16TH INTERNATIONAL CONGRESS FOR MINE SURVEYING, BRISBANE, AUSTRALIA, 12-16 SEPT 2016

Using Fuzzy Logics to Prioritize Replacement of
Mining-affected Water Supply Systems

Agnieszka A. Malinowska*

AGH University of Science and Technology, Cracow, Poland

*Contact: amalin@agh.edu.pl

Abstract: The presented research was focused on the
development of a GIS-integrated fuzzy system for evaluation of
hazards, with water supply networks, relating to the continuous
deformations of a ground surface due to mining. The presented
solution is based on the fuzzy logic and the spatial analysis
method. An assumption was made that the sections of water
supply system, which are especially endangered due to mining-
induced continuous deformations, can be identified. The
proposed solution accounts for the density of spatial
development and the significance of a given section of the
network. The developed method could be used for identifying
those sections of water supply system, which should be replaced
in the first place. The prepared fuzzy model enables equipping
the evaluation algorithm with integrated variable inferences
related both to the resistance of pipelines to hazards generated
by continuous ground surface deformations and to the density of
spatial development. The developed scaled model was eventually
integrated with the geographical information system. The
application of the developed model is presented in the example
where the sections of water supply system, hazarded with the
planned mining activities, should be replaced in the first order.

I. INTRODUCTION

Water supply systems are a very important element of
technological infrastructure in strongly developed areas.
Depending on the medium, which is transported through the
pipelines, the risk related to potential damage of the system
varies. When toxic or flammable substances are transported,
human health and life may be in danger when a failure
situation occurs. Even if the transported medium is not
environmentally hazardous, the potential failures may become
noxious and bring about some discomfort to the inhabitants.
Therefore, protection and monitoring of linear objects used
for the transportation of toxic substances is of top importance.
Breakdowns are rare, which is directly connected with the
detailed stocktaking for such objects. The management of
such objects should be focused on the protection and
prevention against potential breakdowns. The cost of security
and monitoring of the systems, e.g. gaseous pipelines, is
considerable. The management of a lower-rank linear
infrastructure is different when it comes to the prevention
against potential failures. The evaluation of the risk of failure
is performed only within those areas, where significant
surface deformations may occur (Geertesema et al. 2009,
Griin 2004, Kalisz 2007, Kowalski and Kwiatek 1995,
Malinowska et al. 2014, Malinowska and Hejmanowski 2015,
Mendec et al. 1997, Talsenick and Baker 2008, Zhao 2005).

On this basis the most failure-prone pipeline sections are
selected. In practice, they are replaced. This broadly applied
approach is aimed at minimizing the disturbance relating to
the use water supply systems. Depending on the number of
households hazarded with the lack o water due to a failure, the
pipeline section to be replaced should meet the following
criteria:

- Most hazarded with potential surface deformations,
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- Object of great significance (e.g. the main section),

- Supplies water to a great number of households.

A team of sanitary engineers and persons responsible
for predicting potential surface deformations make each
decision about the pipeline replacement. It is a complex
and labour-consuming process, burdened with a high level
of subjectivity. In Poland, the problem of the water supply
systems breakdowns is ascribed mainly to the areas
staying under the impact of mining activity. Costs
incurred in relation to the pipelines infrastructure failures
may amount to half of the total costs of damage done by
underground mining. Hence, the improvement of
evaluation of pipeline hazard has become a significant
notion. In Poland the approximated solution (Knothe
1953, Mendec 1997) is most frequently applied for
evaluating hazard of water supply systems.

This is a general method with a low level of variability.
In this approach, the surface deformation hazard is
expressed as predicted horizontal strains, and the pipelines
resistance is associated with the material, technical
condition, number of compensators and the number of
connections. The surface hazard has been classified with
respect to terrain categories, depending on horizontal
strains. The higher is the terrain category, the more
significant is the hazard. The resistance of water supply
systems is expressed by the resistance category,
depending on the number of points obtained by a given
water supply system section in relation to the criteria
listed above. The greater the resistance category, more
resistant to breakdowns is the water supply system
section. The comparison of terrain categories with the
resistance category allows for determining whether the
given value of horizontal strains, which a given section is
able to carry, will be exceeded. If the terrain category
exceeds the resistance category, a given pipeline section
may break down. The presented solution is the only
method used in Poland for mass evaluation of hazards to
the water supply system located within the mining

territories.  Unfortunately, this method also has
disadvantages:
- categorization of the water supply systems

management leads to extensive generalization of the
results,

- the anticipated continuous surface deformations are
divided into terrain categories, while the information on a
specific value of horizontal strain is omitted,

- the results from the water supply system resistance
evaluation greatly depends on the specialist assessment
carried out by construction engineers. Scoring ascribed to
four criteria is decided on arbitrarily in a given range.

- the significance of a given water supply system
section is not considered, which is connected with the
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type of the distribution, household
connection),

- the density of spatial development is not considered (the
number of households, to which water is supplied).

According to the disadvantages mentioned above, an
attempt was undertaken to develop a universal method, in
which not only the pipelines resistance and the risk arising
from the ground surface deformations, but also the significant
of the system and density of spatial development could be
accounted for in the evaluation of water supply systems

hazard.

pipeline  (main,

II. RESEARCH METHODOLOGY

The studies employ two mathematical tools: fuzzy logic
and multi-criteria spatial analyses. The first stage of the
research was to acquire a representative set of data, on the
basis of which reliable modelling could be performed. The
data acquired for the studies have been characterized in
chapter 2.1. The next stage of the research lied in working out
a fuzzy inference system for determining the risk of pipeline
failure, based on the hazard of continuous deformations
occurrence on the surface (2.2). Another stage of the research
was to specify the significance of risk factors, which had an
influence on the noxiousness of use of the water supply
system (chapter 2.3). Multi-criteria tools were applied for this
purpose. The research was closed with the resulting map of
risk, indicating sections of pipelines especially vulnerable to
failures, accounting for the noxiousness of their use (2.4). The
correctness of the performed modelling was verified by
comparing modelling results with places, where the damages
to the water supply system were actually observed.

A. The Research Area
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The research was carried out within the mining area of
one of the Polish underground hard coal mines. There are
213.5 km of pipelines embedded into the research area.
The water supply systems are made of the following
materials: 50.8% of pipelines (pipes) are made of steel,
while the remaining ones are made from plastics (PE and
PVC). The failure rate of the system (the number of
failures/km/year) has remained at the same level for
several years, i.e. 0.4 (+/- 0.1). The system vulnerability is
caused mainly by intensive mining exploitation performed
within this area.

1) The Water Supply System - Characteristics

The research was carried out on these pipeline sections,
which pass through the mining-induced area. There are
two water supply systems located within the subject
mining area, with a total length of 69.54 km (Fig. 1):

- The municipal network, 16.465 km long; in 77% it
consists of PE, in 22% from steel and in 1% from cast
iron. The pipelines diameter is of 40-1000 mm, and
compensation is installed on 1/5 of the pipelines; the
technical condition of the pipelines is good or average in
82%, while the remaining sections have a high level of
vulnerability to failures,

- The industrial network, 52.975 km long, in 60% from
steel and in 40% from PE. The pipelines diameter is 400-
7000 mm, and their technical condition is average or poor
(mainly steel pipelines, installed more than 25 years ago),

- Each of the analysed water supply system sections
was ascribed its resistance with the approximated point
method. The resistance points (0-100) represented the
resistance of the system. The higher is the number of
points, the weaker is the object.

Legend
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FIG 1 - Water supply system - material types

2) Continuous Surface Deformations

Intensive exploitation was carried out within the research
area generating significant continuous deformations of the
ground surface. The surface deformations have emerged
after ten years. Each section of the water supply system was
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ascribed the following surface continuous deformations
along the object’s axis, on the basis of geodesic surveying or
modelling (directional deformations ¢, Fig. 2 a) and
maximum deformations in the main directions (€yax and €y
, Fig.2 b).
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FIG 2 - Directional deformations a) distribution of the main deformations
b)

Some data related to failures of the water supply system
were collected within the exploitation period. This
information was used for the verification of the created
procedural algorithm.

B. The Interference Fuzzy Model

Fuzzy logics have been applied in world studies since the
1960s (Zadeh 1965). At the beginning it was applied mainly
for image processing, complex processes control or
computer decision-making processes in industrial sectors.
Currently, it is applied in almost all areas of science, not
only in technology.

The presented fuzzy model is an alternative to the
evaluation method based on a comparison of terrain
categories with the pipeline resistance category
(Malinowska et al. 2014, Malinowska and Hejmanowski
2015). The uncertainty resulting from the subjectivity of
expert's evaluation or incomplete information about data can
be accounted for in the proposed solution. What is more,
thanks to the use of the inference block, the presented
hazards can be presented as a variable (hazard due to
continuous surface deformations is connected with the
resistance of the water supply pipelines).

In this model the following dependent variables decide
about the failure hazard of water supply system:

e Directional horizontal strains (ea) described by five
membership functions for linguistic values: very low
(VL), low (L), medium (M), high (H), very high
(VH)(Fig. 3),
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FIG 3 - Membership functions for a linguistic variable 'directional
horizontal deformations'

e Difference between the main strains (Egl-Eg2)
described by five membership functions for linguistic
values: very low (VL), low (L), medium (M), high (H),

very high (VH)(Fig. 4),

VL LM H VH
1 (x)

£91.Eq2 mm/m

FIG 4 - Membership functions for a linguistic variable 'difference between
the main strains'

e  Vulnerability of pipelines (VP) characterized by four
membership functions for linguistic values: very low
(VL), low (L), medium (M), high (H)(Fig. 5).

VL L M H

H(x)

VP Point No.

FIG 5 - Membership functions for a linguistic variable 'vulnerability of
pipelines'

e A starting variable of the model is the pipelines failure
hazard (R), for which the following membership
functions have been defined for linguistic values: lack
(La), very low (VL), low (L), medium (M), appreciable
(A), high (H), very high (VH)(Fig. 6).

La VL L M A H VH
()
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FIG 6 - Membership functions for a linguistic variable 'damage hazard of
linear object’

Within the inference block, these variables are combined
in the rule base (Table 1). It creates a four-dimensional
space with an input variable 'failure hazard of water supply
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system'. A logic operator between the variables - the
difference between the main strains and directional
horizontal strains - is the ‘or’ operator.

The extent to which the inference block premises have
been met is evaluated with the PROD operator. The
subsequently activated premises allowed for determining the
degree of meeting the conclusions. The model employs the

risk of damage of the pipelines (Re (0.100), Fig. 8) can be

defined.

TABLE 1: RULE BASE OF DEPENDENCES BETWEEN PIPELINES
VULNERABILITY AND DIRECTIONAL HORIZONTAL STRAIN, AND THE

DIFFERENCE BETWEEN THE MAIN STRAINS

PROD fuzzy implication operator. Accumulation within the
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FIG 8 - Evaluation of failure hazard of water supply system with the use of a fuzzy model

C. Determining the Final Risk Factors

The fuzzy model, presented in the previous chapter, can
be used for evaluating hazards relating to continuous
surface deformations and their impact on water supply
networks. The modelling results are presented in the form
of rasters or vectors. However, specifically for the fuzzy
model, neither the significance of a given section of the
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pipeline nor the density of spatial development can be
accounted for in the decision process. These are key
factors, which should be taken into account during the
damage management process within the water supply
systems. The use of pipelines in areas undergoing
deformations is very difficult. Hence the repairs or
replacements of most vulnerable pipeline sections should
be well coordinated. The hazarded sections of water supply
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network to the majority of households, should be secured
or replaced first. Therefore, the final risk map was worked
out on the basis of the following three risk factors:

- risk points from the fuzzy method,

- significance of water supply system,

- density of spatial development.

1) Risk Points in the Fuzzy Method

This is a response to the threat arising from the planned
exploitation in a given zone. The degree of hazard of the
water supply system in the research area was 20 to 100
points (Fig. 8). The most vulnerable sections of the pipeline
have been marked in intense red. This is a decisive factor in
the evaluation of failure hazard of the water supply system.

2) Significance of Water Supply System

Depending on the function of the pipeline, it has been
divided into three categories: main, distribution and
household connection. Such a division results directly from
their diameters. With the increasing diameter of the
pipeline, the number of potential water recipients increases
too. Within the research area, the diameter of the pipeline
remains 32 to 1000 mm (Fig. 9). The research area was

dominated with distribution pipelines, 69% of the whole
population of the examined water supply system. The
remaining pipelines are: household connections 14%, and
main pipelines 17%.

3) Density of Spatial Development

The detached houses prevail in the research area. The
majority of buildings located within this area were one- or
two-storey detached houses, and utility buildings. There
were 8400 buildings recorded in the research area. The
most intensive residential development was found in the
south-western part of the research area. The representation
of spatial density was demonstrated with a point density
map. The housing density map allowed for demonstrating
both intensely developed areas, and also areas with only a
few buildings (Fig. 10). The development intensity problem
is highly significant in the case of the water supply systems
management. The endangered water supply system
sections, supplying water to the intensely developed areas,
should be replaced first. The reclassified map of density of
development was ascribed values of 0 to 100. The higher is
the development density, the ‘“warmer’ is the colour on the
map.

Legend

Pipeline diameter, mm
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FIG 9 - Division of the water supply system with regard to the pipelines diameter
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Legend
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FIG 10 - Point density map

4) Assessment of Replacement Priority of the Water Supply
System

A priority map of replacement of pipeline sections was
worked out on the basis of three risk factors relating to the
continuous deformation hazard of water supply systems, its
significance and density of development. The spatial
development of each factor was transformed into the raster
form. All rasters adopted values within the range of 0-100.
The resultant map was developed with the use of the Weight
Overlay function held in consideration. It is a mathematical
tool, thanks to which the probability of occurrence of a
phenomenon in a function of many factors can be calculated.
Each of those factors is weighted, depending on its
significance. The following weights were ascribed to rasters:
Risk points in the fuzzy method - 0.72

Density of spatial development - 0.19

Significance of water supply system - 0.09
The weight model was performed with the AHP method
(Saaty, 2008). The weighting correctness was confirmed
through the verification of the consistency index, which
amounted to CI=0.034 and consistency ratio (CR=0.059).
According to Saaty, the matrix of weights is defined
correctly if the CR is lower than 0.1 (10%). The consistency
ratio was less than 10%.

The final results are presented on a raster priority map for
replacement of the water supply system sections. The values
on the resultant map range from 0 to 100. The higher is the
value of a water supply system section, the higher is the
probability of its failure (Fig. 11)
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FIG 11 - A final priority map of replacement of water supply system sections
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Within the researched population we may select a group of water system
supply sections, which should be replaced first. About 18% of the water
system supply sections adopt higher risk points than 70. For the majority of
water supply system sections, the risk of failure is lower than 50% (Fig.
12).

Pipeline Risk Points = 493574.7399"normal(x; 55.21; 15.0685)
700
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Count
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FIG 12 - A histogram with distribution of risk points for the water supply
system

The presented prioritization method allows for
identification of these sections of the water supply system,
which should be protected or replaced first.

1. SUMMARY

The proposed solution may be summed up in the
following manner:

1. The result of the presented algorithm is a continuous
interpretation of risk determined on the basis of qualitative
and quantitative variables relating to the continuous
deformations of surface, resistance, significance of the water
supply system and density of spatial development.

2. Significance rank correlation could be performed for
particular variables thanks to the use of multi-criteria
methods.

3. The result of the analysis has been presented in the
form of points adopting values from zero to 100. The higher
is the number of points, the higher is the probability that a
given section may become damaged under the influence of
surface continuous deformations, and that the failure will
affect a considerable number of households. The higher is
the number of points, the more significant is the need to
replace a given water supply system section.

4. The presented solution contributes to the improvement
of water supply systems management in areas transformed
by the underground mining activity. The boundary risk
value, for which a decision on the replacement of a given
section should be made, may be assumed arbitrarily,
depending on the local conditions and funds allocated to
mining damages in a given year.

The presented algorithm will significantly contribute to
the improvement of the water supply systems management
in the areas staying under the influence of continuous
surface movements. The proposed solution may be applied
successfully in other areas, which are affected by the
negative impact of surface continuous deformations, where
the pipeline infrastructure is endangered.

ACKNOWLEDGEMENTS
Acknowledgements. Research project funded by the
Polish National Science Center (NCN), grant No.
2011/01/D/ST10/06958

REFERENCES

Geertsema, M, Schwab, JW, Blais-Stevens, A, Sakals, ME,
(2009).Landslides impacting linear infrastructure in west central British
Columbia. Natural Hazards Volume: 48, Issue: 1, pp 59 — 72,

Griin, E, (2004).Challenges in the realization of mining planning. IMC
2004 — International Mining Conference Procedings, Aachen 2004,

Kalisz, P, (2007). The impact of mining on the water pipelines reliability.
Scientific Papers of The Silesian University of Technology, Vol. 278, pp
191—200 (in Polish),

Knothe, S, (1953).Equation of the final profile of subsidence. Archives of
Mining and Metallurgy, t.1, z.1, Warszawa (in Polish),

Kowalski, A, Kwiatek, J, (1995).Terrain surface and buildings protection
endangered by underground mining.PrzegladGoérniczy, Vol. 4 (in Polish),

Malinowska, AA, Hejmanowski, R, Rusek, J, (2014). Model of damage risk
assessment of buildings and infrastructure due to surface deformation and
decision support algorithm in terms of preseving public safety. Report of
the research grant No. 2011/01/D/ST10/06958 (in Polish, unpublished
material),

Mendec, J, Kliszczewicz, B, Wytrychowska, M, (1997). The terrain surface
and the buildings protection against mining damages.Rules for the
protection of water supply and sewerage against the influence of
underground mining. Wyd. GiG, Katowice (in Polish),

Saaty TL, (2008). Decision making with the analytic hierarchy process,
International Journal of Service Science, Vol. 1, No. 1, pp.83-98

169



