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Abstract. The present research is aimed at a critical analysis of a method presently used for evaluating failure
hazard in linear objects in mining areas. A fuzzy model of failure hazard of a linear object was created on the
basis of the experience gathered so far. The rules of Mamdani fuzzy model have been used in the analyses. Finally
the scaled model was integrated with a Geographic Information System (GIS), which was used to evaluate failure

hazard in a water pipeline in a mining area.

1 Introduction

Water pipelines localized in active mining areas are particu-
larly hazarded with factors which may potentially evoke ad-
ditional strains. Previous work shows that such factors in-
clude: seismic tremors, landslides, and continuous and dis-
continuous deformations of terrain due to underground ex-
traction (Kalisz, 2007; Knothe, 1953; Kowalski and Kwiatek,
1995; Kwiatek and Mokrosz, 1996; Mendec et al., 1996;
Mokrosz and Zawora, 1997; Szadziul, unpublished data;
Talesnick and Baker, 2008; Zhao et al., 2005). Therefore,
the failure-prone zones hazarding the pipelines, need to be
managed because of the potential risk they bring. Depend-
ing on the significance of a given object, various evaluation
methods are used for assessing the risk in particular situa-
tions. In the case of objects, whose failure may threaten the
general safety and well-being of people, the applied methods
are both time-consuming and very costly. Among the most
frequent methods of the strain modeling is Finite Element
Method (FEM; Zhao et al., 2005). Another approach is appli-
cable when the linear objects are numerous and their failure
may be only noxious for the users. In this case the applied
estimation methods allow for a quick but approximated esti-
mation of hazard. Unfortunately, approximated methods are
inaccurate, and still time consuming. Therefore an attempt to
work out a fuzzy model for assessing hazards caused by con-
tinuous deformations acting on linear objects was made. This
model is integrated with GIS which significantly accelerates

and simplifies the evaluation and reporting about the zones
potentially threatened by underground extraction operations.

2 Background

2.1 Pipeline hazard estimation — approximated point
method

In Poland, the strength of water pipelines in mining areas is
evaluated with the point method. This method was created in
the 1950s and has been commonly applied by the coal mine
industry. This method offers an approximated evaluation of
failure hazard of pipelines and consists of three stages:

1. resistance evaluation of water pipeline (expressed as re-
sistance category (Table 1);

2. prediction of continuous strains hazard with Knothe
function theory (expressed as terrain category) (Knothe,
1953);

3. comparison of terrain category with pipeline resistance
category.

The resistance of the pipelines is assessed on the basis of
four risk factors, and each of them is ascribed a certain num-
ber of points. On this basis the pipeline is given its category
of resistance to horizontal strains. The higher is the number
of points, the lower is the resistance category. A low resis-
tance category means that a linear object is vulnerable and
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Table 1. Resistance classification of water pipelines — point method.

Hazard factor

Number of points

Matter PE 0-10

Cast iron or steel 10-15

PCV 15-20

Asbestos 20-30
Compensation Pipe sleeve 0-10

Compensators 10-20

No compensators 20-30
Type and number of connections <1 connection 100m~1 0-10

1-3 connection 100 m—1 10-20

3-5 connection 100 m—1 20-30

> 5 connection 100 m—1 30-40
Technical condition Very good 0-10

Good 10-20

Acceptable 20-30

Poor 30-40
Number of points 0-24 25-48 49-80 >80
Resistance category 4 3 2 1

Acceptable horizontal strains [mm m_l] 9.0

6.0 3.0 15

prone to surface strains. In this case the probability of a fail-
ure occurrence is higher.

The terrain hazard is defined on the basis of predicted
horizontal strains and tilts (Knothe, 1953). Then the terrain,
where continuous deformations are possible, is categorized.
Six categories have been distinguished depending on the in-
tensity of predicted maximal horizontal strain & max:

[y

. 0 (¢ max € 0-0.3mmm™1);

I (¢ max € 0.3-1.5mmm~1);
Il (¢ max € 1.5-3.0mmm™1);
11 (¢ max € 3.0-6.0mmm~1);

IV (¢ max € 6.0-9.0mmm~1);

© g M~ w DN

V (e max>9.0mmm-1).

The terrain categories are compared with pipeline resis-
tance categories and on this basis the ultimate assessment is
made.

2.2 Estimation of continuous deformation hazard in
linear objects — shortcomings

The method used in Poland for evaluating hazard with con-
tinuous deformations in linear objects is very simplified. The
assessment lies in finding objects where, the resistance cat-
egory is exceeded by the terrain category (Fig. 1) (Szadziul,
unpublished data).
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Figure 1. Example of the course of a linear object through terrains
of belonging to different terrain categories (0, I, I, and 111 represent
different terrain categories, with 111 being the most hazardous).

The practical application of this method has been exempli-
fied below. A water pipeline belonging to the first resistance
category is deposited in a ground of category 0-I11 (Fig. 1).
Horizontal strains of terrain in that zone range between
0.1mmm~1 (0 terrain category) to 45mmm=1 (I1l terrain
category). The pipeline can withstand horizontal strains un-
der 1.5 mmm~1 (Table 1), therefore is hazarded in the terrain
belonging to the Il and 11 terrain category.

The major shortcoming of the presently applied method is
discretisation of the described hazard. Moreover, the resis-
tance of pipelines is defined in a very general way. Two sec-
tions of water pipeline (5 m from each other) can be evaluated
as hazarded and not hazarded. Such discretisation creates se-
rious problems to the organization responsible for safety in
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Figure 2. Hazard evaluation of water pipeline with point method
(yellow dotted line: endangered part of the pipeline, red dot: ob-
served damage).

mining areas, which have to make decisions about possible
hazards and replacements of particular pipeline sections. As
visualized in the presented example, the congruence between
actual failures and places of potential hazard is low (Fig. 2).

Another problem lies in the lack of direct connection be-
tween terrain categories and pipeline resistance categories.
Moreover, the present methodology is burdened with high
uncertainty stemming from a number of factors including: in-
complete information about the mining-geology conditions,
incorrect modeling of continuous deformations, subjective
evaluation of pipeline resistance; and, incomplete informa-
tion about pipelines. This prompted the current study to iden-
tify other solutions, which would increase the efficiency of
evaluation of pipelines hazard in areas staying under constant
deformations of terrain.

3 Modeling of pipeline hazard with fuzzy logic

The analyses were focused on assuming additional risk factor
for the assessment of pipeline hazard and developing a fuzzy-
logic model based on risk factors.

Fuzzy logic has been used in analyses since the 1960s
(Zadeh, 1965). Initially it was used in industry for image pro-
cessing, complex processes control, and computer-aided de-
cision making. In the subsequent years attempts were under-
taken to implement fuzzy theory in social systems, economy
and even medicine. In environmental sciences fuzzy theo-
ries were used for evaluating hazards which could be gener-
ated by selected natural elements (Adriaenssensa et al., 2009;
Bojorquez-Tapia et al., 2002; Busch and Maas, 2006; Gheo-
rghe et al., 2000; Liu et al., 2005), e.g. for evaluating the
landslide hazard (Lee, 2007), and evaluation of environmen-
tal elements in the aspect of their degradation (e.g., hazard
evaluation of a river ecosystem, loannidou et al., 2003). It
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Table 2. Rule base.

HSM/HSR
0 | 1l I 1\
L VL M H VH EH
4 L La La La VL L M
v 3 VL La La VL L M A
2 M La VL L M A H
1 H VL L M A H VH

should be emphasized that in a majority of cases the fuzzy
analyses were supported by GIS tools. The present work rep-
resent the first time fuzzy logic has been used for assessing
hazard assessment in pipelines placed in mining areas.

The first stage of creating a reasoning fuzzy system was
determining input and output variables of the model. Basing
on the studies by Malinowska et al. (unpublished data) two
variables regarding the linear objects hazard were defined:
predicted maximum horizontal strains (HSM € (0,9)) and the
difference between predicted major strains in two directions
(HSR € (0,18). Another linguistic variable was the sensi-
tivity of linear objects (V), expressed as resistance points
(V €(0,100). The failure hazard of a linear object expressed
in the point scale (R € (0,100)) was the output variable. This
variable can be used for determining the failure hazard of a
pipeline in points. The space in which these variables were
analyzed was assumed on the basis of extreme values ob-
served in the mining areas in Poland. Then the linguistic val-
ues were defined for each of the variables (Table 1): very low
(VL), low (L), medium (M), high (H), very high (VH), ex-
tremely high (EH).

Pipeline vulnerability was described by 4 linguistic vari-
ables: very low (VL), low (L), medium (M), high (H), very
high (VH).

Hazard of pipeline failure was characterized by 7 linguistic
variables: lack (La), very low (VL), low (L), medium (M),
appreciable (A), high (H), very high (VH).

Each linguistic value has a defined fuzzy set described by
a characteristic function. The information which could de-
scribe the characteristic function is very limited, therefore
authors assumed a triangle shape of the membership func-
tion for fuzzy sets. The membership functions were modeled
based on the following assumptions:

1. characteristic points of the membership function are de-
fined on the basis of limits of terrain category and resis-
tance category,

2. membership functions meet the unity condition.

Then, a rule base was defined on the following assump-
tions (Table 2).
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Figure 3. Surface of fuzzy model (V vs. HSR).

1. If the terrain category is higher than the resistance cat-
egory by two or more grades, the failure hazard is seri-
ous.

2. Ifthe terrain category is equal to the resistance category,
the failure hazard is very low.

Fuzzy modelling was realized with the use of the Mandami
dependence. The degree to which the premises in the infer-
ence block have been met was evaluated with the product op-
erator (PROD). The successively activated premises allowed
for determining the degree to which conclusions have been
met. The last stage of fuzzy reasoning lied in determining the
output function of rule base conclusions. The output mem-
bership function was defined on the basis of membership
functions of particular conclusions of rules in the accumula-
tion process. The accumulation in the model was performed
for the SUM operator. The output membership function ob-
tained in the course of inference was used for determining
a sharp output value representing this set in the most reli-
able manner. Defuzzification was performed with the gravity
center method. On this basis a surface was created, allowing
for the evaluation of pipeline hazard with continuous strains

(Fig. 3).
4 Model application

Modeling of pipeline failure hazard is supported by GIS pro-
gramming. This is of special significance in predominantly
urbanized areas, where the water network is extensive. It
should be stressed that a sound evaluation of the failure haz-
ard with GIS can be done only when reliable data about
the resistance of the pipeline and the expected deformations
which may occur in the study area are available (Fig. 4).

In the proposed solution based on a fuzzy model hazard
in pipelines can be determined in a continuous manner, for
each segment of the pipeline (the length to be defined arbi-
trarily). The pipeline can be ascribed a point value of failure
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Figure 5. Evaluation of failure hazard of a pipeline performed
with a fuzzy model (yellow dotted line: endangered part of the
pipeline, red dot: observed damage, line with the blue intensive
color-predicted high risk of pipeline damage).

risk (R €(0,100)). The pipeline sections marked in intense
colors are more endangered with failures (Fig. 5). The con-
gruence between actual failures and places of potential haz-
ard is high.

Organizations responsible for water pipelines are free to
define the limits of risk points, for which the hazard is very
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high. The proposed maodel can be used for evaluating hazards
in other linear objects, such as gas pipelines, when parame-
ters have been adapted to the local conditions.

5 Summary

In a fuzzy-set based model the uncertainty resulting from
the subjective evaluation of experts or incomplete data can
be accounted for. The applied solution increases the effi-
ciency of estimation of a water pipeline hazard. Moreover,
thanks to the application of the inference block, the hazard
can be presented as a continuous variable, which seems to be
very advantageous compared to other methods. The compar-
ison of modeling results with actual observations of damaged
pipelines revealed a considerably higher accuracy using this
new method. In addition, the presented method of a failure
hazard evaluation for water pipelines seems to be readily and
easily integrated with geographic information systems.
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