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Abstract: Characterizing global mechanical behavior accurately is important for a detailed
understanding of the deformation mechanism of rock material. In this paper, a new characterization
model of the global mechanical behavior of rock is proposed, based on the structural characteristics
of rock deformation. Uniaxial compression tests were carried out using the digital image correlation
method and acoustic emission to obtain the interrelationship between mechanical behavior and
deformation evolution. The test results show that the appearance of deformation localization leads to
non-linear evolution of global mechanical behavior in a rock specimen. Further, due to the gradual
evolution of deformation localization bands, the rock specimen evolves from a complete whole to a
rock structure with a “weak interlayer”. Thus, the global mechanical behavior of the rock specimen
depends heavily on the structural evolution process, especially when close to failure. A simplified
characterization model was established according to the deformation process. The finite element
method was used to verify the rationality of the proposed structural model. The verification result
showed that under uniaxial compression, the structural model can reproduce the global mechanical
behavior evolution process of the rock specimen.

Keywords: rock mechanics; characterization of mechanical behavior; structural model; digital image
correlation; finite element method

1. Introduction

Mechanical characterization methods for rock materials are crucial for continued developments in
rock mechanics and stability assessment of rock masses in engineering projects [1]. Many characterization
methods have been proposed by researchers to describe rock mechanical behavior conveniently and
accurately [2-5].

Existing studies on the characterization methods of rock mechanical behavior can be categorized as
either macroscopic or mesoscopic. Macroscopic characterization methods involve direct characterization
by obtaining a mechanical response through experimental phenomena [6,7], and do not consider the
deformation mechanism in detail. Theoretical models corresponding to the stress—strain curve obtained
from experiments are used to characterize rock mechanical behavior [8]. However, these macroscopic
characterization methods are extremely simplified in that they mainly focus on the change in the

Appl. Sci. 2020, 10, 7647; d0i:10.3390/app10217647 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app10217647
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/21/7647?type=check_update&version=2

Appl. Sci. 2020, 10, 7647 20f11

external characteristics of rock mechanical behavior from elastic to plastic [9]. Thus, more detailed
rock mechanical characteristics and deformation mechanisms, especially close to failure, cannot be
revealed by macroscopic characterization methods.

Mesoscopic methods involve carrying out several mesoscopic experiments to understand the
relationship between mesoscopic deformation and rock mechanical behavior [10-13]. Mesoscopic
models consider micro-crack development and damage evolution when characterizing rock mechanical
behavior [14-16]. In addition, some numerical means, such as rock failure process analysis (RPFA) [17,18],
particle flow code (PFC) [19], and the finite element method (FEM) [20], were also used to establish a
numerical model, which was divided into several elements on the mesoscopic scale. For numerical
models, simplified damage criteria for elements are first defined, following which the mechanical
response of the model under loading is obtained. Although damage evolution was introduced in
mesoscopic characterization models to describe the deformation state and strength characteristics of
rock [21,22], the relationship between mesoscopic damage and global mechanical behavior is not clear.
In addition, mesoscale models require complex calculations to characterize global mechanical behavior.

Notably, many experiment-based studies have shown that deformation localization is a necessary
process in rock deformation and failure [23-26]. In fact, deformation localization is a macroscopic
phenomenon attributed to the propagation and connectivity of micro-cracks in rock. The deformation
localization band (DLB) constitutes the concentrated area of damage, and its material properties are
obviously weaker than those of the other parts of the rock. After the formation of DLBs, the deformation
of rock transforms into “structural control” [27-29], a very important characteristic of rock deformation.
However, existing studies disregarded these structural evolution characteristics in the characterization of
mechanical behavior. Structural evolution is a very important feature in the process of rock deformation,
especially in the non-linear stage. Therefore, the structural characteristics must be considered when
characterizing the mechanical behavior of rock. In this paper, we explore the structural deformation
characteristics of rock and characterize the global mechanical behavior of rock from the perspective of
structural evolution.

The remainder of this paper is organized as follows. Section 2 describes the uniaxial compression
tests conducted in this study on marble specimens and analyses the deformation evolution characteristics
of the specimens. The interrelationship between global mechanical behavior and different deformation
stages was obtained. Based on the experimental results, a simplified structural model for the rock
specimen is proposed in Section 3. Simulations with the FEM are used to verify the rationality of the
structural model. Section 4 presents our conclusions.

2. Experimental Investigation of Structural Evolution of Rock Specimens

To explore the relationship between the global mechanical behavior and the deformation evolution
characteristics of a rock specimen, uniaxial compression tests were carried out on marble specimens.
The digital image correlation (DIC) [30-32] and acoustic emission (AE) methods [33,34] were combined
to monitor the deformation information.

2.1. Experimental Setup and Procedures

The size of each specimen was 20 x 20 X 40 mm?®. As shown in Figure 1a, one side of the

specimen was painted with a random speckle pattern, and images of this pattern were captured
by a charge-coupled device (CCD) camera (Basler-A641f, BASLER, Ahrensburg, Germany.) with a
resolution of 1624 x 1236 pixels and a frame rate of 15 fps. The imaging recommendations reported by
Zhu et al. [35] were considered in the present work. In addition, two AE sensors were positioned on the
other two opposite surfaces of the specimen to monitor the AE signal, as illustrated in Figure 1a. The AE
signals measured in the sensors were amplified by a gain of 40 dB with preamplifiers. In addition,
a specified threshold value of 50 dB was set for the tests. The AE signal sampling rate was 2.5 MHz.
The experimental system is shown in Figure 1b. The image acquisition and AE systems were strictly
time calibrated before the experiments started, and were triggered at the same time. The specimens
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were compressed in the MTS-810 (MTS System Corporation, Minnesota, USA.) test machine and the
loading was increased in displacement control mode with a speed of 0.02 mm/min. A preload of 0.5 kN
was applied to clamp the specimen and compact the gap between the joints of the loading device.
The loading value, speckle images, and AE data were recorded during the tests.

wu O

20 mm

(a) (b)

Figure 1. Schematic of specimen and testing system: (a) Sketch of specimen: 1. specimen, 2. acoustic
emission (AE) sensors, 3. area of interest; (b) schematic of testing system: 1. loading equipment,
2. specimen, 3. AE amplifier, 4. AE system, 5. computers, 6. charge-coupled device camera,
7. light sources.

The stress—strain curve was obtained using the displacement and force data extracted from the test
machine. Full-field strain (maximum shear strain) of the rock specimens was obtained using DIC [36]
with a subset size of 25 x 25 pixels and a step size of 5 pixels. For AE data processing, the number of
pulses in which the AE signal exceeded the threshold (i.e., AE ringing) was counted [37].

2.2. Experimental Results

Five specimens are loaded in the experiments. Although the evolution details and forms of DLB
of these specimens are different, the law of the structural control is consistent. In order to analyses
the characteristics of structural evolution in detail, the result of one of them is shown as follows.
Figure 2a shows the stress—strain curve of the rock specimen, and in the x-axis e is the micro-strain.
The maximum shear strain fields (points 1, 2, P, and 3 on the stress-strain curve) and failure form at
point 4 are shown in Figure 2b. At point 1, the rock is still in the stage of elastic deformation, and the
deformation field is almost homogeneous. At point 2, the stress—strain curve becomes non-linear,
and strain concentration areas appear in the lower and middle part of the rock specimen. Thereafter,
the existing strain concentration areas continue to increase, and develop into two obvious DLBs,
shaped as “X” at point P, which is the peak point of the stress—strain curve. In the process of stress
adjustment, one DLB can develop into the dominant DLB, while others will slow down or even stop
developing. In the deformation localization process, the unbalanced evolution of the DLBs can be
explained as the competitive process of forming the DLB. However, the DLB to the left becomes the
dominant DLB at point 3, as shown in Figure 2b. Finally, a macro-crack appears at the location of the
dominant DLB, and the rock specimen fails at point 4. The above deformation process analysis reveals
a considerable difference in the evolution of DLBs before and after the peak stress point (point P). It is
worth noting that there may be more than one DLB in the early stage of formation. In the evolution
process of DLBs, there is a very strong competition mechanism between them. The competition is
positive feedback, that is, when one of the DLBs” development gains an advantage, the degree of
deformation concentration will further strengthen. However, the development of other DLBs will slow
down or even stop. This complex competition mechanism leads to the fact that not all DLB locations
could show macro-cracks.
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Figure 2. Response of rock specimen under uniaxial compression: (a) Stress—strain curve; (b) maximum
shear strain fields under different stress levels and failure forms of the rock specimen.

In addition to the deformation fields under different stress levels, different deformation indexes,
including the normalized value of deformation field variance S, the dislocation displacements of
dominant DLB, and the accumulative AE ringing counts during the loading process, were determined.
The variance S of the maximum shear strain field was obtained using the deformation field data,
which can be used to describe the non-uniform degree of deformation field [38]. The accumulative AE
ringing counts, which can reflect the damage inside the rock specimen, were obtained from the AE
signals [39]. Using the deformation field and the failure form of the rock specimen, the location of the
dominant DLB can be determined. Two small areas perpendicular to the crack direction at different
sides of the dominant DLB were selected, as shown in Figure 3a. Using the DIC method, the relative
displacements Au and Av of the two center points (P; and P,) of the small areas in the u and v directions
were calculated, respectively. The sum of components d; and d, of Au and Av along the direction of
the dominant DLB were defined as the dislocation displacement [40], and the calculation principle is
shown in Figure 3b. Further, the curves of the four deformation indexes are plotted in Figure 4.
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Figure 3. Principle of dislocation displacement calculation: (a) Layout of measuring points;
(b) decomposition of displacement.
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Figure 4. Curves for different parameters: (a) Whole process loading; (b) non-linear stage.

As shown in Figure 4a, before position A, the global mechanical behavior is in the elastic stage.
The deformation localization is not significant during the elastic deformation stage, and the accumulative
AE ringing counts, variance S and dislocation displacement increase slowly. After position A, the global
mechanical behavior of the rock specimen exhibits non-linear evolution. To show the evolution
characteristics of different indexes in the non-linear stage clearly, the region of the red dashed line in
Figure 4a is magnified and shown in Figure 4b. The pe in the x-axis of Figure 4a,b is micro-strain.
Figure 4b shows that from position A to position B (the peak stress point) the increase in accumulative
AE ringing counts is almost constant. However, the curve of variance S changes direction rapidly
and the dislocation displacement increases at a faster rate, reflecting the additional enhancement of
deformation localization. The dominant DLB forms at position B. The dominant DLB is the result of
micro-crack propagation and connectivity. Therefore, the dominant DLB is equivalent to the “weak
interlayer structure” in the rock specimen. It is worth emphasizing that position B marks a turning
point at which the dislocation displacement curve changes direction. This phenomenon indicates that
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the mechanical property of the rock specimen has changed dramatically at position B. After position B,
the medium of the rock specimen becomes discontinuous. Next, the sharp increase in the accumulative
AE ringing counts indicates that the macro-crack in the rock specimen has expanded, leading to the
final failure of the specimen.

The evolution characteristics of deformation field are uniform to non-uniform and continuous to
non-continuous. These characteristics can be reflected by different indicators. Thus, the deformation
state of rock can be divided according to the change of different indicators. The whole deformation
process of the rock specimen can be qualitatively described as follows. First, in the early loading
stage, the global mechanical behavior shows linear evolution characteristics, and the deformation
field is relatively uniform. The dislocation displacement, variance S and accumulation of AE ringing
counts increase slowly. Second, as the loading increases, the presence of non-linear change of variance
S indicates that the deformation field becomes non-uniform, and the DLB (weak interlayer with
control effect) appears gradually, and the deformation changes to “structural control”. The exhibited
global mechanical behavior is non-linear. The peak point is a key turning point of rock mechanical
behavior. The turning point of the relative dislocation displacement curve indicates that the rock
specimen becomes non-continuous from continuous. Before this point, the loading is carried by the
whole specimen and can be increased constantly. However, after the peak point, the load-bearing of
the specimen decreases gradually. Finally, the load-bearing capacity reduces rapidly because of the
growth of the macro-crack within the dominant DLB, and the dislocation displacement, variance S and
accumulation of AE ringing counts changed rapidly.

According to the analysis of the experimental results, when there is a weak interlayer with a
control effect in the rock specimen, the global mechanical behavior of rock shows a strong structural
control characteristic. The influences on global mechanical behavior evolution can be described as
follows: after the structure with the control effect formed, the bearing mode and bearing capacity of the
rock were changed. The intact rock, that is, the rock specimen at the initial stage of loading, is a whole
specimen to bear external load, and the bearing capacity is strong. However, after the formation of the
weak interlayer (i.e., DLB), it becomes a structural specimen to bear external load, and the bearing
capacity depends on the mechanical properties of the weak interlayer. The above analyses indicate
that there are noteworthy structural characteristics in the process of rock deformation. Accordingly,
a structural model is established and validated in next section.

3. Establishment of Structural Model and Verification

The experimental results show that structural characteristics play a key role in the evolution of
rock mechanical behavior. In this section, the structural model of the rock specimen is established
according to the characteristics of the different deformation stages, and the rationality of the proposed
structural model is verified using the FEM.

3.1. Structural Model

According to the characteristics of deformation evolution, the whole deformation process
of the rock specimen can be divided into three stages: the homogeneous—continuous stage,
heterogeneous-continuous stage, and heterogeneous—discontinuous stage. Based on the relationship
between these three deformation stages and the mechanical behavior, a simplified structural model of
the rock specimen can be established. The sketches of the stress—strain curve and structural model
is shown in Figure 5. The characteristics of the structural model in the three stages can be described
as follows:

L (Homogeneous—continuous stage): At this stage, the rock specimen can be considered as a
homogeneous material and an intact object with elastic deformation, and the deformation field
is almost uniform.

I (Heterogeneous—continuous stage): At this stage, the deformation localization phenomenon
occurs gradually, which induces the specimen to become heterogeneous regarding its material
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properties, and the global mechanical behavior begins to display non-linear evolution. However,
the specimen is still a continuous object. An obvious DLB forms in the rock specimen when the
stress reaches the peak point. The rock specimen evolves into a rock structure with a “weak
interlayer”. Thereafter, the mechanical behavior of the specimen will be controlled by the
rock structure.

I (Heterogeneous—discontinuous stage): At this stage, the rock specimen is heterogeneous
regarding its material properties and discontinuous as a rock structure. After the peak stress
point, an interface gradually forms at the position of the DLB. Thereafter, the rock structure
slides along the interface until the stress reduces rapidly and the specimen fails.

G| 1II: heterogeneous
-continuous

1
Ty
i III : heterogeneous
! -discontinuous
I : homogeneous :
-continuous :
0 g
(a) (b)

Figure 5. (a) Sketches of stress—strain curve; (b) structural model.
3.2. Verification of Structural Model

A numerical model corresponding to the proposed structural model in this section was established
using the commercial finite element software ABAQUS. The size of the numerical model was
20 X 20 X 40 mm?. The settings of the numerical model, meshing, and boundary conditions are shown in
Figure 6a. 3D solid elements (C3D8R in ABAQUS notation) were used in this numerical model, which
contained 60,544 elements in total. The numerical model was loaded with a speed of 0.02 mm/min
on the top surface. Equation (1) is obtained by fitting the nonlinear stage of the stress—strain curve
in Figure 2a,

0 =—1.563 +1.86e2 - 0.77¢ + 1109 (4360 < ¢ < 4790p¢) 1)

where o is the stress, ¢ is the strain, and pe (107 ¢) is the micro-strain.

For the finite element simulation, it is assumed that the material remains elastic before deformation
localization begins. The global mechanical behavior enters non-linear evolution, which is related to the
material stiffness mode on the shear band [5]. After reaching the peak value, the stress reduction is
related to the interface sliding of the shear band. Corresponding to three deformation stages of the
presented structural model, the finite element simulation was also divided into three stages. The first
deformation stage of the numerical model was equivalent to uniaxial compression of the homogeneous
material. The elastic modulus of all the elements was 12 GPa, and Poisson’s ratio was 0.25. For the
second stage, the evolution process of the DLB equivalent to the gradual decrease in the elastic modulus
of the elements at the “weak interlayer” position and the other elements were invariant. The law of
elastic modulus decreasing can be obtained by deriving Equation (1). For the third stage of deformation,
the elastic modulus of the elements was the same as that in the second stage. After the DLB formed, a
contact surface was set up in the finite element model to simulate the relative dislocation of the rock
structure under uniaxial compression [41]. The shear strain field of the structural model obtained
using the FEM is shown in Figure 6b. The average loading and average displacement of the nodes on
the top edge of the numerical model were taken as the global mechanical response of the specimen.
The stress—strain curve obtained by the FEM is shown in Figure 6¢, and pe is micro-strain. The strain
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maps 1, 2, and 3 in Figure 6b, respectively, correspond to points of non-linear starting, peak stress and
failure in Figure 6c.

(a) (b)
sor Peak [
—— Load curve eak stress pom’t’ —
P Line marking of g
the elastic state
= 30t
= Failure point
© 20}
Point indicating change
from linear to non-linear
10}
0 L L L L L
0 1000 2000 3000 4000 5000
Strain (ue)
()

Figure 6. Model and simulation results: (a) Numerical model; (b) shear strain field obtained using the
FEM,; (c) load curve obtained using the FEM.

When the weak interlayer with the control effect appears in the rock specimen, the proposed
structural model can be used to describe the global mechanical behavior. The simulation results show
that the proposed structural model can reproduce the linear and non-linear mechanical behaviors of
the rock specimen. Further, the structural model can reflect the process of deformation localization with
the weak interlayer, which has the control effect. Thus, it is reasonable to characterize the mechanical
behavior of the rock specimen with the proposed structural model. However, the proposed structural
model is not suitable for the DLB without a control effect.

4. Conclusions and Discussions

In this study, uniaxial compression tests were conducted on marble specimens. The evolution and
characterization of rock’s global mechanical behavior were studied.

Firstly, for the interrelationship between the global mechanical behavior and deformation
characteristics of the rock specimen, the evolution of deformation localization corresponds to the
process of rock material from homogeneous—continuous to heterogeneous—continuous and then to
heterogeneous—discontinuous. In addition, the reverse of relative displacement on both sides of the DLB
and the sharp increase in the AE index correspond to the beginning of the heterogeneous—discontinuous
stage, which is the critical stage before the specimen’s failure. After the deformation localization
starts, the global mechanical behavior of the rock specimen evolves into nonlinear. Until the DLB
has developed completely, the bearing capacity of rock specimen begins to decrease, then the rock
failure occurs.
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Secondly, the appearance and evolution of DLBs cause the rock specimen to gradually evolve
into a structure with a “weak interlayer”. The bearing capacity of the rock specimen depends on the
mechanical properties of the “weak interlayer”. Therefore, the global mechanical behavior of the rock
specimen has the structural model’s characteristics. The viewpoint of structure control was introduced
into global mechanical behavior characterization of rock.

Thirdly, a structural model was established to characterize the global mechanical behavior of the
rock specimen, and the rationality of the proposed model was verified using the FEM. The simulation
results show that the structural model can reproduce the global mechanical behavior evolution process
of the rock specimen.

Lastly, some discussions on the characterization of rock mechanical behavior are added here.
In practical engineering, rock mass exists in complex conditions. Therefore, based on the idea of structural
evolution, further study on damage evolution and global mechanical behavior characterization of rock
under complex boundary conditions (three-dimensional stress, fluids, temperature, etc.) will be carried
out in the future.
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