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ABSTRACT

Bifurcation theory is applied to study the phenomenon of
water inrush from an aquifer into an underground opening.
To reach the opening, water must travel through a soft
impermeable layer called "protective layer", such as clays,
marls. Inrushes occur when hydrofracturing of this
protective layer takes place.

Earlier studies were based on an iterative calculation of
one phase models of the rock water interaction. Such models
can essentially be used for forecasting but hardly for
inrush control purposes. In this investigation, bifurcation
theory, a branch of modern mathematics rooted in topology.
is used. This approach can model processes characterized by
sudden jumps such as sudden transition between microseepage
and water inrush. A specific aspect of bifurcation theory,
called catastrophe theory, is used to model the inrush
phenomenon. The study includes:

- a brief review of catastrophe models and applications

- a presentation of analytical model of the water
inrush phenomenon

-~ apprcaches of model fitting to empirical data
~ some practical byproducts of the investigations.

First, the surface supporting the state trajectory is
depicted; similarities between this surface and a cusp
catastrophe surface are pointed out. Then, the potential
function of the cusp catastrophe surface is given as &
bimodal density function of mine water inrush yield. A
statistical fitting of this stochastic type of catastrophe
model to empirical data is then undertaken: procedures for |
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model fitting and data processing are given. Results of
fitting the present model to empirical data are provided.
Finally, some byproducts for practical applications, in
particular, qualitative considerations leadlng to actual
control decisions, are discussed.

INTRODUCTION

The phenomenon considered in this study is mine water
inrush from an aguifer through an Impermezakle layer into

a mining opening. Mining experlence, laboratory findings
and analysis of the process of water inrush show that the
phenomenon begins as a water microseepage. After a strong
and sudden change of the water conductivity of the Imperme-
able layer, a water inrush starts. The possibility of
modeling the mine water inrush using catastrophe theory is
investigaged. The paper presents:

. A description of the mine water inrush phenomenon
and a background on mathematical modeling efforts
to date

. the limitations of the earlier model and the
necessitiy for improvements

. the main questions which we would like the model
to answer

. a brief discussion of bifurcation thecory with special
consideration of a stochastic approach to the cusp
catastrophe model

. approaches for a new inrush mcdel using catastrophe
theory

. the procedures for empirical data processing and
trials for model fitting

. recommendations concerning the possibility of using
bifurcation theory and suggesticns for further
investigation of water inrushes

. some practical byproducts of the theoretical
investigations on process control.

WATER INRUSH MODELING

Terminology

The terminology on mine water inxush process is illustrated
in Fig. 1.

The protective layers are soft clays, marls and even hard
rocks. In the proteciive layers there often are tectonic
faults, and/or fissures caused by mining cperations.
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The aquifer may correspond to a saturated sandy soil,
karstic or other fissured rock, an abandoned and flooded
mine; water may also come from any surface reservelr
}lake, river, sea/.

Existirg Models

Water inrush is provoked by a mechanica%ﬁfnteraction
between the rock and the water systems

The general differential eguations of energy and impulse

transport and mass balance of the rock-water system cannot
be sclved in the casne of mine water inrushes because they
contain empirical parameters and functions which are, for
the most part, unknown. Therefore, the prccess can only be
modeled step by step using successive one-phase approxi-

mations of the two-phase process [water and rock movement/

The steps for reaching a solution are as follows:

2, Describe and model the onset of seepage in the
protective laver.

b. Model the widening process of the fissure caused by
the effect of water. [fa/ and /b/ are the so-called
partial models.

c. Develop an approximate model of the complete water
inrush process uaing the partial models

a, Modeling the Onset of Water Inrush

In this step, the two~phase process of rock and water
movement is approached as the one~-phase process of water
movement. The results of extensive investigations of
empirical data suggest that the start of the inrushes
can be determined by a threshcld wvalue of the hydraulic
gradient I;.

11

This value is called the threshold gradient of the
protective layer, because it is not equivalent to the
threshold hydraulic gradient of seepage I_ . In~
vestigations [B] show that I_ < I%; consegfently, micro-
seepage and/or small inflows may  occur, where inrushes
do not.

The threshold gradient of the protective layer {I” ) have
to be expressed as a random variable conditioned ~on rock
stress, exploration borehole network and thickness of the
protective layer. The most important factor is the rock
stress {7].
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Fig. 2 shows the empirical probability density functions
(pdf} p{3y and distribution functions (DF) F[J) for
different protective layers in Hungarian mines [7]. These
probablility functions give us the expected number N of
water inrushas in a given mining operation as:

N =N, - Fﬁ;) 127

or for a given value of the thickness of the protective
layer (m) a threshold vaiue of water head fs”} and its
distribution function FéSaﬁcan also be used:

N =N, - F(8)) 134

where N, is the number of the water inrushes without pro-
tective layer.

Laboratory experiments on hydrofracturing of protectivs
layers and field experiments on reservoir~-hydrofracturing

in petroleum industry [20] show that the relationship between
the mean value of the hydraulic threshold gradisnt I and

the mean value of the minimal normal rock stress o _ can

be approximated by a linear function with proportignality
constant ¢ for a given interval of o.

o= cI; l4/

and using Eq. [1f
&

o= el 151

For a given thickness m of the protective layer,
letting

i6f

where s; is the threshcld value of the water pressure for
a given thickness (m) of the protective layer.

b. Fissure Widening Process [Piping Process/

Approximate analytical models of rock mechanics have been
used in which the force exerted by water was taken as a
constant. Salient results of these approximate analyses
are as follows.

The most important factor in the widening of fissures

during the first phase of widening is the static water
pressure [7].
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1f the statlc water pressure pe<o |where %uin is the
smallest principal component of r@éﬁ pressure?, the
fissures cannot be opened, and water inrush does not
occur /but microseepage and small inflows may be present/.
If pr» O, , the fissures may be subject tc a widening
which wTiT be a function of p, o, and the rock pro-
perties. In soft clays, static water pressure can open
hairline tectonic fissures to a width of several milli-
meters which is sufficient for the begimning of inten-
sive water flow. During the intensive water flow, alsc
called the second phase of widening, Bobok and Somosvari
[15] have shown, that the dynamic action of pure water
may be neglected whenever chemical effect /defloculation/
E cannot occur. Therefore the most important dynamic
effect is usually the erosion effect of solid particles
[B] 1in the water flow.

In those cases where the agquifer is in loose sand, the
clays have practically no hydraulic resistance. But in
cases where the aquifer is in solid rock such as a karstic
limestone, the clays with the same material properties
have a hydraulic resistance which is overcome only by the
widening of fissures; then only the loose granular zone in
the tectonic fissures of the protective layer can be
eroded by water.

Approximate Model of the Mine Water Inrush Process

Two cases will be considered

/1] Once water inrush begins, the resistance R_ of the
protective layer is eliminated. P

/ii1/ The protective layer continues to offer a known
hydraulic resistance after the start of water inrush.

According to the analyzed field data and laboratory tests
[7% inrush occurs whenever

p=4s - T>o. : 177
in which ig the specific gravity of water.
As & first approximation, seepage is taken as time in-
variant and two sets of static hydraulic parameter values
are considered: the first one describes pre-inrush
conditions, and the second, conditions following inrush

commencement.

c. A Simplified One-Phase Model of the Phenomsnon

For given stress conditions, protective layer thickness
and stationary seepage flow the model is glven asg Bﬁﬂ
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s -5 =4 vhen 8 < s; Imicroseepage/ {8af

s = &t'q + p'qz when 8 » a; /water inrush/ /8b/f

where « and $# are the hydraulic parameters before water
inrush, and &' and @' are the parameters during and after
the water inrush. & and 8 are determined by the initial
parameters of the protective layer because ths hydraulic
resistance of the aquifer R, is much smaller than the
resistance of the protectivs layer Rpl‘ ’

R, <« Rpl 19/

Therefere, pricr to an inrush occurence, the initial
process is a microseepage through the protective layer.

In the case when

R, =o,

pl
«' and @' are the parameters of the aquifer.

As Fig. 2 shows, s‘l is given by a distribution function
F(s;) in a given 18terval.

L3
2 flo!
min max

] £ 8
o

[T

Consequently, “"inrush® and “"non~inrush® cases are
simultaneously occurring in the interval defined by all
Eq. [10/f.

The number of inrushes is given by Egq. f2) or Eq. /3] and
the number of non-inrush cases by:

¢ s
Ny = N, 1 - Fua) 111/

Mining experience shows that the state variable is subject
to & relatively sudden change of Jjump governad by the
aforementioned fissure widening procass.

Becausz of the inhomogenity of rocks both in the reser-
voirs and protective layers, & , ', and 8 and &' axe
randem variables. The randomness ¢f the microseepage Eagq)
cannot be observed directly. The distribution of in-
rulhsskfor given values of 8 and m ars given by empirical
data ¥ (9). theoretical snalyses and empirical data show
that the distributicn of inrush yileld arnd the water
conductivity can be gpproximatad by lognormal probablliity
functions [12, 13].

35/
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A Simplified Two-Phase Model

a. State Variable

The state variable 1is the yield of the mine water inrush,
because it is the only variable which can be directly
measured.

b. Control variables

The two most important control variables /for a given
thickness m of the protective layer/ are, respectively,
the water pressure characterized by head s and the rock
stress characterized by the mean value of the minimal
vertical rock stress ahin'

c. State Transition

The state transition function is, for a given thickness m
of the protective layer, Eg. /5/, that is:

1 L]
cﬁin ¢ 5y
together with Egs. [8a/ and /8b/. A gqualitative
representation of the state transition surface can be
seen in Fig. 4 in the space {q. in’ s).

d. Density Function of the Stats Variable

As discuszed in Sectiun “Approximate Model of the Mine
Water Inrush Process” the state surface represents only
average values of the state variable. Because of the
inhomogenities of rock parameters, the state variable
must also be characterized by a probability density
function of all possible states, as follows:

Pa) = PJa) * (F(s3)+ B'(a) - (1 - F(s))) 112

where P_{g), P'(q)ﬁ F(s') are functions of 9 and
[for a Jiven constant vglue of m/

If s < 8
“min

#

P(q} = P _{q)

if 8 » s,
max

P(g) = P'{qa}

P(g) is & locally bimodal density functiocn.
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The sizes of micropores and the large {issures are

all characterized by lognormel density functions U?ja
conseguently the density functions of the yield of
microseepage and of the inrushes are 4lso characterized
by lognormael density functions DZ, 13} .

According %o the akove considerations, the bimodal
denslity function of ths state variable are illusztysted
in Fig., 8. Two variants of the gtate varisble sre

presented:
CaHE &. state varizble ie g
case b. state variable lg lg q.

MOOEL GOALS

A new mine water contsrol nethod L& beinyg ﬁmug‘cpéﬂ in
Hungary, whose eszence ig t :

rock~water /mechanical/ inte
tayer [5, 83. For studying
managﬁﬂq other wine o«
is needed. The ona-phasz &P
diractional nge of tha state var¢ub1

pro
and

Lg new m&hgad

pmst
T

I¢ is
based e

that only bettex &f”‘imp 2 pUNSAwﬁllV

@
i1

meantine, an &ppy@ximata m&th%matiaﬁl

mode] collapge two control variables into ons
presents & sudden Jump may be of any help.

hematical modal of sudden Jumps, catastrophe

2 to be well sulted even in the presence of
vers (11l . Let us present @ brief iatro-
-2strophe theory with emphasis on the cusp
catastrophe model which pos g2sses one state variable,

APPLIED CATASTROPHE THEORY

The mathematical basis of cztastyophe theory was
originally developad by Thom {&GJ as a2 means of classi-
fying singularities of differentiarvle functions. For
most differentisble functions inveolving three variables,
Thom’s theorsm states that the set of critical points is
composed of folds, cusps: and ordinary points; similay
stataments cen be made for functionz of from one to six
varianies. The theorem itself is of littlﬁ_ lp for
modeling purposes, as Sussman and Zahley t}ﬁf int out,
sinca the stacement 18 very general and does not predict
the sxact behaviour of the process being modeled.

in othsr work, howaver, Thom ;{}63 and faeman ﬁ%j have
proposed that many natural processes invelving one state
variable and two contrel variables display dynamic be-
haviour which <an be modeled with the ranoniecal potentizl
function

[N
A
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hi1

£ = 1/4xY + 172ax% + bx 13/

in which a and b are control variables and x is a
state variable. Thom and Zeeman then assert that these
processes tend to evolve toward states in which Eq. [13/
is minimized.

Minimization implies that, at equilibrium, for fixed a
and b, values of x will tend to that set of points
given by:

af . o . o3
ax 0 X~ 4+ ax + b /14/

This solution get forms the cusp manifold in three
dimensional space [see Fig. 5/.

Zeeman [19] has defined four qualitative characteristics
which, if displayed by & system, suggest that a model
based on catastrophe thecry might be appropriate:

/1] The behaviour of the process is bimodal over part of
the system's range, with “sudden” changes occuring
hatween levels of the state variable.

/2] Transition between levels of the state variable
occurs at different levels of the control variable,
depending on the direction in which the control varisbles
are moving /hyateresgiz/. Values of the control variables
at which these transitions occur form the bifurcation set
in a-b space.

{3/ Intermediate values of the state variable between the
two extremes do not occur or are improbable. This
corresponds to the middle sheet on the cusp, i.e., &
reglon in which the critical pointe sre unstable maxima.

{4! Finally, if the process is such that the control
variable a is not constant over the time pericd in
which the control variable b and the state variable =x
change, for small perturbstions in the initial vaiue of
%, large changes in the behavicur of the system [called
divergence / are pouasible,

All the asbove features are skeiched in Fig. 5.

For multimodal diatributlions, Cobb {2] has developed
stochastic catastrophe models which may be of use in our
study.

Examples of Application

There &re three principal groups of applications of
catastrophe models. The first group of examples contain
gualitative catastrophe models for describing economic,
psychological and political processes.

Reproduced from best available copy



IMWA Proceedings 1982 A | © International Mine Water Association 2012 | www.IMWA.info

In such gualitative models, the two control variables
are always conflicting factors.

The potential function f /Eq. 13/ in these gualitative
applications may be a likelihood function, a bimodal
density function or a cost function [in an eccnomic
catastrophe modslj.

The second group of examples contain mostly catastrophe
models for mechanical movement where the state transition
functions are given by solutions of well known differ-
ential zguations. Use of special mathematical trans-
formations which of these well-known state transition
functions lead to catastrophe surfaces.

The third and smallest group of esxamples contains
catastrophe models of various complex and poorly known
processes such as phytoplankton growth and die off [4].
For these cases the modeling procedure is as follows:

. specifying the differential equations for modeling
the investigated process

. transforming the differential equations into a form
which is eimilar to the differential eqguation for a
known catastrophe.

Considerations for further applications may be summed up
as follows:

. The two control variables should be conflicetin
factors.

. The underlying function f which models the sudden
state change may be a density function.

. A mathematical model common to a number of mechanical
systems subject to sudden jumps is determined by two
conflicting factors and one state varisble; it is often
represented by the cusp catastrophe model.

The steps necessary for achieving the goals mentioned in
Section "Model Goals™ are:

.  Specification of the parameters /sztate variable, cont-
rol variables, function £/ of the water-inrush processz.

. Comparison of the mathematical model of the water
inrush process with a catastrophe surface.

+« Determination of ths catastrophe function which vislds
the best numericszl approximation to smpirical water in-
rush data,

35y
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THE CUSP CATASTROPHE MODEL QF MINE WATER INRUSHES

The Variables
The state variable is the water inrush yield q or lg .
The two contyel variablss are: the head s, and the
minimum normal rock pressure ¢_. These two varlables
are conflicting facteors. The o¥her variables, such as
layer thickneszeg m and rock properties, are conszidered
to be constant.

The Potential Function

The function £ is the bimodsl denzity function P{g)
given in Egq. 17 and represented as Filg. 6fa or 6/b.
This fungtion £ iz determined empirically.

However, the rock-water mechanical interaction changes
the parameters of all density functions by widenﬂqg and
closing the fissures in the protective layer [J, &) .
This iz the reason for the difficulties in determining
the catestrophe surface by minimizing the function

f (8fldg = Og.

Comparison Between the Proposed Approach and Previous
Hodels

The comparison of Plg. 4 and Fig. 5 appears that the
mine water inrush procesa shows the four main features
of the cusp catastrophe surface. Thesse are: bimodality,
sudden Jumy, bifurcation and hysteresis.

The hysteresis cen be detected by laboratory experiments
ﬁﬂ and it also appears under mining conditions, when
the increesing of the rock stress stops the small in-
rushes.

Let ve present some other investigations on the gualitative
similaritiez bhetween the mina water inrush state surface
and the cusp surface.

Ag hypothesized befcre, the water inrush process is
reprzsented by & rock stress variable o, a water move-
ment varlable 8, and the state variable g /Fig. 4/. The
state variable surface repressents only the mean valuss of
the yield g, and two mean value functions for the thres-
hold gradient of the protective layer /one for opening,
and the other for closing the fissures/. This schematic
surface of the mean g values seems to resemble to a cusp
catastrophe surface. We muat see if the density function
f exists.
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Let us examine a surface section for a constant value
of @ /Fig. 5/ with density functions P(g) of g being
represented for some given value of s8: the pointa where

g_gjg)' G give us a manifold curve similar to a zection
of 2he cnsp catastrophe surface ﬁﬁ.
Using trznsformation a the variables
Q=19 g §=1lgs 1184
the equation [12/ modiflied as follows:
g @) =p 9 q) - DF'G6NI - p09p) -[-rG"]
1164

As mentioned before p{g) ls lognormal distribution,
consequently PQ is a normal one. The transformed curve

dHQ(g}l = g'[r:—%ﬂ"q.ﬂ -0 1171

give better similarities to the mainfeold curve of ths
cusp catastrophe model [Fig. 6/b/.

TRIALS FOR FIXING THE MODEL
Data Frocessing

As & result of a century long mining activicy under heavy
karstic water hazard, data for about 800 karstic watey
inrusghes sra availabee.

Ooriginal obsarvations were taken on the vield of in-
rushes (g} or the location [x, ¥y, z coordinates/ and
mining conditions /longwall face, shortwall face, head-
way dreining/. The original observations and the borehols
datz made it possible to determine the thickness and
quality of the protective layer (m) and water head (s}.

There were onlv a few direct measurements on the rack
stresa conditions, but records of mining depth p”*tnc@‘:e
layer thickness {m)} and type of mining act gvity fslze of
cpenings/ made it possible to determine approximately the
average value of the minimal vertical rock stress in the
middle of the protective laver /between the mining op
and the reservoir rock/. Specifically, to acoompli
task, 2z Zinite element model was fitted to mining
observations,

Data on Microssepage and Small Inflows

There wire no direct obsarvaticons on microseep
small inflows 2ecause this phenowmenon was not
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from the viewpoint of mining operations. Thsse events
were denoted as "nothing has happened" or "zerc data”.
But the protective layer thickness (m), the water
head (8), the mode of operaticne /size of openings/,
the depth of the operations {z}, are known everywhere,
even when "nothing has happened”. Consequently the
average vertical rock stress may also be determined
uging the abave mentionad finite difference model.

The poseibls numbey of “zero data® is given by Egq. [1if.
The zerc data axe located in those mining fields, wherxre
karstic caves and fissures are covered by & protective
layer which prevent water inrushes from occuring. Since
the precise mine sites with "zero data” are not known
to begin with, & simuiation was run to assign the sites.
A number N_ of inrushes given by Eq. fll/ was assumed.
For each mgninq field the parameters (s, o) of this
field were used as parameters of zero data.

The data on yields (g)were also obtained from z statisz-
tical distribution of vary small values of ¢g. Two
approaches were used for model fitting: first, con~
ventional regression analysis and second, a multimodal
density function.

The model used for regression analysis was the following
parameterization of the cusp surface:

5(& S a(aiga)ﬁ -A)+ bldz, ¢) =0 /1é/
a(3s, 5) rcu €1z %13 = ‘]
- + | 11e/
H
b{aE, F) Cyy C,, Cyq g J

Bere 4, as, and & are g, 4%, and O normalized to zero
mean and unit variance to preserve computational accuracy.
The parameter A is the "location® parameter and indicates
where the cusp singularity occurs. The constant § is a
concentration parsmeter, and indicates how concentrated
the data is in the vicinity of the cusp surface. The
larger §, the more concentrated the data. Negativa ang
zZero values of indicate that the cusp model is in~
appropriate for the data [2] . Néte that this model is
similar to that discussed in [9), except the trigono-
Wetric functlons hsve been replaced by constants and the
location and concentration paramsters have been included.

Although no ®"goudness of fit" tests exist at present for
statistical estimates using catastrophe models, infersnces
can be drawn from the mean square of ths difference
between the data points and the estimated inrush /mean
square error/. In sddition, a small or negativs value of
will indicate that the cusp model was not appropriste for
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the data.

In Table 1, the means, variances, and number of data
pointas for all the mines and the total TATA, total DOROG
and total mines regressions are listed. In Table 2, the
corregponding mean square errors for all the mines
considered are listed, as well az land £.

The second approach uszed to analyze dats leans on the
fact that the system function £ is given by a pdf in

Eg. 13. We propose to use functions of the form

2 - sax) Je) 120/

€= variance K@ = pnormalizing constant

® 4
£ =K, exp (-Y‘(x - 2bx

which can be used to describe a process thought to be
governed by a cusp probability law [2}. Unfortunately,
however, statistical estimators for these processes assume
constant values of b and a, which in the case of the
minewater inrush data is obviously not occurring.

For these cases, b and a would be parameters for the
distribution, similar to the mean and variance for the
standard normal on the locaticn and shape parameters of
the gamma.

Though the computation of the second approach has not
completely finished yet, an analytical presentation of

the fold curve concerning the surface g-s ig also
presented based on the equations [16/ and [17/.

3?’(‘13 g%] . PuCg q) Fes) + P;(lg o - F(s;)]
39
+Pe p, (ga) + [L-rGD] 2 Qs @) -0 f21

s ~(170-t}
& I 3 S
rapy <[ § G e “| (35 - =)
_[ig:oé‘-lﬁi_
e 1.2

'
P T 123/

[tlg:-l -ngr
e ™ j24/
P&)ﬂ Yy & 1.2

The above /22/ and {24/ equations are based on the
empirical data of DOROG coalfield, Eq. [23/,the distri-
bution of microseepage is an estimated function.

The Eq. /22f can be expreszed in form of an approximated
polinom.
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Let us briefly present two possible practical appli-
cations of this remark:

1. According to the existing Hungarilan Mining Safety
Regulations, the size of the water barrier pillars
must be determined by using a preset value of
threshold hvdreulic gradisnt fnot depending on the

rock stress condition This regulation walue had

been determined by empirical data on mining actiwvity at
2 depth of 100 to 200 msters | dju The procedure leads
to axtremely large sizes of water b iy pilllars at
depth of 400 to 300 meters where new mines are going to
be openad. The Eg. /4/ points the way to reducing the
size of water barrier pillars at the greater mining
depth.

. In some Hungarian coalflelds /Balinka, Dudsr, Var-
alota/ the layers located bstween the ccal layers and
lowe* karstic limestone aquifer consist of z series
of impermzable clays and water-bearing sands, as shown
in Fig. &/a.

m’tﬂ [

The karstic water inrusheg are often initiated by in-
rushes from nearest water-bearing sand /in Fig. 8/. The
sudden drop of the water pressure in agquifer a, [caused
by the water inrush/ increases the differential rock
pressure between the aguifers a, and a and a water 1in-
rush cccurs from the aguifer a,. The p%ace 55 MAy
continue step by step, and findlly a karstic water inrus!
will have cccurred.

For cases when 4 g“?limﬁnavy lowering of the karst water
level i3 not possible because of the necessity to proteci:
karstic water balance, the only was of reducing the risk
of karstic water inrush may be to contrel the water
pregsure in the water-hearing sands.

According to the former approach —~ having supposed that
the threshold gradient 13 not dependent on the rock
stress -~ that 1s, J, = const, the optimal rate of water
level lowerint in ﬁgnds has to be determined by the
equation:

[see Flg. 8/bL/, because undsr these conditions the rikk
of water inrxush from elther one of the &quiferg is
constant,

Taking into sccount that the threshold gradient of the
protective aavers depends on the rock stress, that iz,
Jrj S uo ag inrdicated in the curve in

a, waz as min
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F(s®) = w000 Peg N is - gy -1 j2s!
= B : i |
°f ZF 60 Hw 0 617 1 oriGnen

using the Egs. [23/, [24/ and {25/. The BEg. [21] is
expressed as follows:

s ; o 2net .y (495 -1-toa)
wod T g S" [(§ ~10 ‘) “ {-1) _é;"gﬁwé-—(gq - 772 .
600 V277 L \ "V nl (Znefd L 0BT
o (5 los-7 - e )2 3
lgg -lge 8 , o e = 0»3,—}—-—--——L~»— f -
a vz ar Voy s o ) J
o - (gs + 6 . 7 e}aﬁg_ﬁéﬁ_“g@_@_
06 /7 96V27 [26]

Though Eq. [26/ illustrates the difficulties of the
analytical transformation of this equation into the
canonic polinom of the fold curve given by the cusp
catastrophe surface, the Fig. 7 also shows the Eg. [26/f.

It is a fold curve indeed, which seems to be similar to
a canonic form of the fold curve. Perhaps more other
transformations should be made for a better model
fitting.

Though & cusp surface of the zimplified model of the
mine water inrushes has been presented, and the
mathematical difficulties of the model fitting may be
eliminated, scme practical difficulties are also
existing . These are ag follows:

. There are no direct observations on the microseespage
Jzero data/.

. The data on rock stresz are only estimated ones.

. The indicated and estimated data are concerning only
a relatively small area of the process space.

SOME FRACTICAL BYFRODUCTS

Investigations presented so far represent only the first
steaps of the catastrophe modeling approach. Yet, certain
features may already be used for a qualitative design of
the process control system.

The approach presented in Sections "Approximate Model of
the Mine Water Inrush Process” and "A Simplified Two-~
Phase Model” pointed out that the threshold gradient of
the protective layer depends on the rock stress [Bg. 4/.
Consequently, the protective laver thickness and water
barrier pillar thickness must not be determined by the
same value if the threszhold gradient of rock stresses are
varying.

L
o
ey
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a2

Fig. 7c, the equal fand minimal/ risk may be reached
under the conditions:

J J J
a, a; &

Comparing the two conditions, it can be seen that the
new approcach determines such rates of water level
lowering that give us a lowsr risk of karstic water
inrush. On the base of this approach [9] proposals were
prepared on increasing the efficiency of mine water
control for Varpalota coalfield.

It is not clazimed that only the approach presented herein
can lead to thisz more effective control method, however,
the practical applications presented above provide an
example of bifurcation theory approach leading to
practical qualitative consequences soconer than any other
possible approach.

CONCLUSIONS

The qualitative similarities between the probabilistic
catastrophe model and the two-phasa model of mine water
inrushes have appeared.

The f£itting of the canenic cusp surface to the empirical
data of mine water inrushes shows difficultiea which are
as follows:

. abscence of indicated data on microseepage /"zero data®/
. the data on rock stress conditions are only estimated

. the avallable empirical data are concerning a relatively
small area of the process space.

The phencmenclogical analyeis on the two-phase process of
the mine water inrushes concarning the bifurcation mcdels
gives some practical profils.

Though earlier experiments show dependence between the
rock stress and the threshold hydraulic gradient of the
protective layer, the practical conseguences mentioned
in Section "Some Practical Byproducts® have appeared for
the author as a conszequence of the analysis presented in
this paper.
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Table I ~ Means and vVarilances of Control and State
Variables for Mines Estimated Using

Regression
q 48 o
Mine Mean Variance Mean Varlan+t Mean Varian- N
ce oe
'S

TATA3 1.85) 30.12 | 7.86 3.45) 3.54 .20 13

TATAG G.82 2.04 7,448 4.231 6.6% .43 61

TATAL4 0.87 1.60 7.03 4.691 8.37; 18.3% a2

TATAST 0.841 10.49 7.13 2.99) 6.%9 6.67 1 59

ALL TATA'4 2.031 80.37 7.14 4.12] 6.90% L1.0§% 7 195

DOROG 1.98] 52,16 [ 17.30 42.72117.90} 80,34 83

DOROLO 0.886 2.04 §.89 8.101{15.64] 11.30 i1

DORCL2 1.13 2.40 | 28.30] 10.61135.86¢ 74,22 44 %

DOROLS 11.471666.06 | 29,06 1.86|31.67115%.¢0 B
"IDOROLT 2.461 11,13 14.56f 2%.511 9.131 17..98 23

DOROLI Q.16 0.04 {37.72 8.07{57.64] 87.13 21

DOROCS 2.891 54.40 7.97 17.3311z.747] 31.41 54

DOROEB 4.321 73.00 4,01 6.8l 4.86 4.58 9

DOROER 0.64 1.02 1 27.78 0.7213%.88) 10.27 8

DOROTA 3,49 44.53 3.57 5.701 5.88 7.68 42

ALL DORO'% 2.561 57,21 § 16.11 126.54119.741247.99 1 348

ALL Minesi 2.461 €7.93 111.870 78B.71{13.40}129.13 520

Reproduced from best available copy



IMWA Proceedings 1982 A | © International Mine Water Association 2012 | www.IMWA.info

366

Table 2 - Estimated Parametersg and Mean Square Errors

ine A P HMSE
TATA3 1.85x10™% 3.77x10’ 0.729
IrATAS 1.29 : 1.37xl0t 3.07
TATALL 1.05 : 5.90 2.41
TATAST 7.60x10" | s5.95x10° 2.18
ALL TATA‘s | 0.379 2.83x10° 1.03
PORO 6.86x10"1 2.85x10° -
hORO1O s.90x107t 1.09x10° 2.10
PORO12 9.49x10™} | | 2.51x10t 2.14
BOROLS 2.62x1072 . | 2.17x10° 0.193
HORGL? 3.86x107% - 6.89x10° 1.15
bOROLY 5.15 4.92x10"° 7.67
bOROCS 3.95x107 | 6.23x10° 0.814
DOROES 1.25x107% 2.31x10° 0.500
HOROER 3.33x307F - 4.66x10° 2.04
DOROTA 3.29x107F - 4.80x10° 0.941
hLL DORO’s | 5.71x10™} 1.57x10° 1.33
ALL Mines = | 6.33xio™t 1.46x10° 1.43
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