Cellular Automaton Model
for Subsidence Prediction
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The Problem

*  Movement and deformation processes of ground surface and overburden strata, induced by
underground mining, are affected by extraction volume, spatial relationships, geotechnical
conditions of rock strata and time.

*  Many prediction models and techniques taking into account development of subsidence in time
already exist:

(1) Empirical models based on measurements of surface deformations (profile function models),

(2) Influence Function models with the Time Function based of the Mitscherlich’s “law of growth” (adopted
by Knothe (1953) and applied by Sroka, Jarosz, Karmis, Chang, Wang, Cui, Liu and others to local mining
and geological conditions,

(3) Models utilising the rheological characteristics of overburden strata to derive surface subsidence over
time,
(4) Numerical simulation models .

* Authors analysed possible extensions of existing classical models, particularly in relation to
prediction of dynamic subsidence, and also reviewed a potential of new research avenues offered
by Cellular Automaton (CA) models.



Classical Prediction Methodology

* Profile Function Methods (2D)

* Influence Function Method (2D, 3D & time):
— Subsidence
— Slopes
— Curvatures
— Horizontal Movements
— Horizontal Strains



The Knothe’s model of dynamic subsidence

 The following closed form solution can be obtained for a panel with a mining face
moving toward the point where subsidence are to be defined:
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The above solution introduces the three stages of subsidence development over time:

(1) Subsidence development while the face is advancing with constant speed v (At=0), which
is represented by the first two terms;

(2) Subsidence development after the face has stopped (At >0) and until local maximum
subsidence is reached, which is represented by all three terms;

(3) Final (asymptotic) subsidence, which is represented by the first term only.
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Required Solution

 Determine the subsidence experienced on surface during and after
mining a longwall panel,

* Represent the movement of whole overburden rock mass,

 Take into account:
— Granularity of overburden
— Dynamics of mining extraction
— Dynamics of deformation process
— ...etc



Cellular Automaton (1)

http://mathworld.wolfram.com/CellularAutomaton.html

“A cellular automaton is a collection of "colored" cells on a grid of specified
shape that evolves through a number of discrete time steps according to a set
of rules based on the states of neighboring cells. The rules are then applied
iteratively for as many time steps as desired.”

(Wolfram, S. A New Kind of Science. Wolfram Media, Inc., 2002)



Cellular Automaton (2)

 Collection of cells

e Each cell has a variable
state and neighbourhood

or set of interacting cells ]71 pz ]73

e Set of rules or a program,
which are responsible for
changes of the state with
respect to the
neighbours.

2D example cell neighbourhood



Bubble



Sandbox experiments

Block Caving applications?



Proposed CA Model of Subsidence

The initial composition of air, earth, and the volume to be excavated are represented
as discrete cells in the matrix that may have one on the following states:

Coal — A cell that is part of the volume to be extracted by the excavation process.

Drill — A marker that defines the location of the excavation activity, the conversion
from coal to void, that advances though the excavation volume.

Void — An empty space that percolates upwards though overburden strata,
transferring the excavated space into ground subsidence.

Static Void — A void cell that has arrested before reaching the ground surface, leaving
spaces in the goaf.

Air — Empty space above the overburden.



CA Model Rules

*  Drill cells change state to void. An adjacent cell may be induced to change from coal to drill.

*  Earth cells that are unsupported are compressed downward by swapping places with a static
void or air cell below. An earth cell is defined as unsupported if the cell immediately below, and
at least one cell in the Von Neumann neighbourhood in the horizontal plane, is an air or static

void cell.

*  Void cells randomly select a neighbour cell using a bivariate anisotropic Gaussian probability
distribution. If this cell is an earth cell it swaps places with it. The void cell has a small
probability of arrest and changing state to static void.
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Initial Model

Mining proceeds extracting the blocks representing a coal seam,
one by one, and applying the CA rules at the extraction level
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Initial Results (1)

First tests show some
problems:

* Remnant seams
cells

* Floating cells

...




Adjusted Model

 The whole slice is taken and “replaced” by
overburden, after which the CA rules are applied
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Adjusted Model Results

Presence of floating cells => More adjustments required



Re-Adjusted Model Results

Floating blocks

Floating blocks fixed



Bubble Arrest Factor

Excessive arrest factor



Testing the model (1)
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Testing the model (2)

400 T
350_ ................. ................. , ................. T -
300 .................. ................. 4
250 .................. ................. 4 .. .
200 [--oovereesee e e ! S ] Original (narrow) neighbourhood
150 oo T T S R
100 T T .
SOf R T ———— :

T

P || P2 Ds

408
350
300
250
200
150
100

50

8

50
100
150
200
250
300
350

Improved (extended) neighbourhood

P )2 D3 Py || Ps




Hypothetical Case Study
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Hypothetical Case Study Results

% Influence Method |

My CA Simulation

Comparison od results from:
* Traditional subsidence model (Influence Function Method)
 CA model (cell size 0.5 x 0.5)



CA Model (calculation time)
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Implementation using C++ & MPI

* Original implementation:

Python scripts

* Improved implementation:

Optimised C++
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205,000 cell 2D cross-section model
2,000 cells are extracted coal



Implementation on Supercomputer

30

Implementation on the
“Fornax” supercomputer
(managed by iVEC at the Time

University of Western
Australia):
Number of Cells (millions)
(para”el compul'lng) Linear relationship between number of cells

and simulation execution time
(500 iterations, 30 processors)



3D implementation

A 3D implementation of parallel
processing yielded an 1830.39%
improvement in computation time
when comparing a single thread to
50 processors using MPI.

Simulation comprising of 18 million
cells.

Time (s)
0 100 200 300 400 500 600 700

Single Thread

MPI (50 Processors)




Developed Programs (1)

(&) Cellular Automata Test

1. Animated2D

Animated 2D test program for
visual analysis of CA behavior

2. Animated3D

Animated 3D test program for
visual analysis of CA behavior




2D Animation




3D Animation

® Cellular Automata Test




Developed Programs (2)

L NONG) | | heightmap18.obj

3. HighResMPI

Generates a model file of a 3D
CA simulation using MPI on a
supercomputer



Conclusions

e Cellular Automaton (CA) model of mining subsidence can produce realistic results.

* When developing a new model focus should be on improvement of already existing
solutions. The proposed cellular automaton is an adaptation of a previous model applied in
the study of gravitational flow of materials in mining employing the block caving extraction
method.

* New computational models may allow for better expressiveness. New questions can be
answered. For example, the model could be able to present a particular trajectory of an
individual cell movement; previous models didn’t have this capability.

 Computational models are computation intensive. Despite their appeal, caution has to be
applied when using computational tools. Tests indicate that the increase in the resolution of
the model implies an exponential increase in execution time, however it has to be noted that
new supercomputers could and should reduce this barrier.

* Also, the educational aspect of applying new computational models should be considered.
Mining engineering students could and should be exposed to better mathematical and
computational training.



New Research Avenues

* Limitations of the currently proposed model, using homogeneous cell elements,
could be removed to provide more realistic representation of overburden strata.
Similarly, the use of non-homogeneous neighbourhoods could improve the realism
of the model by allowing representation of geological features.

* Dynamic aspects can also be analysed and studied using the proposed framework.
Individual cells can be followed and new information such as their speed,
trajectory and relative movement could be generated.

* The ability of CA to produce “noisy” subsidence profiles gives it an advantage over
traditional models and may produce results that are much closer to the reality.
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