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Abstract. The choice of materials to be used on the construction of
earth dams is made in an empirical way, taking into account previous
projects and the experience of the involved engineers. An engineer often
specifies the materials and their quantities that will be used based on
previous projects, on the geotechnical information about the materials
available and on common sense. In order to improve this process we pro-
pose a multicriterion model to aid in the decisions making concerning the
choice of materials on the construction of earth dams with homogeneous
and zoned sections. This will be made by means of the Aranaú Tool,
a decision support system mainly structured on the ZAPROS method.
The case study was applied to the dam Frios project (Ceará, Brazil).

Keywords: Verbal Decision Analysis, Construction of Earth Dams,
ZAPROS.

1 Introduction

The search for places where there was plenty of water has always been a constant.
In places where water was scarce there was a need to create mechanisms that
would guarantee its storage, this gave rise to the need of the construction dams
for its purpose (ICOLD, 1999 in [12]). A dam represents a human intervention
in nature with the aim of adapting the patterns of natural water flow to the
standards demanded by society [2].

In the nineteenth century, around the year 1853, in France, De Sazilly intro-
duces the Engineering of Dams to make its construction something structured
in mathematical calculations in order to prove the efficiency of projects [4].

The construction of earth dams is being enhanced every day due to the
technological development of machinery of implementation and construction
techniques [10]. However, decisions on important aspects such as the type of
material to be used, are taken from an empirical and subjective way, without
the guarantying its construction with the lowest cost.
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The aim of this paper is to present a modeling process applying a multicriteria
method to help in the decision making on the construction of earth dams in order
to minimize the materials cost but guarantying a good quality construction.

Multicriteria methodologies help to generate knowledge about the decision
context, thus, increasing the confidence of those who make decisions on the
results [5]. There are multicriteria methods based either on quantitative ([3,?])
or qualitative ([13,?]) analysis of the problem, and it is a great challenge to
choose the approach that best fits the problem to be solved.

This work focuses on the application of a modification of the ZAPROS
method [7], which belongs to the Verbal Decision Analysis framework, in or-
der to solve problems in a more realistic way from the decision maker’s point
of view, since quantitative methods could lead to loss of information when one
tries to assign exact measures to verbal values. The ZAPROS method was chosen
among other available methods because it fits the characteristics of the contexts
questioned, considering the evaluation of the problem, the decision objects and
the available information.

2 The Problem of Choosing the Materials for the
Construction of Earth Dams

The materials used in the construction of earth dams’ process are usually avail-
able in mines either in the place of the dam or nearby [16]. The exploration of
these mines is not always accessible, since this will generate additional expenses,
such as for deforestation or for renting the area (if it is on private property).

Each mine has one or more materials available [1], and the transportation of
these materials to the place where the dam is being constructed may require
a high cost even though the materials are in the same mine, because of the
extraction difficulty. Besides, the volume of material needed on the construction
may vary depending on the type used.

After the extraction and transportation, the soils usually loose part of their
moisture. To correct these deviations, it is applied a compression process. There
are several types of compression that may be applied to soils, and each soil
requires a different amount of water, which is obtained and transported from
variable cost sources. For each type of compression, the cost dependent directly
on the soil to be compacted, because these have different compression curves,
requiring, then, a determined compression effort [8].

An earth dam can be classified as homogeneous or zoned, according to the
amount and types of materials used in the massive construction [16]. The decision
making about which types of materials and compression will be used, which
deposits will be explored and if the dam should be zoned or homogeneous is
quite complex. Thus, the problem of the construction of a dam can be stated
as follows: “To build an earth dam by selecting the deposits, materials, water
sources and types of compression that will lead to a lower-cost construction,
considering also the transport costs of the material and of water used in the soil
compression, the section type of the dam and the compression process used.”
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3 An Approach Methodology Based on ZAPROS

A modification to the ZAPROS method [7] is proposed on [14], in order to
increase the comparison power of the method. It presents three main stages:
Problem Formulation, Elicitation of Preferences and Comparison of Alternatives.
An overview of the approach is presented bellow.

3.1 Formal Statement of the Problem

The methodology follows the same problem formulation proposed in [7]:
Given:

1) K = 1, 2,..., N, representing a set of N criteria;
2) nq represents the number of possible values on the scale of q-th criterion,

(q ∈ K); for the ill-structured problems, as in this case, usually nq ≤ 4;
3) Xq = xiq represents a set of values to the q-th criterion, which is this

criterion scale; |Xq| = nq(q ∈ K); where the values of the scale are ranked from
best to worst, and this order does not depend on the values of other scales;

4) Y = X1 ∗ X2 ∗ ... ∗ Xn represents a set of vectors yi, in such a way that:
yi = (yi1, yi2, ..., yiN ), and yi ∈ Y , yiq ∈ Xq and P = |Y |, where |Y | =

∏i=N
i=1 ni.

5) A = {ai} ∈ Y , i=1,2,...,t, where the set of t vectors represents the descrip-
tion of the real alternatives.

Required: The multicriteria alternatives classification based on the decision maker’s
preferences.

3.2 Elicitation of Preferences

In this stage, the scale of preferences for quality variations (Joint Scale of Quality
Variations - JSQV) is constructed. The elicitation of preferences follows the order
of steps shown in Fig. 1 [14]. This structure is the same proposed in [7]; however,
substages 2 and 3 (numbered on the left side of the figure) were put together in
just one substage.

Instead of setting the decision maker’s preferences based on the first reference
situation and, then, establishing another scale of preferences using the second
reference situation, we propose that the two substages be transformed in one.
The questions made considering the first reference situation are the same as the
ones made considering the second reference situation. So, both situations will be
presented and must be considered in the answer to the question, in order not to
cause dependence of criteria. The alteration reflects on an optimization of the
process: instead of making 2n questions, only n will be made. The questions to
Quality Variations (QV) belonging to just one criteria will be made as follows:
supposing a criterion A having XA = A1, A2, A3, the decision maker will be
asked about his preferences between the QV a1 − a2, a1 − a3 and a2 − a3. Thus,
there is a maximum of three questions to a criterion with three values (nq = 3).

The question will be formulated dividing the QV into two items on the prefer-
ences elicitation for two criteria, because there were difficulties in understanding
and delay in the decision maker’s answers when exposing the QV of different
criteria.
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Fig. 1. Elicitation of preferences process

3.3 Comparison of Alternatives

With the aim of reducing the number of incomparability cases, we apply the
same structure proposed in [7], but modifying the comparison of pairs of the
alternatives’ substage according to the one proposed in [9]. Figure 2 shows the
structure of the comparison of the alternatives’ process.

Each alternative has a function of quality - V(y) [7], depending on the eval-
uations of the criteria that it represents. In [9], it is proposed that the vectors
of ranks of the criteria values, which represent the function of quality, are re-
arranged in an ascending order. Then, the values will be compared to the cor-
responding position of another alternative’s vector of values based on Pareto’s
dominance rule. Meanwhile, this procedure was modified for implementation be-
cause it was originally proposed to scales of preferences of criteria values, not
for quality variation scales.

So, supposing the comparison between alternatives Alt1 = A2, B2, C1 and
Alt2 = A3, B1, C2, considering a scale of preferences: a1 ≺ b1 ≺ c1 ≺ a2 ≺ b2 ≺
c2 ≺ a3 ≺ b3 ≺ c3, we have the following functions of quality: V(Alt1) = (0, 0,
2) and V(Alt2) = (0, 3, 4), which represents the ranks of, respectively, b1 and c1,
a2. Comparing the ranks presented, we can say that Alt1 is preferable to Alt2.

Fig. 2. Alternatives comparison process



Applying Verbal Decision Analysis on the Choice of Materials 561

However, there are cases in which the incomparability of real alternatives
will not allow the presentation of a complete result. These problems require
further comparison. In such cases, we can evaluate all possible alternatives to
the problem in order to rank the real alternatives indirectly.

3.4 A Tool to the Approach Methodology

In order to facilitate the decision process and perform it consistently, observing
its complexity and with the aim of making it accessible, a tool was implemented
in Java and it is presented by the following sequence of actions:

- Criteria Definition: The definition of the criteria presented by the problem;
- Preferences Elicitation: Occurring in two stages: the elicitation of prefer-

ences for quality variation on the same criteria and the elicitation of preferences
between pairs of criteria;

- Alternatives Definition: The alternatives can be defined only after the con-
struction of the scale of preferences;

- Alternatives Classification: After the problem formulation, the user can
verify the solution obtained to the problem. The result is presented to the de-
cision maker so that it can be evaluated. The comparison based on all possi-
ble alternatives for the problem is possible, but it should be performed only
when it is necessary for the problem resolution (for being an elevated cost
solution).

4 A Multicriteria Model to Aid in the Choice of
Materials to the Construction of Earth Dams

A multicriteria model aiming to define a rank order of the materials that will
be used in the dam’s construction is presented. The materials and their quanti-
ties are determined by an engineer, based on another projects with geotechnical
characteristics similar to the ones of the available materials, and their experi-
ence in previous projects. Then, the choice of materials and quantities will be
facilitated by the ordering obtained after applying the multicriteria model.

The criteria were defined based on the following geometrical characteris-
tics [12]:

1. Compressibility: the capability presented by the soil to decrease its volume
when subjected to certain pressure. The criteria values to the compressibility
vary from “Very Low” (C1) to “High” (C4);

2. Shear Strength: the capability of soil to resist to shear stress. Due to the
frictional nature, the rupture occurs preferentially by shear, becoming an impor-
tant feature to be observed to guarantee the slope stability. The possible values
for this criterion vary from “Very High” (RC1) to “Low” (RC4);

3. Permeability: the facility with which the water flows through the soil.
The water may cause unfavorable conditions, affecting the dam’s security and
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performance when it penetrates in the soil used on the dam. The possible values
for this criterion vary from “Very Impermeable” (P1) to “Permeable” (P4);

4. Workability: the convenience of handling and using the material in the
construction. It varies from “Very Good” (T1) to “Bad” (T4);

5. Piping Strength: Phenomenon that causes the removal of the soil’s particles
due to the water flowing through the structure, creating canals that may evolve
in an opposite direction to the water flow and it may cause a collapse of the
structure. It varies from “High” (RP1) to “Very Low” (P4);

The increasing concern with the environment makes the impact caused by the
engineering construction an important criterion. The use of a material that has
good geotechnical characteristics may cause a great impact on nature, making
its use less interesting than another one with similar characteristics, but causing
a minor impact. This way, it was also considered as criteria the features related
to the material and the effect of its use:

6. Material Quality, that varies from “Very Good” (QM1) to “Bad” (QM4);
7. Extraction Difficulty: represents the difficulties found in the extraction

process considering all material deposits available. The criteria values to the
extraction difficulty vary from “Low” (D1) to “Very High” (D4);

8. Environmental Impact: represents the impact caused to the environment
when a determined material is used in the construction. It varies from “None”
(I1) to “High” (I4).

The preferences’ elicitation process was performed by means of interviews with
experienced engineers. The information obtained was transformed into the scale
of preferences that follows: rc1 ≺ p1 ≺ c1 ≺ rp1 ≺ rc2 ≺ p2 ≺ rp2 ≺ c2 ≺ q1 ≺
t1 ≺ i1 ≺ d1 ≺ rc3 ≺ p3 ≺ rp3 ≺ c3 ≺ q2 ≺ t2 ≺ i2 ≺ d2 ≺ rc4 ≺ p4 ≺ rp4 ≺
c4 ≺ q3 ≺ t3 ≺ i3 ≺ d3 ≺ rc5 ≺ p5 ≺ rp5 ≺ c5 ≺ q4 ≺ t4 ≺ i4 ≺ d4 ≺ rc6 ≺ p6 ≺
rp6 ≺ c6 ≺ q5 ≺ t5 ≺ i5 ≺ d5 ≺ q6 ≺ t6 ≺ i6 ≺ d6.

The case study was applied in the design of zoned dams of Frios reservoir,
situated in the same name river, county of Umirim, Ceará, Brazil.

According to the Unified Soil Classification in Araújo (1990 in [12]), the ap-
proached dam has zoned section and consists of material from massive type
SC (Sand-Clay), SM (Sand-Silt) and residual soil, being these available in eight
mines (from J1 to J8). It was included three other types of materials in order
to better illustrate the application of the model: M4 (CL - Clay-Low soil), M5
(ML-SC soil) and M6 (ML - Mo-Low soil); also available in the same mines.

The material types were analyzed considering their characteristics based on
the criteria previously defined. The values of criteria for the six types of mate-
rials, the original classification and the one obtained by the application of the
Aranaú tool to the problem are presented in Table 1.

By the application of the proposed methodology, a complete ranking was
achieved without being necessary to perform a comparison between all possible
alternatives of the problem. Figure 3 shows the graph obtained by the application
of the Aranaú Tool to the problem.
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Table 1. Material classification for the construction of earth dams

Material Values of Criteria Rank

SC (Sand-Clay) C2 RC2 P2 RP1 T2 Q2 D4 I1 1
SM (Sand-Silt) C2 RC2 P3 RP2 T3 Q2 D4 I2 3
SM-SC C2 RC3 P3 RP2 T3 Q2 D4 I2 4
CL (Clay-Low) C1 RC3 P2 RP1 T2 Q1 D4 I2 2
ML (Mo-Low) C1 RC4 P2 RP3 T4 Q2 D4 I1 5
ML-CS C3 RC3 P2 RP2 T3 Q3 D4 I3 6

Fig. 3. The graph obtained by the application of the Aranaú Tool to the problem

5 Conclusions

The construction of dams involves a lot of variables, which makes its modeling
complex. This work considered some of these variables in order to propose a
modeling process, involving multicriteria, with the aim of improving the decision
making in the construction of earth dams by observing the lowest cost.

The application of the multicriteria methodology, by means of the Aranaú
Tool, aims to facilitate the choice of materials that can be used in the construc-
tion of the dam, defining, at the end of the modeling process, a range of minimum
and maximum quantities of each material. This way, it was obtained that the
best material to be used in the construction is the SC (Sand-Clay).

The work [12] presents an extension to this work, applying non-linear program-
ming in order to determine the best usage of the materials for the construction,
the types of compression for the selected materials, the mines of which materials
would be extracted and the sources with the volumes of water needed.

As future works, we suggest an improvement of the model, such that the most
indicated place to construct a dam, the slope angle and the optimal session would
be defined including more evaluation variables. This way, a complete modeling
of the problem would be presented.
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