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Modeling of rock failure based on physical cellular automata
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Abstract: To analyze the effects of heterogeneous material characteristics on rock failure, a micro-heterogeneous

physical cellular automata ( Mh-PCA) model is introduced according to the cellular automata theory from a

general power view. In this model, the neighbor is the Moore pattern and the Weibull distribution is adopted to

simulate the rock heterogeneousness. Using this model, the evolvements and acoustic emission of rock failure are

simulated for four materials of different degree of homogeneousness (m =1,5, 10, 15). The results show that the

heterogeneous characteristic has a great effect on the rock failure, the more the homogeneousness, the fewer the

crack branches and the more concentrated acoustic emissions. The physical cellular automata theory gives a new

idea for studying rock failure.
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The mechanism of rock failure is recognized as
one of the most important aspects of rock behavior.
However, the solution to this problem is still not con-
clusive due to the complexity nature of the rock micro-
structure. Recently, more researchers have identified
that nonlinearity is the primary character of rock fail-
ure'"’, and that the micro-heterogeneous of rock struc-
ture is one of the main difficulties' .

Cellular automata ( CA) was first introduced by
Von Neumann', the world famous mathematician, in
the 1950s, being applied to develop models to simulate
the evolvement of the self-organization phenomenon in
some discrete systems resulting from the nonlinear in-
teraction between cells. Both time and space in CA are
discrete. With the fast development of computers, the
CA method has been used in many fields. In the study
of rock medium related earthquake problems, some re-
searchers have constructed CA models'* ™ to study the
characteristics of earthquakes. However, these models
are mostly based on the spring-block theory, which
cannot take into account some special structure charac-
teristics of rock medium, such as homogeneousness, an-
isotropy etc. Recently, Tan Yunliang and Zhou Hui et
al. =" have proposed a new model known as the
physical cellular automata ( PCA) model. Heteroge-
neousness and anisotropy can be considered in their
models and the chaos during the evolvement of rock
failure can be studied. But in the PCA model, the
neighbor cells of the four-cell neighbor model are few,
and the homogeneousness of rock medium described in
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the PCA model is too rough. It means that the study of
CA in the rock field has just started. In this paper, the
authors attempt to model and analyze the evolvement
of rock failure by using an improved PCA model, the
micro-heterogeneous physical cellular automata ( Mh-
PCA) model.

1 Mh-PCA Model

The Mh-PCA model is a two-dimensional model,
where the cell form is a foursquare lattice, and the
neighbor model is an eight-cell neighbor as in the
Moore model. The mesh is given in Fig. 1.
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Fig.1 Moore neighbor model

In the Mh-PCA model, the object being studied
will be dispersed into N x N cells labeled as (x;, y;)
(i,j=1,2,...,N) on 2-D space. Each cell has two sta-
tuses, intact or destructive, which are marked with 1 or
0 in the simulation program. The variable E(x;, y;, ) is
the generalized energy of cell (x,;, y;) at step t. The
generalized energy is equal to the cell’s elastic strain
energy in the system. Therefore, the initial energy
E(x;,y;,0) is equal to the cell’s initial stress and the
ultimate energy E,, (x;, y;, 1) will replace the utmost
intensity of each cell according to a certain probability
distribution. Finally, we use N(#) to account for the
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number of destructed cells at each step. Because we use
the energy to replace the stress, in each step, the gener-
alized energy input into cells in a certain way can take
the place of the increased stress. To dispose the de-
structive cells, firstly, the energy E(x;, y;, ) in each
cell at step ¢ will be computed and compared with
E. ..(x;,y;,1) as given in Eq. (1).
E(x;,y;, D) ZE (X5 );, 1) (1)
If Eq. (1) is satisfied, the cell begins to fail and
release its energy. The energy of the destruct cell will
be set to zero, that is E(x,, y;, ) =0. The energy re-
leased from the cell will then be transferred to its
neighboring cells, and the energy in each cell will be
redistributed accordingly. If the neighboring cells’ ener-
gy also meets Eq. (1), it can be dealt with in the same
way as above. The repetition will continue until the en-
ergy of each cell is less than its maximal energy. If you
put energy into the system continually, a new computa-
tion will take place.

2 Descriptions of Material Characters

In the Mh-PCA model, two main factors, homoge-
neousness and anisotropy that have significant influ-
ence on the fracture pattern, are taken into account.
2.1 Homogeneousness of material

The homogeneousness of rock material is simply
explained by the fact that at different cell locations, the
mechanical parameters, such as elastic modulus,
Poisson’s ratio, ultimate intensity and so on, also dif-
fer. In this model, we mainly consider the difference in
ultimate intensity, namely, the difference in E,, (x;, y;,
f). As suggested by Tang'”, the ultimate intensity of
each cell follows the Weibull distribution given as

m-1
R P (2)
U
where u is the intensity of material, ¢(u) is the proba-

bilistic density of the cell’s intensity, u, is the mean of
intensity, and m is the degree of homogeneousness. In
Eq. (2), the larger the m, the higher the degree of hom-
ogeneousness is. The curves with different m are given

in Fig. 2.
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Fig.2 Curves of Weibull distribution

In the Mh-PCA model, the simulation of homoge-
neousness of rock material is carried out by evaluating
the ultimate intensity E,, (x;, y;, 1) for each cell in

terms of the Weibull distribution after the lattices are
set. Fig. 3 shows the simulation result, with m equal to
1 and 3 respectively. From Fig. 3, we can see that the
smaller the m, the rougher the surface is. Fig. 4 gives
the statistic of cellular strength.
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Fig.3 Simulation of material with different m. (a)m =1;

(b) m=3
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Fig.4 Statistic of cellular intensity (the number of cell
100 x50). (a) m=1;(b) m=3

2.2 Anisotropy description
Compared with other materials such as metal
etc., the rock material is obviously anisotropic. Ac-
cording to the Mh-PCA theory, when one cell fails, its
energy will be transferred to its eight neighbors. The
energy that each neighbor cell takes from the failed cell
follows Eq. (3).
E(j,t+1) =E(j,t) +w(j, i) -AE(i, 1) (3)
where E(j,t+1) is the energy that the neighbor cell j
can take in at step t + 1, E(j, t) is the energy that the
neighbor cell j can take in at step 7, AE(i, t) is the en-
ergy that the failed cell i releases at step ¢, and w(}, i)
is the contact coefficient between the destroyed cell i
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8

and the neighbor cells j(j=1,2, ...,8), Z w(j, i) =

j=1

1. If the value of w(j, i) (j =1, 2, ..., 8) is not
changed, the material is considered to be isotropic;
otherwise, the material is anisotropic. As a result, the
use of w(j, i) allows a more universal model.

3 Loading Rules

The loading rules in this model follow Eq. (4).
E(x;,y;,1) :E(xi’yj’o) +e(x;, y)t (4
where E(x;,y;,0) is the initial energy of cell(x,, y;),
e(x;,y;) is the speed of energy accumulation, and 7 is
the step of the system evolvement. Different load pat-
terns can be obtained by choosing different forms of

e(x;, ;).

4 Simulation of Rock Failure

4.1 Simulation conditions

In the simulation, the number of cells is 50 x 50,
the value of u, in Eq. (2) is 4, and m is 1, 5, 10 and
15. In addition, &(x;, y;) is set to the constant 0. 05. It
is assumed that the initial press of cells follows even
distribution in the [0, 1] zone, and the energy from the
failed cell is transferred to its neighboring cells
equiprobably.
4.2 Results and analyses

According to the rules and the simulation condi-
tions given above, the simulation results are given in
Fig.5. The results shown in Fig. 5 have indicated the
following: (D In the case of a high degree of homoge-
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Fig.5 Fracture simulations of different m. (a) m=1;(b) m=5;(c) m=10;(d) m=15
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neousness, the failed cells are few before the main
fracture forms, and the branches of the main fracture
are also few, the distribution of which is more concen-
trated; however in the case of a lower degree of hom-
ogeneousness, the number of the failed cells is greater
before the main fracture forms, and their distribution is
more random and not concentrated. (2) The progress of
the rock fracture clearly shows that there are a few
failed cells at the start, and then some microcracks

240
210
g 180
150
g 120
90
2 60
30

0 i i
0 25 50 75 100 125 150175 200 225 250
Step

(a)

240
210
g 180
150
g 120
%0
2 60
30

00 25 50 75 100 125 150 175 200 225 250
Step
(¢)

converge. (3 The macrocrack comes into being. These
results are consistent with the discovery in Ref. [12].
4.3 Simulation of acoustic emission

In the Mh-PCA model, if the cell is in failure, it
will release its energy, and we call this an acoustic
emission ( AE). Based on this theory, the character of
the AE character is also modeled during the rock fail-
ure and the results are shown in Fig. 6.

240
210

5 180
2 150
g 120
2

90
60|
30

0
0 25 50 75 100 125 150 175 200 225 250

Step

(b)
240
210t
5 180
2150}
g 120}
90|
2ol
30+

0
0 25 50 75 100 125 150175 200 225 250
Step
(d)

Fig.6 AE simulations. (a) m=1 (b) m=5;(c) m=10;(d) m=15

From Fig. 6 it can also be found that a larger m
will result in more concentrated acoustic emission. The
reason is that the mode of cell failure is concentrated.
These results are consistent with the failure patterns.

5 Conclusion

In this paper, a micro-heterogeneous physical cel-
lular automata model is illustrated based on energy
theory. Rock failure and acoustic emissions for materi-
als of various degree of homogeneousness have been
simulated. Although the study is preliminary, the re-
sults have validated the known theory that the homo-
geneousness has significant influence on the rock frac-
ture.
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