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ABSTRACT

This study presents an attempt to apply the AHP (Analytic Hierarchy Process) method
for the determination of the most beneficial concept of development of a barrage.
The main focus of the analysis was the influence of the civil engineering structure
on various elements of the environment. The AHP method was applied to analyse the
influence of specific scenarios on environmental elements and on the overall objec-
tive. Basing on the analysis, local and global priorities were determined for individual
elements of the created decision tree, which allowed us to select the most beneficial
scenario. The scenarios referred to the existing hydraulic structures located on the
rivers Gtomia, Gwda and Prosna. In order to verify the obtained results, calculations
of the consistency of the importance evaluations for specific criteria were performed.
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INTRODUCTION

Barrages on water courses are usually erected
to serve several purposes: to dam water and to be
used for power generation, for flood protection,
to use water for business purposes or to increase
depth for shipping. The selection of the appro-
priate variant of the constructed object that will
meet the investor’s expectations and at the same
time will have the lowest environmental impact
is a difficult and complex task. It requires the
evaluation of numerous processes and conduct-
ing analyses. The evaluation of the environmental
impact is very complex due to numerous issues
that need to be taken into account. The most im-
portant ones include the influence of the structure
on surface waters (changes in the physical and
chemical properties of water, changes in the hy-
draulic conditions) and ground waters (change in
the level of ground water), limiting the movement
of sediment in the water course, influence on fau-
na and flora resulting from splitting the ecological
corridor, changes in soil properties resulting from
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the transformations of soil and water conditions,
influence the level of risk of flood and flooding of
adjacent land or the changes in the microclimatic
conditions in the area of the constructed object.

The selection of the optimal variant of a bar-
rage in the water course is a multi-criteria di-
lemma, which makes it so difficult to solve. This
study presents the main objectives of the AHP —
Analytic Hierarchy Process method and a sample
of potential implementation of this method to
solve the selected decision problem, i.e. the se-
lection of the optimal variant of barrage for the
environment.

MATERIALS AND METHODS

When analysing complex problems, the de-
cision-making process focuses on weighing the
options that fulfil a set of desired objectives. The
decision consists in selecting one option from nu-
merous possibilities [Adamus, Lask 2010). In or-
der to facilitate the process, Thomas L. Saati de-
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veloped the Analytical Hierarchy Process (AHP)
method in the 1970’s. Numerous applications of
this method in supporting economic, technical or
social decisions confirm its usefulness, in particu-
lar in cases when the experience of the evaluator
is the main source of assessment and a major part
of the evaluation criteria is subjective. The AHP
method is particularly useful in cases when the
hierarchy of evaluation criteria represents various
levels of specificity, most of these criteria are of a
qualitative, not quantitative nature and the variants
are fully comparable [Downarowicz et al., 2000].

The analysis of a problem with use of the AHP
method consists of four steps [Downarowicz et
al., 2000]. The first step involves the decomposi-
tion of the problem, i.e. the determination of the
overall objective and drawing a tree illustrating
the hierarchy of links between specific factors in-
fluencing the analysed problem. The tree is cre-
ated starting from general criteria, which are then
specified. The subsequent stage consists in the
paired comparison of criteria and decision vari-
ants located on the same level of the event tree
with respect to higher branches and assigning
them adequate weights according to the scale de-
veloped by Saati (Table 1).

The third stage of analysis consists in the
creation and solving of matrices basing on the
obtained weights. A characteristic feature of ma-
trices in the AHP method is the diagonal, which
adopts constant values (1). The results of com-

Table 1. Weights according to Saati [pursuant to:
Fabisiak, Ziemba 2011]

Numerical
score

1

Verbal score

Comparable decision variants, criteria are
equivalent

The decision maker is hesitating between the
2 equivalence of the decisive criteria and a slight
advantage of the first object

Slight advantage of the first decision criterion

3 over the other
The decision maker is hesitating between slight
4 and large advantage of the first criterion over the
other one
5 Large advantage of the first decision criterion

over the other

The decision maker is hesitating between large
6 and significantly large advantage of the first
criterion over the other one

Significantly large advantage of the first object
over the other

The decision maker is hesitating between

8 significantly large and enormous advantage of
the first object over the other one

Enormous advantage of the first object over the
other

parisons between specific criteria or scenarios are
entered into the matrix above the diagonal. The
values below the diagonal are the reciprocal of
the values above the diagonal. Normalised rows
of the matrix are totalled and the eigenvector (so-
called priority vector) of the matrix is calculated.
The higher the value of the priority vector, the
more important the given element. In order to
verify the reliability of the results of paired com-
parisons, conducted by experts, the eigenvalue of
the comparison matrix 4 inconsistency ratio /R
and consistency index C/ are calculated.

A = =30 Ay (1)

where: n — size of the matrix,
4, — eigenvalue of the matrix.

The further the 4, diverges from the size of
the matrix n, the larger the error.
_ TL—).S'T

Cl = 2

where: RI—is the Random Consistency Index de-
pending on the degree of the matrix, read
basing on Table 2.

n-1

The value of the inconsistency ratio /R should
not exceed 0.2 [Tutecki, Krol 2007]. The next and
at the same time the final step is the determination
of global preferences along with the ranking and
classification of decision variants based on previ-
ous calculations.

Three existing hydrological objects on the
rivers Prosna, Glomia and Gwda were selected as
models for scenarios. A brief characteristics of the
model structures is presented below.

Variant 1 of the analysis - Skérka barrage

The Skorka barrage is located on km 11+132
of the Glomia river, in the area of the commune
Krajenka, Ztotowski poviat, Wielkopolskie
Voivodeship. The barrage consists of a three-span
weir, a small hydraulic power plant, a fish pass
and canoe pass (Figure 1). The structure belongs
to the 4" importance class [Franczak 2009].

The weir has a reinforced concrete dock
structure of a width of 9 m, with a practical shape
barrage. The total length of the body is 14.0 m.
It consists of three 3 m wide spans, equipped with
single-wing steel sliders with a manual tracking
mechanism and maintenance flashboards. The di-
vider pillars are 0.6 m thick, similarly to the abut-
ments, ending with free-standing wings of Lars-
sen sheet piles connecting the weir to the land.
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Table 2. Value of the random consistency index [Downarowicz et al., 2000]

n 2 3 4

5 6 7 8

RI 0 0.58 0.90

1.12 1.24 1.32 1.41

The ordinate of the barrage is 78.30 m above sea
level, while the ordinate of the bottom on the
downstream position is 76.50 m above sea level.
The bridge plate is 8 m wide, constructed from
“Wagrowiec” type beams, with an asphalt con-
crete surface. On the upstream side the river bed
is reinforced with 0.2 m thick concrete pates on
a length of 5m. This reinforcement ends with a
timber palisade. A similar reinforcement exists on
the downstream site, with additional 0.3 m thick
mesh and stone gabions. The small hydraulic
power plant is located in the building of a former
mill, on the right bank of the river, approx. 45 m
from the weir abutment. It is a derivative power
plant, located on the Mtynski Channel.

The fish pass is located on the right-side bank
of the river and the inlet, equipped with a steel
slider, is situated next to the weir abutment. The
object consists of 15 chambers, of which the first
three ones, located on the upstream side below the
bridge structure, are technical (Figure 2a). They
are constructed in form of a reinforced concrete
dock with a 2 m wide bottom of an inclination of
4% and are equipped with 0.2 m thick partitions
with centrally placed, 0.3 m wide slots. Further
chambers are constructed as a natural rapid of a
trapezoidal cross-section (Figure 2b). The total
length of the semi-natural part is approx. 40 m.
The river bed was reinforced with a riprap of ir-
regularly placed stones of a varied diameter. The
sizes of the chambers are quite irregular. The
average chamber has a length of 3.5 m, bottom
width of 1.5 m and the slope inclination of ap-
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Figure 1. Skorka barrage on the Glomia river (photo by Authors)

prox. 1:1.5. The partitions are palisades made
from wooden dowels of a diameter of approx. 0.1
m with slots of the approx. width of 0.3 m, locat-
ed alternately on the right and left side. The fish
pass structure has been separated from the actual
river bed with a mesh and stone wall.

Variant 2 of the analysis — Podgaje barrage

The Gwda river was developed at the begin-
ning of the 20™ century. 5 barrages were built at
that time: Dobrzyca (1907), Podgaje (1929), Jas-
trowie (1930), Ptusza (1932), Koszyce (1936).
Water is let through the barrage with the use of
siphon overfalls and spillways with flat wooden
closures as well as bottom sluices. In Podgaje,
siphons constitute an integral part of the weir
embedded in the body of the earth dam (Figure
3). In each of the siphon overfall sections of the
Podgaje weir (Figure 4) 6 air vents are located on
the side of the reservoir. Their task is to stop the
operation of the siphon after the water level in the
reservoir has been lowered to the ordinate corre-
sponding to normal filling level.

In the hydraulic power plant in Podgaje (Fig-
ure 4) two Kaplan turbines are installed, of 2.2
MW power, installed flow rate 2x14.5 m*s = 29
m¥s, and the average annual power generation
is 6.1 GWh. The area of the reservoir created by
the barrage covers 116 ha, and its total capacity
amounts to 3.87 million m* The average annual
flow in the years 1982-2008 was 10.39 m*’s. [Ku-
biak-Wojcicka, Muszynska 2011].
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Figure 4. Hydraulic power plant Podgaje (photo by Authors)
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Variant 3 of the analysis — Dobrygos¢ weir

Dobrygos¢ weir is located at km 140+100
of Prosna River. In the location of the weir, the
river bed is shaped regularly. The banks of Pros-
na River in this area are covered by low vegeta-
tion, grass and bushes. The river bed is formed
mainly from fine and medium sand. The weir is
a concrete and reinforced concrete structure that
belongs to the 4™ class of structures. The analysed
hydraulic structure has three spans. It was con-
structed in 1973 (Figure 5). The weir is owned by
the State Treasury and managed by the Regional
Water Management Authority in Poznan. It was
constructed as part of the project of regulating the
Prosna river. Its task was to spate the water in or-
der to provide water supply for capillary irrigation
of meadows located along the river banks in the
backwater section reaching from the Dobrygos¢
weir to the Mieleszyn weir. Currently the aim of
damming the waters of Prosna by the Dobrygos¢
weir is to enable its use for supplying water to the
LZD Siemianice ponds.

The 10.76 m wide span of the weir is divid-
ed by two reinforced concrete pillars, rounded
on the upstream side, of a width of 0.7 m and
a length of 2.5 m. The weir has 3 spans, each
3.12 m wide. The structure is closed by manu-
ally operated double-partition sliders. The clo-
sure is sealed at the bottom with timber beams
(Figure 5). On the upstream side, the Dobrygos¢
weir is secured by two concrete plates of a total
length of 4.5 m. On the downstream side, there
is a 10.2 m long and 10.76 m wide stilling ba-
sin. Below it, the river bottom is reinforced with
a 3 m long concrete plate and 6 m long stone

riprap. Slopes behind the stilling basin are rein-
forced with three concrete plates, each 3 m long
[Chudzinska 2009].

RESULTS

In order to select the most beneficial variant
of the barrage, the evaluation of the influence of
hydraulic structures was conducted according to
the determined scenarios:

e scenario 1: weir + fish pass + hydraulic power
plant,

e scenario 2: weir + hydraulic power plant,

e scenario 3: weir.

Basing on the separated factors, a hierarchic
model was created (Figure 6). The model struc-
ture was developed in compliance with the prin-
ciples of creating the so-called hierarchical struc-
tures with the influence scale [Saaty 2004, Wota
2005]. Tier I consists of one element, which is
the objective of the task, i.e. the selection of the
optimal variant of barrage. On the second tier a
group of generally significant criteria was adopt-
ed. This group includes atmosphere, hydrosphere,
biosphere, lithosphere and natural threats to the
environment. On tier III of the model so-called
sub-criteria were determined, as a more detailed
elaboration of each of the main criteria. Within
the “atmosphere” area, climate was defined as a
sub-criterion, sub-criteria for “hydrosphere” were
surface waters, ground waters and sediment. In
the biosphere area flora and fauna were evaluat-
ed. The factors considered in the lithosphere area
were land use, soils and landscape. The last crite-
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rion, natural hazards, was evaluated with respect
to floods, flooding and landslides. On tier IV each
of the implemented sub-criteria was assigned a
numerical range, whose elements describe the de-
gree of impact of the specific sub-criteria on the
considered variants. The last tier of the model, i.e.
the basis of hierarchy, is represented by alterna-
tive variants.

The hierarchical structure presented in figure
6 constituted the basis for analytic calculations,
i.e. for the evaluation of the significance of all
its components. The significance evaluation was
expressed in a form of weights or priorities.
The evaluation was conducted basing on au-
thors’ knowledge (the authors were considered
experts) and on information provided by local
and international subject literature. For each fac-
tor, local and global weights (preferences) were
calculated. In order to evaluate the importance
of elements, matrices were created for paired
comparisons of the selected factors of the given
tier with respect to the above tier. The evalua-
tion scale was adopted according to Table 1. El-
ements located on Tier II of the hierarchy were
evaluated in the aspect of their influence on the
above element, i.e. the optimal variant of bar-
rage. M II matrix of the size (5%5) created as a
result of paired comparisons of Tier II criteria
with respect to Tier I was solved. On Tier III of
the hierarchy five matrices of the dimensions:
1x1, 3x3, 2x2, 3x3, 2x2 were solved. Tier IV
required the evaluation of 11 matrices.

The sample process of obtaining criteria
weights is presented in Tables 3 and 4. They con-
tain the averaged results of paired comparisons
of Tier II criteria and answers to the question
which of the environmental elements are prone
to the strongest influence of the barrage and what
the extent of such influence is. Weights for lower
tiers of the hierarchy were obtained in a similar
way. When analysing the influence of barrages
on specific environmental factors, one should
first of all consider the criteria in tier 1. Among
the five separated groups, biosphere is the most
vulnerable to influence (weight 0.264), followed
by natural hazards (weight: 0.256), hydrosphere
(weight: 0.229), lithosphere (weight: 0.189). The
lowest significance refers to atmosphere (weight:

Table 3. Paired comparison of variables with respect
to the environmental impact of the barrage

Variable Result of paired Variable
comparison

C1 |atmosphere -3.5 C2 |hydrosphere
C1 |atmosphere -3.5 C3 |biosphere
C1 |atmosphere -4 C4 |lithosphere
C1 |atmosphere -4 C5 |natural hazards
C2 |hydrosphere 1 C3 |biosphere
C2 |hydrosphere 1 C4 |lithosphere
C2 |hydrosphere 1 C5 |natural hazards
C3 |biosphere 2 C4 |lithosphere
C3 |biosphere 1 C5 |natural hazards
C4 |lithosphere -1.5 C5 |natural hazards

| optimal variant of the barrage |
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atmosphere hydrosphere biosphere litosphere natural hazards
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Figure 6. Hierarchical structure of the model (developed by Authors)
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Table 4. M I matrix of paired comparisons of criteria with respect to Tier I

Variable C1 Cc2 C3 C4 C5 wi - eigenvector
C1 |Atmosphere 1 0.3 0.3 0.3 0.3 0.062
C2 |Hydrosphere 3.5 1 1 1 1 0.229
C3 |Biosphere 3.5 1 1 2 1 0.264
C4 |Lithosphere 1 0.5 1 0.7 0.189
C5 |Natural hazards 1 1 1.5 1 0.256
Ao =5.07;Cl =0.01; IR=0.01; RI = 1.12 Total =1
0,15 0,141 0.123 0,142 oils
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Figure 7. Global preferences of Tier III sub-criteria (developed by Authors)

0.062). In the case of tier Il factors the threat of
floods and flooding has the highest significance for
impact evaluation, and thus for the selection of the
optimal variant (weight: 0.0142, followed by the
influence on flora (weight: 0.141). The least sig-
nificant is the influence on ground waters (weight:
0.02) and soils (weight: 0.027). Results of this part
of calculations are presented in Figure 7.

Final overall weights calculated for the as-
sumed scenarios were used to order them accord-
ing to their environmental impact. Thus, they
gave an answer to the question concerning the se-
lection of the optimal variant of barrage in the as-
pect of the lowest environmental impact. Ranking
the selected scenarios according to overall pref-
erences it is stated that the lowest environmental
impact was demonstrated by scenario 3 (resulting
vector: 0.22), followed by scenario 2 (resulting
vector: 0.33). Scenario 1 is characterised by the
strongest influence on the evaluated elements of
the environment.

CONCLUSIONS

The multicriteria model with a scale of influ-
ence presented in this study is a universal model
that can easily be applied to the evaluation of the
impact of hydrotechnical structures. New ele-
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ments as well as opinions and the modifications of
the number of experts may be easily incorporated
into the model. A great advantage of the presented
methodology is the simplicity of its application, rel-
atively low financial costs and the possibility to use
wide knowledge available in various data sources.

In the practical aspect, the application of the
described methodology may constitute a perfect
tool for making decisions concerning water man-
agement. The application of the AHP method may
also provide support in the preparation of reports
on the environmental impact of a given enterprise
and it may be used as justification of the proposed
variant of the enterprise.
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