development, where the microcracks develop and cluster, eventually

creating huge macroscopic cracks.

F
Figure 9. Surface crack propagation in red-bed soft rock disaster processes (A): stage 1; (B): stage 2;
(C): stage 3; (D): stage 4; (E): stage 5; (F): stage 6.

Because indoor stress-strain curves can only provide limited information on the red-
bed soft rock disaster, this research explores the changes in displacement and strain fields
using digital image technology during the entire process of the red-bed soft rock tragedy.

3.1.2. Digital Image (DIC) Analysis

Figure 10a,b depict the 3D and 2D displacement fields of the entire red-bed soft rock
disaster process, respectively. According to the figure, the overall displacement of the
compression and density stages is reasonably uniform, the displacement of the upper
and lower layers is greater than the displacement of the middle by the loading condition,
and the stratification is uniform. Abrupt changes in local displacement can be found in
stages 2 and 3, which is due to the local concentration of stress; thus, it can be assumed
that this stage had initial damage that led to stress adjustment, and the process of stress
redistribution produced stress concentrations of varying degrees. Stage 4 is the last stage
of the linear elastic stage, in which the rock is approaching an uncontrollable accelerated
damage process. The figure shows that the abrupt change in displacement gradually shows
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regularity until stage 5, when the phenomenon of left and right delamination appears when
macroscopic cracks have been generated.

0.32
-0. 18

Crack clousure to linear elastic stage
I I I | 0.63
-0. 22
Linear elastic stage to crack stable development stage
|118
-1.42
Damaged state near peak stress

(@)

(b)

Figure 10. Evolution of the surface displacement field in the red-bed soft rock disaster process: (a) Two

dimensions; (b) Three-dimensions ((A): stage 1; (B): stage 2; (C): stage 3; (D): stage 4; (E): stage 5;
(F): stage 6).
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We believe that damage during the loading process will result in stress concentration
and an abrupt change in local displacement, and that this local phenomenon is the embodi-
ment of the damage accumulation process. To better reflect the above characteristics, this
paper reflects the characteristics of the entire red-bed soft rock damage process through the
strain information statistics of all the recorded points.

3.1.3. DIC Full-Field Strain Analysis

The strain values of almost 110,000 nodes were evaluated in this experiment for
different phases of s values obtained after ANOVA, as shown in Figure 11. The figure
analyzes three sets of cameras with different orientations. The three sets of cameras
correspond to different positions on the three-dimensional surface space of the red-bed soft
rock. However, the errors in the three sets of curves are very small, and the curves almost
overlap, indicating that full-field strain analysis has high reliability with a sufficient number
of samples. The coordinates were processed according to the phases depicted in Figure 8
throughout the pre peak damage phase. The first dramatic change in variance occurs after
the end of the compression phase, signaling the beginning of the linear elastic phase, which
already possesses the stress concentration and strain field inhomogeneity brought about
by compression. Stages 2 are the first stages of the elastic phase, and the process exhibits
a stable amplification of the deformation variance, followed by a clear drop in the slope
in stages 3. The reason for this is that the mineral particles, cementation, and self-locking
processes in the initial stage have been destroyed and rebuilt after the recompacting in the
elastic stage, slowing the strain concentration phenomenon reflected by the variance in
the middle of the elastic stage. The variance growth rate increases again in the late elastic
stages, stages 4, and the rate of increase in this interval is driven by the stress adjustment
produced by the beginning sprouting of cracks, which impacts the strain field. Finally, in
stage 5, the rock gradually enters the stage of accelerated crack expansion, and the variance
increase rate also gradually increases exponentially. At this point, macroscopic cracks and
internal damage are everywhere, and the mechanical properties of the red-bed soft rock are
greatly deteriorated.

0.04 /J
0 sl
7 |
camera 6 pi
'\‘@0'03 B —0— camera | ’m‘ ;
3 camera 3 |
= : s i
3 ®  early warning points
5 0.02
>

0.01

0.00

Figure 11. Statistics of variance differentiation of pre peak strain.

In summary, this information may effectively reflect the macroscopic mechanical
properties of red-bed soft rocks, and the coupled DEM-FEM model is employed in this
paper to further analyze the entire process of internal fine damage generating disaster in
red-bed soft rocks.
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3.2. Analysis of the Results of the Tensor-DEM~-FEM Coupling Model for the Whole Process of
Damage and Disaster of Red-Bed Soft Rock

In this paper, the acoustic emission of the FJM first shows the internal fine damage
evolution law of red-bed soft rocks; then, the tensor model reflects the process of internal
damage to surface damage of red-bed soft rocks. Finally, the coupled DEM-FEM model is
used to restore the whole process of the red-bed soft rock disaster, and the feasibility of this
paper’s method is validated using digital image technology.

3.2.1. Analysis of Meso-Damage Results in Red-Bed Soft Rock

Figure 12a depicts the 2D DEM simulation process acoustic emission intensity infor-
mation, which shows that the overall acoustic emission intensity is dispersed in the interval
[—8.5, —6.3]. Acoustic emission events begin to be counted in the elastic initial and mid-
elastic phases, which are caused by stress adjustment during the first compression-density
phase. Because the stress level is low at this time, only a small amount of damage occurs
where the stress is highly concentrated. This process has a minor impact on the overall
mechanical characteristics; however, it can be used as an early indicator of the damage
process in red-bed soft rocks. This is followed by a considerable increase in acoustic emis-
sion counts in the late elastic phase, when the process’s damage profile is created by the
greater stress profile and anisotropy of the internal contact forces. This anisotropy results
in only localized damage development. The full-scale damage growth does not begin until
the accelerated crack development stage, when the microdamage eventually clusters to
generate enormous macroscopic cracks, leading to the final disaster.

Similarly, in Figure 12b, we show the acoustic emission intensity during the 3D DEM
simulation, and it is shown that the overall acoustic emission intensity is spread in the
[—11, —9] interval. Because the 2D state particles default to a disk with a unit thickness of 1,
the total intensity values are lower than the 2D DEM statistics, and the process departs from
the genuine force state in the 3D state. When compared to the 2D example, the acoustic
emission counting events in the 3D situation are delayed overall, and the acoustic emission
events only begin to be counted in the mid-elastic and late elastic stages. This is owing to
the particles’ stronger self-locking action in three-dimensions, where the damaging process
necessitates higher amounts of stress. Acoustic emission counts begin to grow in the late
elastic phase, and the damage profile of this process is once again produced by the greater
stress profile and anisotropy of the internal contact forces. At the start of the accelerated
crack development phase, the full range of damage is manifested. Eventually, microdamage
continues to cluster to produce large macroscopic cracks, leading to eventual damage, and
the overall acoustic emission statistics are distributed in a specific direction.

Stage 1 Stage 2 Stage 3

>
Stage 4 Stage 5 Stage 6

(@)
Figure 12. Cont.
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Stage 1 Stage 2 Stage 3

Stage 5-2 Stage 5-3 Stage 6

(b)
Figure 12. Acoustic emission intensity statistics at different stages: (a) 2D DEM,; (b) 3D DEM.

3.2.2. Analysis of the Results of Internal Damage and Surface Damage in Red-Bed
Soft Rock

To some extent, the contact density tensor and contact force tensor in DEM can
reflect the anisotropy of internal forces. This anisotropy increases with loading and may
reflect internal damage and mechanical deterioration. Figure 13 depicts the spatial polar
coordinate column statistics of contact force and contact density during the loading of
discrete element specimens of red-bed soft rock, which correspond to the previously
mentioned contact force tensor and contact density tensor, as well as the relative magnitudes
of the principal coordinates of the contact force tensor. Figure 13 only reflects the qualitative
characteristics of contact anisotropy, which cannot reflect the contact anisotropy of the
damage process. The a and b values in the contact density tensor mentioned in Section 2
are used in this paper to quantify this anisotropy.

Contact force Contact num

67N I 306

21N 4
a

17 b

=P F22

> [33

Figure 13. Spatial columnar statistics of contact force and contact density: (a) Contact force tensor;
(b) Contact density tensor.
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Figure 14 indicates that the anisotropy index of the contact force does not increase
gradually during the entire pre peak loading phase but has reached its highest value in
the mid-elastic phase. We believe that this anisotropic distribution is formed during the
initial loading process of the red-bed soft rock, that the process was exhibited prior to the
development of damage, and that the stress level is low enough not to induce microdamage.
The stress concentration effect generated by this anisotropic stress state is continuously
enhanced as the stress level rises, eventually leading to damage. As a result, according to
this viewpoint, the final damage pattern and course of the red-bed soft rock are caused
by the original internal structure. This anisotropy is visible in the early stages of loading,
peaks, and then stabilizes in the late elastic period and does not alter during the accelerated
crack growth stage.

12
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Figure 14. Variation in anisotropic parameters.

3.2.3. Verification of the Whole Process of Damage and Disaster in Red-Bed Soft Rock

The 3D digital image of the indoor specimen can actually be seen as a film applied
on the surface of the red-bed soft rock, and it is the displacement field of this film that is
captured. Therefore, this paper adopts an equivalent approach to approximate the whole
process of damage in red-bed soft rock.

Figure 15 depicts the results of the coupled tensor-DEM-FEM approach for simulating
the rock strain field. These images were captured near the end of the accelerated crack
expansion stage. At this point, the large deformation and macroscopic cracks of the red-bed
soft rock have been generated. And the displacement field of the FEM film shows a similar
pattern to the horizontal displacement field of the same cross-section as the results of the
digital image processing technique. Thus, it can be assumed that this coupling method
can restore the DIC test process to some extent. It is verified that the tensor-DEM-FEM
coupling is in general agreement with the indoor test results.
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Figure 15. DEM-FEM coupled simulation of DIC strain field results: (a) Indoor rock specimen;
(b) Discrete element specimen; (c) 2D digital image; (d) DEM-FEM coupled membrane; (e) DEM-
FEM coupled damage.
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3.3. Discussion of Research Results
3.3.1. Calibration Method of FJM

The calibration of the FJM has received little attention, particularly for red-bed soft
rocks, whose compression-density phase features make trial-and-error calibration more
challenging. The calibrated rock elastic modulus and peak strength are calculated using
numerical rock samples that mimic the features of indoor experiments. For that purpose,
this work thoroughly covers the process of calibrating red-bed soft rocks with compacted
stages using the FJM, as well as providing 2D and 3D methods of calibrating red-bed soft
rocks using the FJM.

There are many fine-scale parameters involved in the discrete element, and the calibra-
tion process of the parameters affecting the simulation effect will be described in detail in
this paper. The model’s size is 500 x 100 mm, which is consistent with the indoor test. The
simulation accuracy can be ensured when the ratio of model size to particle size is greater
than 68 [48] in a 2D case, and the accuracy requirement is satisfied when the number of par-
ticles exceeds 15,000 [49] in a 3D case. In this paper, an average particle size of 0.5 mm was
chosen, and the ratio of size to particle size was greater than 100, which meets the accuracy
requirements. The initial pore parameters are determined by go = eoL/[(n — 1)(1 — @f)],
O is the bond ratio, and its ratio is (1 — @¢); go is the FJM contact surface spacing, L is the
specimen length, and n is the average number of particles along the specimen loading axis.
The number of initial pores and cracks directly affects Ey/E. In this paper, L = 100 mm,
€0 = 2.45 x 1073, and n = 143; i.e., Ey/E = 2.848. The values of go and Dy are adjusted
according to this result. Following this, the final strength parameters are calibrated. The
strength calibration process for the flat nodal model is similar to that for the parallel bond
model, with the deformation modulus E comparable to the indoor test findings. The selec-
tion of the bond strength parameters ¢ determines the macroscopic strength of the red-bed
soft rock simulation test; the calibration of this process refers to the method corresponding
to the calibration of the discrete element strength parameters [50,51], and the final strength
parameters are obtained after certain trial and error steps.
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The final 2D and 3D discrete element parameters and indoor experimental parameters
in this paper are listed in Tables 2 and 3, and the final calibration results are shown in
Figure 16.

Table 2. Main mechanical parameters in a discrete-element two-dimensional model.

Test Sample 2D DEM Sample
Strength/MPa E/MPa  E0/MPa c:/MPa Cohesion/MPa F:ctlon k Ratio u Dan‘lp Width/mm Height/mm Mean
ngle Ratio Radius/mm
8.9 974 342 6 12 20 1.2 0.3 0.5 50 100 0.42
Table 3. Main mechanical parameters in a discrete-element three-dimensional model.
Test Sample 3D DEM Sample
Strength/MPa E/MPa  E0/MPa o¢;/MPa Cohesion/MPa F:ctlon k Ratio u Dan.lp Width/mm Height/mm Mean
ngle Ratio Radius/mm
8.9 974 342 26 40 20 1.2 0.3 0.5 50 100 0.81
10
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Figure 16. Two-dimensional and three-dimensional calibration results of the discrete element test.

3.3.2. Analysis of the Disaster Damage Index of Red-Bed Soft Rock

Based on the moment tensor calculation method described above, the moment tensor
intensity and R-value acoustic emission metrics were determined for various stages of 2D
and 3D DEM. Both metrics reflect information that the PCF’s own tension crack statistics
do not capture, such as the R-value, which distinguishes the seismic mechanism of the
damage, and the intensity metric, which allows for the analysis of acoustic emission count
information and the acoustic emission value (b-value). The G-R criterion proposes that
a power series formula can approximate the state of the acoustic emission frequency—
intensity distribution:

loglON =a —bM (20)

where M is the acoustic emission intensity mentioned above, and b is the acoustic emis-
sion value.

The intensity information of acoustic emission from 2D and 3D DEM was counted,
and the frequency distribution of the counts is illustrated in Figure 17a,b, respectively. In
the growth phase, the cut modulus fit of the intensity data by Equation (20) produces a
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b value of 1.22 for the 2D case and 1.74 for the 3D case. According to the plots, the 2D
intensity of —7.4 has the highest frequency of acoustic emission, while the 3D intensity of
—9.7 has the highest frequency of acoustic emission. The b-value reflects the intensity of
the acoustic emission process, i.e., the damage development process. Although the overall
acoustic emission intensity modulus is lower in the 3D case, the b-value increases instead,
which is caused by the higher contact density of the particles in the 3D case and, thus, the
higher frequency of acoustic emission.
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Figure 17. Acoustic emission count and b value: (a) 2D DEM; (b) 3D DEM.

The maximum value of the action area in this work is determined at 6 times the
particle radius and a single action duration of 40 cycle steps based on the classification of
the acoustic emission source information by the R-value presented in Section 2. Figure 18
shows that the R-values of the moment tensor at the time of particle damage under different
force states change slightly from those indicated in Section 2.2. The acoustic emission events
were tallied individually during 2D and 3D DEM loading, and the damage mechanisms
of various types of sources are depicted in Figure 19. The source mechanism analysis
demonstrates that the source information of the tensional damage mechanism is most
frequently spread during the ultimate disaster; however, the source information of the
compressional damage type is least dispersed. This is due to the internal mineral structural
properties of the red-bedded chondritic mineral grains, which cause the deformation
to be more easily broken along the tangential and normal axes. The 3D compressional
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damage mechanism has more source information than the 2D case; however, the shear
damage mechanism has the least. This is because the self-locking action of mineral particles
is more evident in three dimensions, making shear-slip damage more difficult, and the
closely packed local particle clusters are more prone to extrusion damage as the stress level
increases. Similarly, the damage process of red-bed soft rocks is thought to be primarily
regulated by the formation of tension-type fine-view damage. A detailed examination of the
final damage state reveals that both shear-type and tension-type fine-scale damage exhibit
directionality, implying that the presence of shear damage modifies the final macroscopic
fracture morphology.
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Figure 18. Stress diagram and R-value of three failure states in discrete element.
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Figure 19. Acoustic emission R-value and its type statistics in different stages: (a) 2D DEM,; (b) 3D
DEM.

Figure 20 depicts the results of fitting the probability distribution of R-values for 2D
and 3D acoustic emission. The curve mutation in the 2D case occurs only at R = 40, with
the remainder of the cases showing uniform growth; the curve in the 3D example exhibits
2 points out of the mutation of —40 and 40, which is consistent with the phenomenon
discussed above.
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Figure 20. Distribution probability statistical curve of R-value.

In conclusion, the research method used in this paper can effectively recognize the
entire disaster process of red-bed soft rock. It can be used to examine the entire disaster
process on red-bed slopes, tunnels, and other projects in order to offer preventive measures.
The research material in this work is limited to the red-bed soft rock in the coastal area
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of South China; however, the research method can also be extended to other fields such
as mining.

4. Conclusions

(1) On the basis of the tensor-DEM-FEM linked model, the whole process of internal
fine-scale damage to surface damage in red-bed soft rock was obtained. The early
damage occurs in the elastic stage, and the local strain begins to spiral out of control
during the crack acceleration stage. Tensile damage information has the highest
distribution frequency in the final damage process, indicating that the growth of
tensile-type fine-scale damage is primarily controlling the damage process.

(2) Itwas found that the overall acoustic emission intensity distribution of the internal mi-
croscopic damage and surface damage correlation of red-bed soft rocks is [-8.5, —6.3]
in 2D and [—11, —9] in 3D; the highest intensity of acoustic emission frequency is
—7.4in 2D and 1.74 in 3D; the b-value of the damage acceleration feature is 1.22 and
1.74, respectively, in 2D and 3D; and the R-value is mutated in the vicinity of the DIC
results, which accord with the results of the indoor test.

(3) The approach described in this study for estimating and defining the entire process of
internal fine-scale damage to surface damage is a new reference for understanding
different sorts of rock damage processes that is not confined and may be applied to
other fields such as mining.
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