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Abstract 
 

As the fundamental research of rock fracture, we have simulated the uniaxial compression 
test of rock using the distinct element method (DEM) and discussed the influence of the slip at 
crack surface to a relative number of AE events. Simulation results agree well with the AE activi-
ties observed in an actual experiment and provide new findings to resolve the disagreement; the 
conventional theories and microscopic observations suggest that tensile cracks cause AE events, 
whereas an abundance of shear AE events is observed in experiments. Our simulation results in-
dicate that the energy released from a tensile microcrack is very small and is most likely buried 
in noise compared with that from a shear crack, which should be observed predominantly, due to 
much smaller tensile strength compared to compressive strength. Further, AE is mainly generated 
from new tensile microcracks when the stress level is low, while the main sources of AE shift to 
the slip at the existing crack surface as the macroscopic failure approaches. That is, the burst of 
AE events during the formation of macroscopic fracture is from the slip occurrence at the exist-
ing crack surface. The results indicate that DEM is an effective numerical analysis technique for 
studying the dynamics of microcracking in brittle materials like rock. 
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1. Introduction 
 

Microcracking in rock is a very important issue in rock engineering, because macroscopic 
behaviors, such as fracture and failure, are strongly controlled by the generation and interaction 
of microcracks [1]. Actual rock specimen contains many pre-existing flaws such as pores, mi-
crocracks and grain boundaries. The fracture process of rock is complicated and sometimes 
shows probabilistic aspects because such microstructures in a rock specimen cause the heteroge-
neous transmission, orientation and magnitude of microscopic forces and moments.  

 
In order to understand the mechanism of microcracking in brittle rock samples, a consider-

able amount of experiment has been conducted by various methods in the past few decades. 
Among them, one approach is monitoring acoustic emission (AE) events caused by microcrack-
ing activity. By using the recently developed high-speed, multichannel waveform recording de-
vice, we can record many waveforms of AE events associated with fracture process in a stressed 
rock specimens with high resolution. Thus, the measurement of the AE is an effective technique 
for studying the dynamics of microcracks [2-5]. 

 
However, even at present, it is still difficult to record the waveform of all AE events gener-

ated in an experiment due to the limitation of storage capacity and recording speed of a measur-
ing device, and the influence of noise. In particular, when the catastrophic fracture is formed in a 
rock specimen, there is a burst of AE events in a short time. Therefore, sufficient AE waveform
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data cannot be recorded by most experimental systems. In addition, though the generation of new 
cracks and propagation of existing cracks seems to be the dominant mechanisms of AE events, 
slipping at the crack surface should also cause AE events. However, it is difficult to distinguish 
AE events caused by slip at pre-existing crack surfaces from those by new cracks. 

 
Hazzard et al. [6, 7] have reported the distinct element method (DEM) modeling for AE ac-

tivity. They presented a technique to simulate AE behavior in brittle rock under uniaxial com-
pression using the commercially available DEM code (particle flow code: PFC) by considering 
the kinetic energy released when the bonds break. The DEM can represent grain-scale micro-
structural features directly by considering each grain in actual rock as a DEM particle. The grain-
scale discontinuities in the DEM model induce complex macroscopic behaviors without compli-
cated constitutive laws [8, 9]. However, one of inaccuracies with the AE produced by their PFC 
model is the narrow range in observed magnitudes and consequently low b-values. According to 
their results, the magnitude of smallest AE events produced by their model is about an order 
larger than the corresponding actual AE monitoring. One possible solution for this problem is to 
somehow consider re-activation of cracks such that seismicity could occur on the contacts where 
bonds had already broken [6, 7]. 

 
Therefore, we have newly programmed our own DEM code that can model the AE events 

generated by the slip at pre-existing crack surfaces, and have simulated the uniaxial compression 
test of rock by using our DEM model. The mechanical behavior in a brittle rock including not 
only generation of microcracks but also slip occurrence at existing crack surfaces can be dis-
cussed in detail. The simulation results are compared with the fracture process deduced from the 
laboratory AE measurements conducted by previous researchers in order to discuss the process, 
in which microcracks are induced inside a rock and result in a macroscopic fracture. 
 
2. Simulation methodology 
 
2.1 Formulation of mechanics of bonded particles 

In this study, two-dimensional distinct element method (2D-DEM) was employed. The DEM 
for granular materials was originally developed by Cundall and Strack [8]. In this section, only a 
summary of formulation for the mechanical behavior of bonded particles will be given.  

 
In 2D-DEM, the intact rock is modeled as a dense packing of small rigid circular particles. 

Neighboring particles are bonded together at their contact points with a set of three kinds of 
springs as shown in Fig. 1 and interact with each other. The increments of normal force , the 
tangential force , and the moment  can be calculated from the relative motion of the bonded 
particles, and are given as 

 (1) 

 (2) 

 (3) 

where, ,  and are the stiffness of normal, shear, and rotational springs, respectively; ,
 and  are normal and shear displacements and rotation of particles;  and  are the radii 

of the bonded particles. A bond between the particles is presented schematically as a 
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(a) Normal spring.     (b) Shear spring.   (c) Rotational spring. 

Fig. 1 Three kinds of springs between two bonded particles. 

 
Fig. 2 Bonded particles model. 

 
gray rectangle in Fig. 2, where, L and D are the bond length and the bond diameter, respectively. 
D is obtained from harmonic mean of the radius of two particles. L and D are given by 

 (4) 

   (5) 

The stiffness of the normal and rotational springs, kn and kθ are calculated using beam theory, 
and the stiffness of shear springs ks is calculated by multiplying the stiffness of the normal spring 
kn and stiffness ratio α [9]. Thus, the stiffness of the springs is given by the following equations: 

 (6) 

 (7) 

 (8) 

ks = α ⋅ kn
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where A and I are the area and moment of inertia of the bonds, and Ep is the Young’s modulus of 
particle and bonds. The moment of inertia I depends on the shape of the cross-section, and rec-
tangular cross-section is assumed in this study. 
 

The normal stress σ and shear stress τ acting on the cross-section of the bond are calculated 
using the following equations. The stress and the strain are positive in compression. 

 (9) 

 (10) 

 
2.2 Microcrack generation and slip occurrence 

When σ exceeds the strength of normal spring σc or τ exceeds the strength of shear spring τc, 
then the bond breaks and three springs are removed from the model altogether. Each bond break-
age represents generated microcracks. A microcrack is generated at the contact point between 
two particles, and the direction of it is perpendicular to the line joining the two centers. 

(Bond break criterion 1)   | σ | ≥ σc   and  σ < 0 (tensile stress) 
(Bond break criterion 2)   | τ | ≥ τc 

 
In the parallel-bond model developed by Potyondy and Cundall [9], the moment acting on 

the parallel-bond (which is expressed as elastic beam) contributes the normal stress acting on the 
particles. This means that the bond breakage is judged by the maximum tensile stress acting on 
the cross section of the assumed elastic beam. On the other hand, in this study, since the spring is 
introduced to restrict the rotation of the particles and used only to calculate the moment acting on 
the particles, the normal stress calculated by equation (9) does not include the moment of the 
elastic beam. This means that the bond breakage in our model is judged by the average normal 
stress acting on the cross section of the assumed elastic beam. This is the difference in the 
mechanism of particle bondage between the parallel-bond model proposed by Potyondy and 
Cundall and our model presented in this paper. 

 
When the unbonded particles or particles with bond breakage are in contact with each other, 

springs and dashpots are introduced into the contact points in both normal and tangential direc-
tions, and compressive normal force  and tangential (frictional) force  act at the contact 
points. The no-tension constraint condition should be satisfied for the springs in the normal di-
rection. If the frictional force  exceeds the critical value , the slip occurs at the contact 
points between the particles and the frictional force  will be replaced. According to the Cou-
lomb's frictional law, the critical value  is calculated by the following equation.  

 (11) 

where  is a coefficient of friction. 
 
2.3 Correlation with AE 

In actual AE measurement, the AE hypocenter can be calculated by the arrival time of the P-
wave first motion and focal mechanisms of AE events are determined from the spatial distribu-
tion of P-wave first-motion polarities [10]. For tensile AE, all sensors detect the P-wave first mo-
tion as compression wave. On the other hand, for shear AE, both compressional and dilatational 
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P-wave first motions are detected. This suggests that the mode of cracking (tensile or shear) de-
pends on the stress state at the crack generation because the polarity of the P-wave first motion 
will depend on the stress state. Therefore, in our previous works [11, 12], the crack modes in the 
DEM simulation are classified by shear-tensile stress ratio |τ/σ| regardless of broken spring type 
(normal spring or shear spring) as follows. 

(Crack classification criterion 1)      |τ/σ| ≤ 1 and σ < 0 (tensile stress)     Tensile Crack 
(Crack classification criterion 2)      |τ/σ| > 1 and σ < 0 (tensile stress)      Shear Crack 
(Crack classification criterion 3)   σ > 0 (compressive stress)              Shear Crack 
 
In this research, in addition to the shear AE and the tensile AE, we have introduced the classi-

fication and the failure criterion for the slip AE in our own code by expanding conventional con-
cept of the DEM [13]. When the frictional force acting at the contact points exceeds the critical 
value, the slip occurs as mentioned in previous section. It is thought that such a slip occurring at 
the crack surface should also generate AE events. Thus, the slip at crack surfaces is added to the 
bond breakage as a possible mechanism of AE event occurrence. Consequently, AE events in the 
DEM simulation are classified by their source mechanisms as follows. 

- Generation of new tensile cracks                Tensile AE 
- Generation of new shear cracks                  Shear AE  
- Slip occurrence at the crack surface              Slip AE 
 
When a new microcrack is generated, the strain energy stored in both normal and shear 

springs at the contact point is released. The strain energy  calculated using following equation 
is assumed to be the energy corresponding to the magnitude of tensile and shear AE event. 

  (12) 

On the other hand, when a slip occurs, frictional force will be replaced by the critical value 
calculated by the equation (11). During this process, the strain energy stored in springs at the 
contact point is partly released. The released strain energy Eslip is given by 

 
(13) 

where Ekbef ore and Ekaf ter are the strain energy calculated by equation (12) at the time step before 
and after slip occurrence, respectively. The released strain energy Eslip is assumed to be the en-
ergy corresponding to the magnitude of slip AE. 
 
3. Rock Specimen Model and the Loading Condition for the Simulation 
 

As shown in Fig. 3, the rock model, which was 10 cm in width and 20 cm in height, was used 
to simulate the uniaxial compression test. The rock model is expressed by the assembly of parti-
cles bonded to each other. The particle radius was chosen to have a uniform distribution between 
maximum radius and minimum radius. The number of particles was 9319. The particles were 
irregularly arranged in positions by using a random number.  

 
The platen under the rock model was fixed and the upper loading platen was moved down-

ward slowly to reproduce the uniaxial compression test. At this time, frictional force was acting 
between the rock model and the platens.  
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Fig. 3 Loading condition for the simulation of uniaxial compression tests. The monitored parti-
cles for the axial and radial strain were located slightly inside from the edge of the rock model. 
The distance between two measuring points is 90% of the rock model width or height. 

 
The axial stress applied to the rock model during the uniaxial compression test was calcu-

lated from total force acting on the upper loading platen from particles and model width. The 
strain is calculated by displacements of the monitored particles. As shown in Fig. 3, four moni-
tored particles for the axial and radial strain were located slightly inside from the edge of the 
rock model. The distance between two measuring points is 90% of the rock model width or 
height. Axial strain ε1 and radial strain ε2 can be calculated using the following equations.  

 
where superscript 0 and t means initial and measuring time, respectively. Plane strain condition is 
assumed to calculate elastic macroscopic parameters, and Young’s modulus and Poisson’s ratio 
were calculated according to the ISRM (International Society for Rock Mechanics) Suggested 
Method [14, 15]. For proper simulation using DEM, appropriate microscopic parameters are re-
quired. Therefore, preliminary simulations of the uniaxial compression test and the Brazilian test 
were repeated beforehand, and the microscopic parameters should be adjusted to represent a cer-
tain macroscopic mechanical properties. In this study, macroscopic mechanical properties of  
Kurokamijima granite are used to calibrate the microscopic parameters. The microscopic pa-
rameters and calibration results are shown in Table 1. 
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Table 1.  Rock model properties and calibration results. 

 

 
Fig. 4  Stress-strain curves. 
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4. Simulation Results 
 
4.1 Stress-strain curves 

Figure 4 shows the stress-strain curves obtained from the DEM simulation. Though actual 
deformation is three-dimensional, this simulation is two-dimensional, and the strain in the direc-
tion of depth is not considered. Therefore, the volumetric strain εv in this simulation is defined by 
using the axial strain ε1  and lateral strain ε2, as below. The stress and the strain are positive in 
compression. 

  (16)
 

Figure 5 shows the relation between the axial stress and the number of AE events. The solid 
line in Fig. 5 shows the evolution of the axial stress. The open, closed and hatched bar diagrams 
in the figure express the number of tensile AE, shear AE and slip AE, respectively. As shown in 
Fig. 5, the number of total AE event increases gradually as the axial stress increases. This result 
agrees well the typical tendency observed in actual rock fracture under compression [16]. 

 
Fig. 5  Transition of the number of cracks and slip with the evolution of the axial stress. 

 

Figure 6 shows the close-up view of the dotted rectangle in Fig. 5 to clarify the activities of 
shear and tensile AE. The solid line in Fig. 6 shows evolution of the volumetric strain. The 
volumetric strain increases (volume of the model decreases) constantly in the initial stage of the 
loading, and gradually changes into nonlinear behavior as the axial stress increases. It is known 
that the dilatancy in an actual rock is caused by the growth and opening of microcracks. When a 
shear crack is generated and slip occurs at the existing crack surface, the tensile cracks develop 
from both ends of the shear crack with large opening of tensile cracks [17, 18]. Then, the volume 
of the model increases, and the dilatancy occurs. As shown in Fig. 6, the volumetric strain curve 
begins to change when the generation of shear AE begins, and decreases (volume of the model 
increases) with an increase in shear AE and slip AE. This result indicates that occurrence of the  
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Fig. 6  Close-up view of the transition of the number of shear and tensile AE (dotted rectangle in 
Fig. 5) with the evolution of the volume strain. 

 
Fig. 7  Spatial distribution of the tensile and the shear AE events generated in each phase. Tensile 
and shear cracks are expressed as closed and open circles, respectively. The diameters of each 
circle correspond to their respective magnitudes of energy. (a) Phase I [Step 1-190 (×104)]. (b) 
Phase II [Step 190-320 (×104)]. (c) Phase III [Step 320-360 (×104)] 
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dilatancy observed in an actual uniaxial compression test can be appropriately reproduced by the 
DEM simulation. 
 
4.2 Transition of the number of AE events and AE source mechanism 

As shown in Figs. 5 and 6, the rock fracture process under uniaxial compression can be di-
vided into three phases (Phase I, II and III) according to the AE activities [5]. Figure 7(a), (b) and 
(c) show the spatial distribution of the tensile and the shear AE events in each phase, respectively. 
The tensile and shear AE are classified and expressed as closed and open circles, respectively. 
The diameters of each circle correspond to respective magnitude of tensile and shear AE ob-
tained by equation (12). On the other hand, Fig. 8(a), (b) and (c) show the spatial distribution of 
the slip AE in each phase, respectively. The diameters of the circle correspond to respective 
magnitude of slip AE obtained by equation (13). The AE activities in each phase are described as 
follows.  
 

 
Fig. 8  Spatial distribution of the slip AE events generated in each phase. The diameters of each 
circle correspond to their respective magnitudes of energy. (a) Phase I [Step 1-190 (×104)]. (b) 
Phase II [Step 190-320 (×104)]. (c) Phase III [Step 320-360 (×104)] 

 
In Phase I, tensile AE initiated at a stress level about 35% of the uniaxial strength. As the ax-

ial stress increases, the number of AE events increases gradually and shear AE also initiated. As 
shown in the bar diagram in Figs. 5 and 6, dominant mechanism of the AE events in low stress 
level was new tensile microcrack generation.  

 
As shown in Fig. 7(a), the energy of AE events generated in Phase I was very small. Al-

though these AE events were widely distributed over the whole model, the density of AE events 
decreased from the center toward the loaded ends of the rock model. On the other hand, no slip 
AE was generated in Phase I as shown in Fig. 8(a). After the tensile crack generation, these 
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tensile cracks opened immediately due to the tensile stress acting perpendicular to the loading 
axis. Thus, the surface of open crack never touched mutually, and slip did not occur.  
 
 In Phase II, in addition to the tensile and shear AE, the slip AE began to be generated. As the 
axial stress increases, the number of slip AE increased further. This result suggests that the 
dominant mechanism of the AE occurrence changes from new crack generation to slip occur-
rence. As shown in Fig. 6, burst of microcracking observed temporarily in this phase, and the 
number of microcracks decreased substantially after each burst of AE. By comparing the AE 
magnitudes and location shown in Fig. 7(b) and Fig. 8(b), it is found that a few shear AE events 
that release comparatively large energy were generated in this phase. The slip AE events were 
generated at the same positions where the strong shear AE occurred. 
 

In Phase III, the number of AE events increased rapidly. A macroscopic fracture was formed 
in a very short time, and the model resulted in collapse. The macroscopic fracture grew toward 
upper left and right from the center of the model. At this stage, 95% of AE events were due to the 
slip occurrence. As shown in Fig. 7(c), the shear and tensile AE concentrated near the center of 
the model and they progressed to both the upper left and upper right of the model along the mac-
roscopic fracture. These AE events were the shear AE and released large energy compared with 
other AE. Moreover, the slip AE events that released large energy were also generated along the 
macroscopic fracture path as shown in Fig. 8(c). 
 
4.3 b-value 

The b-value is defined as the log-linear slope of the frequency–magnitude distribution of AE 
[19, 20]. It represents the scaling of magnitude distribution of AE, and is a measure of the rela-
tive numbers of small and large AE, which are signatures of localized failures in materials under 
stress. A high b-value arises due to relatively large number of small AE events comparing to the 
number of AE events that have relatively large amplitude. A low b-value arises in the contrary 
case. The b-value is calculated by the Gutenberg–Richter relationship [21], which is widely used 
in seismology. The equation is as follows. 

   (17) 

where M is the magnitude of AE event, n is the number of AE events of magnitude M or greater, 
a is a constant and b is the seismic b-value. 
 

In this simulation, the magnitude M of an AE event is calculated using equation (18) as loga-
rithm of the energy obtained by equations (12) and (13), and the b-value was calculated by the 
maximum likelihood method using equation (19) [22, 23]. 

 (18) 

 (19) 

where Mm is the minimum magnitude of AE event.  
 

In this simulation, AE events with extremely small magnitude can be observed. However, such 
small AE events are hardly observed in an actual AE experiment due to the influence of noise. 
For this reason, AE events having magnitude of less than Mm = ‒3.2 were excluded from the cal-
culation of the b-value in this study. 
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Fig. 9. Energy-frequency distributions and temporal variations in b-value. 

 
Figure 9 shows the relation between the magnitude of AE events and cumulative AE events 

with corresponding b-value in each phase. In Phase I, b-value is relatively high at 1.46, since all 
AE events generated are small. In Phase III, b-value decreased to 0.68 as the axial stress in-
creased. This result agrees well with the trend of actual AE measurements conducted by Lei et al. 
[4, 5, 24]. 

 
The strain energy given by equation (12) or (13) is released from the model when a bond 

breaks or a slip occurs. This produces a force imbalance, and subsequent stress redistribution in-
duces an AE event. Therefore, logarithm of the energy given by equation (18) does not directly 
express the magnitude of AE event. However, as shown in Fig. 9, the relation between the mag-
nitudes calculated from equation (18) and the number of AE events appropriately represents the 
tendency of actual AE. This finding suggests that the strain energy given by equation (12) or (13) 
is at least qualitatively valid as a value that corresponds to the magnitude of AE. Moreover, sev-
eral researchers pointed out that the b-value depends on the heterogeneity of rock [4, 5, 19, 20]. 
Therefore, the DEM simulations with various heterogeneous rock models are effective to discuss 
the influence of the heterogeneity on the fracturing process of rock that is difficult to examine in 
experiment. 
 
5. Discussion 
 
5.1 Generation of tensile AE at lower stress level 

During Phase I, tensile AE events were dominant and widely distributed over the whole 
model. This result is in agreement with experiment that shows the major mechanism of the AE 
events at lower stress level being the tensile cracks associated with the initial rupture of pre-
existing flaws [4, 5]. This indicates that the DEM can successfully represent the grain-scale mi-
crostructures such as pores, microcracks and grain boundaries directly by considering each grain 
as a DEM particle.  

 
Figures 10(a-c) show the distribution of maximum principal stress, the minimum principal 

stress, and the maximum shear stress in the model at time step, 71 × 104. The stress is positive in 
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compression. The arrows in Fig. 10(a) and (b) indicate the direction of maximum and minimum 
principal stress, respectively. As shown in the figure, the stress distribution in the rock model is 
non-uniform. This is because the stresses that act between particles are evaluated by using the 
radii of the particles. The radius and position of a particle are generated by random numbers, 
while the microscopic parameters, such as Young's modulus and strength of the spring, are con-
stant. Therefore, the transmission of force becomes irregular, and the stress distribution in the 
rock models is heterogeneous. 
 
 As shown in Fig. 10(b), there are some regions where a relatively large tensile stress exists. 
The tensile AE events were predominantly generated in such regions because the tensile strength 
of the spring that connects between particles is small compared with the shear strength as shown 
in Table 1. Thus, the tensile microcracks are widely distributed in the rock model. However, the 
number of macro-cracks is few in Phase I as the tensile microcracks do not influence each other 
and did not grow further. Figure 10(b) also indicates that the tensile stress at the loaded ends of 
the rock model is lower than elsewhere. According to this stress distribution, the density of AE 
events decreases from the center toward the loaded ends. This is due to the frictional restraints 
between the rock model and the loading platen interfaces [25]. 

    
Fig. 10  Stress distribution at time step 71 × 104. Cracks initiate at this time step. (a) Maximum 
principal stress, (b) Minimum principal stress, (c) Maximum shear stress.  
 
5.2 AE clustering 

Phase II produced a few shear AE events that released comparatively large energy. Addition-
ally, slip AE events were generated at the same position as shear events, previously shown in Fig. 
7(b) and Fig. 8(b). Figure 11 shows the cumulative distribution of all AE events (tensile, shear 
and slip AE) in Phase II. The size of each symbol corresponds to the number of the overlapping 
AE events. We find that occurrence of AE events became active at several points of the model in 
this phase. Such concentration of AE events is usually called “clustering”. 

 
The total number of microcracks increases, intensifying the interaction between microcracks 

in Phase II. Once the interaction becomes strong enough within a certain region, enhancing the 
local stress concentration, new microcracks are generated one after another in the same region 
and an AE cluster is formed [2, 26]. Such a concentration of microcrack generation relieves local 
stress. When stress has been sufficiently relieved in the region, a new microcrack stops forming. 
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After the AE cluster formation, microcracking activity migrates to other clustering regions, and 
many small AE clusters are formed [2]. Thus, many small AE clusters form in Phase II, with at-
tendant reduction in the number of microcracking after each clustering as shown in Fig. 6. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 Spatial distribution of AE events 
(tensile, shear and slip AE) in Phase II. The 
size of each symbol corresponds to the 
number of the overlapping AE events.  

  
Fig. 12  Propagation processes of the macroscopic fracture in four periods of Phase III. Small 
microcracks are ignored. (a) Step 339 × 104, (b) Step 340 × 104, (c) Step 341 × 104, (d) Step 342 
× 104. 
 
5.3 Formation of the catastrophic fracture 

In Phase III, a catastrophic fracture was formed and the model resulted in collapse within a 
very short time. Figure 12 shows the propagation processes of the macroscopic fracture in four 
periods of Phase III preceding the collapse. The solid lines express the fracture, which is repre-
sented by the connection of large opened microcracks. To clarify the macroscopic fracture, small  
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dispersed microcracks are ignored in these figures. Figure 12(a) shows microcracks initially con-
centrated near the center of the model in the region surrounded by the dotted ellipse. Most of the 
microcracks are tensile cracks, and stably propagated in the direction of loading axis.  

 
At the next time step (340 × 104), shown in Fig. 12(b), microcracks were repeatedly con-

nected by sliding and the fracture grew rapidly toward top left (see arrow). Next, at time step 341 
× 104, fracture also grew toward top right from the center (arrow in Fig. 12(c)). Most of the mi-
crocracks generated in these two time steps were shear cracks, and these cracks released large 
energy, as shown in Fig. 7(c). Such concentration of shear cracks is called “shear band”. This 
result suggests that the formation of shear bands is guided by the development of a process zone 
where the tensile microcracks have coalesced into dominant shear cracks in this phase [2, 5].  

 
Finally, as shown in Fig. 12(d), a large wedge-shaped block is separated from the rock model 

by the formation of shear bands. The wedge-shaped block moves downward by the loading in the 
direction as shown by an open arrow, and many tensile fractures propagate toward the bottom of 
the rock model in the region surrounded by the dotted circle in Fig. 12(d).  

 
Numerous slips occurred at the existing crack surfaces due to the impact from the formation 

of shear band, and many slip AE events occurred. Moreover, strong slip AE events were gener-
ated at the wedge-shaped block in the rock model (cf. Fig. 8(c)). This suggests that the burst of 
AE events when the rock model collapsed was governed by the slip of pre-existing cracks.  

 
Numerous microcracks developed in Phase III. The interaction among the microcracks is 

strong and the local stress concentration is very intense compared with the previous two phases. 
Therefore, Phase III is unstable and once a catastrophic fracture initiated at one location, mi-
crocracks joined catastrophically until completely collapse [2, 4, 5]. This process is similar to the 
AE clustering process in Phase II, but the stress level is lower and the interaction among mi-
crocracks is less. Therefore, each AE cluster cannot sufficiently grow.  

 
Since many strong AE events occurs during the formation of shear bands, weaker AE waves 

may be hidden, making it is difficult to locate the sources of all AE correctly in experiment. On 
the other hand, the forming processes of the cluster and the shear band are difficult to evaluate in 
experiment, but the DEM reveals details of such processes. 
 
5.4 Comparison of the energy 

The conventional theories suggest that tensile cracks cause AE events because the number of 
accumulated AE events is positively related to the amount of the dilatancy, and the tensile 
strength of rock is obviously small compared with compressive strength [27]. The microscopic 
observations also revealed that many tensile cracks exist in the rock specimen under uniaxial 
compression, and the shear crack is few [28], indicating the dominant mechanism of AE to be 
tensile crack. Figure 13(a) expresses the spatial distribution of all the cracks generated during 
this simulation. Many tensile cracks were generated. 72% of all the cracks generated in Phases I 
and II were tensile. This is in accord with the conventional theories and microscopic observa-
tions. In AE experiment, many of observed AE events originated in the generation of shear 
cracks [2, 29, 30]. Thus, there is an inconsistency between the conventional theory and the AE 
results. This simulation resolves the inconsistency by considering the energy of AE as discussed 
below. 
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Fig. 13  Spatial distribution of all the cracks obtained during this simulation. (a) A tensile crack is 
shown with a closed circle of same size, (b) a shear crack is expressed with an open circle. Its 
diameter indicates energy magnitude. 

 
Figure 13(b) expresses the spatial distribution of the shear cracks, and the diameters of the 

circles correspond to their respective magnitudes of energy. It turns out that the energy released 
from a tensile crack is small compared with that of a shear crack. Theoretically, the same result 
has been predicted [31, 32]. The present simulation results are consistent with the theory. 

 
Although a large number of the tensile cracks are generated in the simulation, the energy re-

leased from the tensile cracks is small because the tensile strength of rock is low. Such weak AE 
is easily buried in noise and hard to detect in experiment. Lei at al. [2] recorded several thou-
sands AE events with waveforms and more than 50% of the recorded events were located appro-
priately. However, only 10% among the located events have clear P-wave first motions and reli-
able focal mechanism solutions can be obtained from their radiation pattern. It is difficult to 
make clear assignments of the focal mechanisms for other events since some of polarities of the 
first motions cannot be determined due to their vague first motions. In AE experiment, energetic 
shear AE events that can be recorded with clear waveforms are observed predominantly. 
 
6. Conclusion 
 

We simulated the uniaxial compression test of rock using a self-programmed DEM code con-
sidering AE events generated by the slip at crack surfaces. The findings are as follow: 

 
1. The volumetric strain increases constantly in the first stage of the loading, and gradually 

changes into nonlinear behavior as the axial stress increases. The volumetric strain curve be-
gan to change when the generation of shear AE begins. Our research indicates that occur-
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rence of the dilatancy observed in an actual uniaxial compression test can be appropriately 
reproduced by the DEM simulation. 

2. Since extremely energetic AE events occur during the formation of shear bands, weaker AE 
waves of tensile microcracks may be hidden. Therefore, it is difficult to locate all AE 
sources correctly in experiment. The formation of cluster and shear band is difficult to fol-
low in experiment, but can be evaluated in detail using the DEM simulation. 

3. Initially, dominant mechanism of AE events under low stress level in a uniaxial compression 
test was tensile microcracking. As the axial stress increases, the dominant mechanism of AE 
changed to the slip occurrence at the existing crack surface. 

4. The burst of AE events when the rock model resulted in collapse was governed by the slip 
occurrence at the existing crack surface. 

5. The simulation result indicates that the rock fracturing process proceeds in three phases. In 
Phase I, tensile microcracks are dominant. The microstructures of rock such as pores, mi-
crocracks and grain boundaries govern this process. In Phase II, the number of cracks in-
creases and the interaction between the cracks becomes stronger. This induces the coales-
cence of neighboring microcracks and results in clustering of microcracks. In Phase III, once 
a catastrophic fracture initiated at one location, it grows rapidly within a very short time. The 
catastrophic fracturing is guided by the development of a process zone encompassing tensile 
cracks. 

6. The b-value at the beginning of loading (Phase I) is high because all AE events generated in 
this phase were weak. The b-value decreases as the axial stress increases, and becomes the 
lowest at the collapse stage of Phase III. This result agrees with the tendency of actual AE 
experiment. Since the b-value depends on the heterogeneity of the rock, the DEM simula-
tions are effective to examine the influence of the heterogeneity on the fracturing process of 
the various heterogeneous rocks. This is difficult to do in experiment. 

7. The conventional theories and the microscopic observations suggest that tensile cracks cause 
AE events. Many tensile cracks are generated during the rock fracturing under uniaxial 
compression, but the energy released from the tensile microcracks is small because the ten-
sile strength of rock is small. The weak AE is easily buried in noise and may be missed in 
experiment. In AE experiment, many AE originated from the generation of shear cracks. 
This inconsistency can be resolved by considering the energy of AE and shear AE with large 
energy is dominantly observed. 

 
The results of our simulation can explain time-space distribution of AE activity in the course 

of a uniaxial compression test, and agree well with the fracturing process deduced from previous 
AE measurements in laboratory. This indicates that DEM is an effective numerical analysis tech-
nique for studying the dynamics of microcracking in brittle materials like rock. 
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