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Received 26 March 2019 Abstract: This paper describes an application of the Analytic Hierarchy Process (AHP) to choose the best
cement type and mixture for the production of high performance concrete. The decision process aimed at

Accepted 07 July 2020 obtaining a concrete that would best meet the requirements of three hypothetical scenarios: (a) industrial
concrete floors of a chemical plant, (b) structural elements of a thirty-floor building and (c) a massive
foundation block of a green building. In this regard, six different concrete mixtures were evaluated (VR4,
11IR4, V280, 111280, V200 and I11210) according to four criteria: mechanical properties, durability, financial
cost and environmental impact. The analysis results showed that the composition with CPV-ARI cement and
content of 280 kg/m® was the best alternative for scenario (a) and (b), while for scenario (c) the composition
with cement CPIII and content of 210 kg/m* was the best choice.
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Resumo: Este artigo apresenta uma aplicagao do método da analise hierarquica na escolha do tipo de cimento
e do trago para a producdo de concretos de alto desempenho (CAD). O processo de decisdo objetivou obter
concretos que melhor atendessem as necessidades de trés cenarios: (a) piso industrial de uma fabrica de
produtos quimicos, (b) elementos estruturais de um edificio de 30 pavimentos e (c¢) um bloco de fundagdo de
grande volume de um edificio com conceito sustentavel. Para tal, a partir de seis alternativas de escolha (VR4,
11IR4, V280, 111280, V200 e 111210) foram avaliados 4 critérios: propriedades mecanicas, durabilidade, custo
e impacto ambiental. Os resultados indicaram que a composi¢do com cimento CPV-ARI e consumo de 280
kg/m> mostrou-se a melhor alternativa para os cenarios (a) e (b), enquanto para o cenéario (c) foi a composigio
com cimento CPIII e consumo de 210 kg/m?.
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1 INTRODUCTION

The emergence of a worldwide tendency to privilege design aspects aimed at the durability and extension of the
service life of reinforced and prestressed concrete structures was mainly stimulated by factors such as the increasing
occurrence of early degradation problems in concrete structures and the increased interest for more sustainability in the
Civil Construction sector [1]. This durability is basically summarized as the structure's ability to satisfactorily withstand
the environmental influences previously planned and defined by the designer and the contractor [2], that is, the
interaction between the concrete structure, the environment and the conditions of use, operation and maintenance [3].
In view of this scenario, there is a strong tendency to study and develop special concretes such as high performance
concrete (HPC), which is not necessarily a high strength concrete, but rather a concrete that has high durability in its
conditions of use. In this field, prominent works include: Aitcin [4], Sorelli et al. [5], Cordeiro et al. [6], Shi et al. [7],
Zhutovsky and Kovler [8], Sirtoli et al. [9], Shen et al. [10].

In addition to the materials commonly used in the production of conventional concretes, the composition of HPC
differs in that it also incorporates mineral additions, such as fly ash, silica fume or metakaolin, in addition to chemical
additives, especially of the superplasticizer type. According to Juca et al. [11], the use of these mineral additions is
motivated by reasons such as improving the rheological properties of fresh concrete with finer particles, thus reducing
exudation and segregation, in addition to less permeability to aggressive agents such as chlorides and carbon dioxide
due to the reduction of pores in the microstructure of the cement matrix. In this sense, in order to achieve better
durability properties, studies in the literature have evaluated the production of concretes with low cement content and
high levels of additions, usually fly ash or blast furnace slag. However, because they are less reactive additions than
metakaolin and silica fume, they tend to generate lower final resistances. Celik et al. [12] noticed that replacing up to
65% of the cement paste with a combination of volcanic ash and limestone filler reduced the coefficient of chloride
permeability by 50% both at 28 and 360 days, despite obtaining lower resistances. In other studies, it was also observed
that the increased substitution of cement by blast furnace slag at levels of up to 80% was able to promote a reduction
in chloride permeability, creep and concrete shrinkage [13], although there is also a reduction of mechanical resistances
[14].

The use of additions to concrete is also a good solution from an environmental point of view. According to
Worrell et al. [15], for the production of one ton of cement, about 814 kg of carbon dioxide (COy) is released into the
atmosphere, and this emission comes basically from the clinker production process. The substitution of clinker for
additions proportionally reduces the amount of polluting emissions per ton of binder, thus ensuring a lower CO, rate
per MPa of the concrete produced, provided that there is no drop in resistance [16]. Moreover, the content of many
additions (when they are industrial waste) also makes these by-products more environmentally friendly. Additionally,
the use of high performance concretes has a great advantage in terms of durability of the structures, thus ensuring a
longer service life and less need for repairs and maintenance.

In this context, considering that there is a well-established association between CO, emissions and environmental
changes, in particular global warming, there is a continuing socio-environmental need to reduce industrial CO,
emissions, justifying strategies aimed at reducing cement content in concrete [17]. In this line of reasoning, the work
of Felix and Possan [18] highlights the importance of considering the capture of carbon dioxide due to the carbonation
process of concrete. This conduct of the previous work follows a line that corroborates the work of Silva et al. [19],
which defends strategies for reducing the environmental impact of concrete and argues that the evaluation of concrete
production chain sustainability should not be restricted to the assessment of CO, emissions, but it is necessary to
consider a global assessment with the application of the Life Cycle Assessment (LCA). Within this line of action there
are studies for the development of concretes with low cement content, generally based on the theory of optimization of
particle packing, such as the works of Varhen et al. [20], Grazia et al. [21], [22], Campos et al. [17], [23].

2 CONTEXT OF THE ANALYTIC HIERARCHY PROCESS

Due to its versatility, high-performance concrete has been adopted as a solution in offshore oil drilling platforms,
long span bridges, viaduct decks [24], high-resistance industrial floors, garages, chemical product warehouses,
spillways and energy dissipation structures in dams [25]. Also noteworthy is the use of HPC in tall building structures
due to the possibility of the reduction of structural sections and higher construction speed [26], in addition to the
reduction in the overall cost of the structure [27].

In view of the large set of properties that can be influenced by the composition of high-performance concretes and
the impossibility of maximizing them all at once, it is necessary to think about guided performance, that is, prioritize
the most desired properties in the material for a given situation. Decision making in relation to the proportions and
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types of materials available can involve a series of requirements that significantly impact the overall performance of
the concrete.

The Analytic Hierarchy Process (AHP) seeks the selection of alternatives in a process considering different
evaluation criteria [28]. Developed by Thomas L. Saaty in the 1970s, the method helps to organize a structured and
rational network for a decision problem [29]. Handfield et al. [30] highlight that the main advantage of AHP is in
treating the decision as a global system, synthesizing all available information and thus making previously complex
decision processes more rational. The authors add that without using a decision support methodology, the decision
maker does not end up adequately considering all the factors involved, their weights and relative interactions.

In the field of Civil Engineering, the potential of hierarchical analysis has been increasingly explored, so it is
possible to cite examples of studies that used it as a decision tool, such as: 1 - Pan [31], in the choice of bridge
construction methods; 2 - Lai et al. [32], in the public works project; 3 - Perelles et al. [33] for the selection of structural
reinforcement systems; 4 - Pretto et al. [34] for the selection of vertical barrier systems to contain groundwater
contaminants; 5 — Grunberg et al. [35] for the comparison among environmentally certified sealing systems for homes;
6 - Pereira et al. [36] and Mattana et al. [37] in studies in the area of recycling construction waste for making concrete
and mortar.

In view of the entire context presented, the present work aims to apply the Analytic Hierarchy Process in the choice
of concretes for high-performance applications, considering 3 scenarios of practical application. The aim is to contribute
to the development of a systemic selection process of concretes considering the specific conditions of each use.

3 METHOD

The methodology used in the present study consisted of applying the Analytic Hierarchy Process based on the results
of an experimental study developed by Rebmann [38]. This author evaluated durability parameters and mechanical
properties of concretes with high strength and low content Portland cement from mixtures composed of different cement
types and contents. It is worth mentioning that despite the use of the term HSC (High-strength concrete) in the work
developed by Rebmann [38], in this present study the term HPC (High-performance concrete) will be used since it is
intended to encompass other properties of the concrete besides the compressive strength. In addition, to form the AHP
criteria, the environmental performance represented by the CO, emission and the economic attractiveness (cost per m?
of concrete) were also considered for the mixtures under study.

CP V-ARI and CP III-40-RS cements were used, as well as three different cement contents, two being of low content
and one of normal content. To define these contents, the following premises were adopted:

a) For the reference mixtures (normal cement content), it was decided to follow the recommendation of maximum
durability of the Brazilian standard NBR 12655 [39], that is, environmental aggressiveness class IV. For this class,
the standard specifies a cement content of at least 360 kg/m?, in addition to a water/cement ratio of not more than
0.45 and compressive strength of at least 40 MPa at 28 days.

b) For the low cement content mixtures, the following were adopted: a content of 280 kg/m?, which is equivalent to
that required for environmental aggressiveness class II; and a content of 200 kg/m?, which is below the
aforementioned normative recommendations.

In the composition of the reference mixtures, only one granulometry of each aggregate (fine and coarse) was used.
On the other hand, for the low content mixtures, there was a combination of three sands and two gravels, as well as the
use of mineral additions. This granulometric diversity aimed to obtain better packing both in the granular skeleton of
aggregates and in the cementitious matrix.

The cone slump specified for the reference concretes was 8+2 cm. On the other hand, a superplasticizer additive
was used for the other mixtures, which allowed the increase of fluidity and the obtaining of slumps greater than 17 cm.

The characteristics adopted after the dosage tests and the respective nomenclatures for each mixture are shown in
Table 1.

Table 1. Characteristics and nomenclature of the mixtures evaluated. Adapted from Campos et al. [17].

. Mixture nomenclature
Material parameter

VR4 I1IR4 V280 111280 V200 111210
CPV CP 111 CPV CP III CPV CP III
Type of cement
ARI 40-RS ARI 40-RS ARI 40-RS
Cement consumption (kg/m?) 426.1 437.4 278.6 275.5 199.2 208
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Table 1. Continued...

Material parameter

Mixture nomenclature

VR4 IITIR4 V280 111280 V200 111210
Active silica (kg/m®) - - 16.9 17.4 12.1 13.1
Metakaolin (kg/m?) - - 6.5 6.7 4.6 5.0
Filler (ground silica) (kg/m?) - - 51.6 51.2 53 52.7
Sand 1 (kg/m?) 685 676 470.8 466.9 483.4 480.6
Sand 2 (kg/m3) - - 313.9 311.3 3223 3204
Sand 3 (kg/m?) - - 196.2 194.6 201.4 200.3
Pebble (kg/m?) - - 413 409.6 424.0 421.6
Gravel 1 (kg/m?) 1.111 1.114 619.5 614.4 636.0 632.4
Mixing water (kg/m?) 191.7 190.0 128.3 128.9 130.5 130.7
Superplasticizer (kg/m?) - - 6.04 5.99 432 4.52
Water/binder ratio* 0.451 0.434 0.436 0.442 0.617 0.590
Mortar content (%) 50 50 56.4 56.4 54.6 54.8
Total binders (kg/m?) 426.1 437.4 302.0 299.6 216.0 226.1

* this value refers to the ratio (mixing water + additive water)/total binders

Table 2 shows the results of mechanical properties, durability and cost of concretes obtained by Rebmann [38], as well as the
CO, emission content calculated by the authors. The tests performed by Rebmann [38] are briefly described below.

Table 2. Database obtained from the experiments [17].

Analysis parameter

Mixture nomenclature

VR4 11TR4 V280 111280 V200 111210
Compressive strength) — 28 days (MPa) 40.7 30.0 67.9 55.4 51.9 34.5
Modulus of elasticity — 28 days (GPa) 42.1 36.1 51.4 50.8 49.0 43.5
Flexural tensile strength® (MPa) 4.5 4.7 8.3 7.2 6.2 5.1
Water absorptionV® — 63 days (%) 5.5 5.9 3.2 2.5 3.8 3.8
Abrasion® 1000m (mm) 1.0 1.6 1.2 1.4 1.5 1.6
Permeability® (10-12m/s) 2.5 3.1 1.4 2.4 2.7 4.7
Carbonation® — 96 days (mm) 0(8) 14.6 1.7 9.8 11.1 22.3
Corrosion potential©® — 17 cycles (mV) -530 -460 -320 -440 -230 -590
Cost (R$/m?) 249.14 253.35 330.33 328.20 277.21 283.57
CO; emission? (kg) 348 184 228 116 163 88

() Test on 10x20cm cylindrical specimens according to NBR 5739 [40].  Test on 10x10x50cm prismatic specimens according to NBR 12142 [41]. ® Test
according to NBR 9778 [42]. @ Test according to NBR 12042 [43]. ® Tests based on the German Water Permeability Test (GWT). © Test according to ASTM
C876 [44] with immersion and drying cycles in a solution with 3.5% NaCl ” adopted emission rate of 860 kg of CO, per ton of clinker. ® Subsequently, to
allow the calculations to be carried out, this value will be admitted as 1mm, remaining as the lowest value.

3.1 Test methods

In mechanical terms, the following were evaluated: compressive strength in 10 cm x 20 cm cylindrical specimens,
according to the specifications of NBR 5739:2007 [40]; static modulus of elasticity in 10 cm X 20 cm cylindrical
specimens, according to the specifications of NBR 8522:2008 [45]; and flexural tensile strength at four points (Figure
la)in 10 cm % 10 cm X 50 cm prismatic specimens, according to the specifications of NBR 12142:2010 [41]. Although
other ages were assessed in the original study, in this article only the age of 28 days was considered.

In order to assess durability, different aspects of aggression to concrete were considered by which a good part of
the degradation in concrete occurs, with an emphasis on porosity and permeability. Water absorption was evaluated by
immersion [42] in 10 cm x 20 c¢cm cylindrical specimens cast in PVC molds without using a release agent so as not to
cause surface waterproofing. Water permeability was determined by the German Water Permeability Test (GWT)
(Figure 11 and 1k). This rapid test is recommended for field evaluations in order to determine the permeability of
existing structures without the need for sample extraction. In this test, the apparatus, which consists of a pressure
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chamber and devices to record and regulate the water pressure, is installed on the specimen. The permeability coefficient
was determined, according to Darcy's law, from the water flow that permeates the specimen at a given pressure level
(3 bar) after the establishment of a continuous flow.

(1)

Figure 1. [llustration of details of the tests performed: (a) Four-point flexural test; (b) specimen used in the abrasion test; (c) Dorry
Abrasion Machine; (d) prismatic specimens with ends sealed with wax, arranged inside the accelerated carbonation chamber; (e)
slice extraction by compression (f) spraying the phenolphthalein solution on the newly fractured surface; (g) image acquisition of

carbonated surface; (h) mold and reinforcement used in making specimens to test for corrosion potential; (i) assembly of the
corrosion potential test, with a copper/copper sulphate electrode placed on the specimen and connected by means of a voltmeter to
the working electrodes/steel bars; (j) partial immersion in sodium chloride solution to accelerate the corrosion process; (k and 1)
assembly of the German Water Permeability Test apparatus to assess water permeability.

Using an accelerated test, carbonation was evaluated in 10 cm x 10 cm x 50 cm prismatic specimens, molded
without the use of a release agent so as not to cause waterproofing of the surface. After curing in a humidity chamber
for 28 days, they were stored in the humidity of the accelerated test (65%) until mass constancy. This occurred at the
age of 91 days. From this age, the specimens were kept in a carbonation chamber (Figure 1d) with a controlled
temperature (25°C) and CO, concentration (5%). The carbonation depth was evaluated at the ages of 6, 14, 28, 56 and
96 days. At each of these ages, a slice of the specimen was extracted by transversal compression (Figure le) and
sprinkled with phenolphthalein solution as a pH indicator (Figure 1f). The minimum, average and maximum depths
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were determined with the aid of image analysis (Figure 11). In this article, the value of the average depth at 96 days was
considered as an indicator.

Abrasion was evaluated on Dorry Abrasion Machine equipment (Figure 1b and 1c¢), and the test conditions matched
the specifications of NBR 12042:1992 [43], using standard sand (IPT 50) as abrasive material. Abrasion was determined
after 500 and 1,000 meters, and in this article the value for 1000 meters was analyzed.

In relation to the corrosion process, the corrosion potential was evaluated according to the procedure of ASTM
C876:2009 [44]. This test measures the potential difference developed between a standard electrode (copper/copper
sulfate electrode was used), positioned on the surface of the specimen, and steel bars inserted into the concrete. Concrete
specimens of 5 cm X 10 cm x 10 cm were molded with 2 embedded 8 mm steel bars. These bars were previously
cleaned to eliminate oxidation and then partially isolated in order to delimit a controlled area inside the specimen
susceptible to the corrosion process (Figure 1h). After initial curing in a humidity chamber, the specimens were
subjected to four-day cycles of drying in a heating chamber at 50°C, followed by three days of partial immersion in
saline solution of 3.5% NaCl by mass (Figure 1j). Over 4 months, the difference in electrical potential between the steel
bar and the standard electrode was determined at the end of the immersion steps (Figure 1i). The final value after 17
cycles was considered in this article.

3.2 Test methods Hierarchical analysis for decision making

Based on the available data, a hierarchy structure was built as shown in Figure 2.

Choice of cement and mix proportioning of high performance concrete

Mechanical properties Durability Economic attractiveness Environmental performance
Compressive — Water absorption Cost per m? L CO:z enmussions
strength
— Abrasion

Modulus of

— Corrosion Potential

elasticity
- —{ Permeability ‘
| |  Flexural tensile -
strength -
— Carbonation
VR4 ITIIR4 V280 111280 V200 V280

Figure 2. Criteria and sub-criteria used.

In order to allow decision making, it was also necessary to establish weights for each of the criteria and sub-criteria,
thus reducing the subjectivity of the decision, as explained by Gregorio [46]. However, this fact requires that the
analyzers have knowledge and experience regarding the topic to be analyzed, since the main way to assign the weights
is through previous knowledge or convictions.

It is a fact that the definition of a material's composition is linked to the context to which it will be applied. Therefore,
in order to evaluate the application of the Analytic Hierarchy Process, hypothetical scenarios were established to guide
the process of assigning weights based on their specific demands and limitations.

In this work, hierarchical analysis was applied to determine the most satisfactory material composition (mixture and
type of cement) for three hypothetical applications:

a) Scenario 1: Concrete to be applied to an industrial floor of a chemical factory;
b) Scenario 2: Structural concrete to be applied to a thirty-story building in an urban, non-coastal region;
¢) Scenario 3: High-volume foundation block of a green building.
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The choice of these three scenarios sought to consider different performance criteria. In the first scenario, durability
represents abrasion and permeability as decisive factors. In the second scenario, mechanical resistance acts with greater

importance. In the third, the environmental issue is more prevalent.

Based on these three scenarios as well as the criteria and sub-criteria shown in Figure 2, their weights were
determined, as shown in Tables 3 to 9. Table 3 shows the weight scale adopted and the logic of filling out the decision
matrix. The decision matrices were then filled out following the logic presented in Table 4. Initially, weights were
assigned between criteria A-B, B-C and C-D and from these values the other matrix weights were calculated (Table 4).

Table 3. Judgment scale and logic of filling out the decision matrix.

Judgment scale Weight
A is equally as important as B 1.00
A is moderately more (less) important than B 2.00 (0.5)
A is extremely more (less) important than B 3.00 (0.33)
Analysis parameter A B C D
A 1.00 a axb axbxc
B 1/a 1.00 b bxc
C 1/(axb) 1/b 1.00 c
D /(axbxc) 1/(b x ¢) 1/c 1.00

The decision of the weights for Scenario 1 (Table 4) took into account the following considerations:
a) The durability of an industrial floor is of greater relevance than factors such as cost and mechanical resistance,
considering that a possible repair on this floor would cause a major disturbance to the factory's functionality.
b) Within the criterion of durability, permeability and abrasion resistance are the most important sub-criteria. The first
is due to the fact that the factory works with chemical products and excessive permeability could compromise both
the microstructure of the concrete itself and the quality of the soil under the floor. Abrasion resistance, on the other
hand, would cause premature wear of the floor, in addition to the release of powdery material that could also

compromise the factory operability.

c) Within the criterion of mechanical properties, the flexural tensile strength was considered the most important sub-

criterion due to the forces that occur on these slabs.

Table 4. Decision matrix of criteria, mechanical properties sub-criteria and durability sub-criteria (Scenario 1 - Industrial floor).

2
§ 2 z 3 g
Analysis parameter (Main criteria) ] E E E
s 5 = S B
= = =3
g & £ §E
D =
= & a = =
Mechanical properties 1.0 0.33 1.0
Durability 3.0 1.0 3.0
Economic attractiveness 1.0 0.33 1.0
Environmental performance 0.5 0.17 0.50
D
= -
Analysis parameter (Mechanical properties sub-criteria) % - S
=% =
T
S = S
SR =
Compressive strength 1.0 2.
Modulus of elasticity 0.5 1.
Tensile strength 1.5 3

S © 2 elasticity

v Environmental
< performance

6.0

— N
[N

Tensile strength

0.67
0.33
1.0
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Table 4. Continued...

Analysis parameter (Durability sub-criteria)

Absorption
Abrasion
Corrosion potential
Permeability
Carbonation

Absorption

1.0

Abrasion

0.33

0.33
1.0
0.33

Corrosion potential

1.0

Permeability

W = W = .
= o= & o Carbonation

1.0

For scenario 2, there was a significant change in the weights (Table 5) due to the following arguments:

a) Mechanical performance has priority over durability because it is a structural element that is related to the short-
term safety of the people who use this building. Durability, on the other hand, ensures that this use is possible for a
maximum period of time. However, without adequate mechanical resistance, durability is also compromised.

b) Within the durability criteria, the sub-criteria related to corrosion potential and carbonation are more relevant in this
scenario, since corrosion of reinforcement by carbonation is one of the most critical problems with regard to the
durability of a building located in an urban and non-coastal region.

Table 5. Decision matrix of criteria, mechanical properties sub-criteria and durability sub-criteria (Scenario 2 - building structure).

Analysis parameter (Main criteria)

Mechanical properties
Durability
Economic attractiveness

Environmental performance

Mechanical
< properties

C o -
o2
s W

0.13

Analysis parameter (Mechanical properties sub-criteria)

Compressive strength
Modulus of elasticity
Tensile strength

Analysis parameter (Durability sub-criteria)

Absorption
Abrasion
Corrosion Potential
Permeability

Carbonation

Absorption

1.0

Abrasion

1.0

Durability

2.0

— Compressive
< strength

oo
UIU]

¢
o 5
E .z
3
£
=ow
4.0
2.0
1.0
0.5
[y
=}
ERy
ER
B2
<
=3
2.0
1.0
0.5
&
= =
S = =
£S E
S 2 &
0.33 1.0
0.33 1.0
1.0 3.0
0.33 1.0
1.0 3.0

Environmental
performance

ol ol
o o o o

— o & Tensile
S < < strength

Carbonation

- o 2
—~ W W
SO »

0.33
1.0
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For scenario 3 (Table 6), the following questions were taken into account:

a) Environmental performance has priority over other criteria, followed by durability, mechanical properties and lastly,
economic attractiveness.

b) Within the durability sub-criteria, corrosion potential and permeability are more relevant in this scenario, since these
are the main ones that could affect the service life of a foundation block.

c) In the sub-criterion of mechanical properties, compressive strength is the most relevant given the mechanical
functioning of a foundation block (compression rods).

Table 6. Decision matrix of criteria, mechanical properties sub-criteria and durability sub-criteria (Scenario 3 - foundation block).

2 g
= 2 3
Analysis parameter (Main criteria) E S E‘ 2 § E g
5% = £% S5
g & £ § E -
= 2 a SIS =i
Mechanical properties 1.00 0.50 1.00 0.33
Durability 2.00 1.00 2.00 0.66
Economic attractiveness 1.00 0.50 1.00 0.33
Environmental performance 3.03 1.50 3.00 1.00
o
> o
Z 2
Analysis parameter (Mechanical properties sub-criteria) L= E £ v =
o 80 = 9 - o
E S 2 g £ S
S = S = S =
SR =R = 2
Compressive strength 1.0 2.0 2.0
Modulus of elasticity 0.5 1.0 1.0
Tensile strength 0.5 1.0 1.0
g
£ E £ g
Analysis parameter (Durability sub-criteria) g E E g g
S : £
2 S b o <
< < &~ &~ ®)
Absorption 1.00 2.00 0.66 1.32 2.64
Abrasion 0.50 1.00 0.33 0.66 1.32
Corrosion Potential 1.52 3.03 1.00 2.00 4.00
Permeability 0.76 1.52 0.50 1.00 2.00
Carbonation 0.38 0.76 0.25 0.50 1.00

4 RESULTS AND DISCUSSION

Subsequent to the assignment of weights, the results must be normalized in order to be able to apply the Analytic
Hierarchy Process, seeking to place them in the same order of magnitude as well as following the same analysis logic.
In other words, the greater the value assigned to the parameter, the more satisfactory the evaluated item is. For this,
working with the data in Table 2, an inversion was made of the results whose analysis parameters indicate that lower
values would mean better performance, such as abrasion. Finally, the normalized data set was obtained from the process
of dividing each result by the highest value obtained from the row, as shown in Table 7.
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Table 7. Standardized Data.

VR4 I11R4 V280 111280 V200 111210

Compressive strength - 28 days 0.58 0.43 1.00 0.80 0.77 0.51
Modulus of elasticity - 28 days 0.82 0.70 1.00 0.99 0.95 0.85
Flexural tensile strength 0.54 0.57 1.00 0.87 0.75 0.61
Water absorption - 63 days 0.45 0.42 0.78 1.00 0.66 0.66
Abrasion 1000 m 1.00 0.63 0.83 0.71 0.67 0.63
Permeability 0.56 0.45 1.00 0.58 0.52 0.30
Carbonation 1.00 0.07 0.59 0.10 0.09 0.04
Corrosion potential — 17 cycles 0.43 0.50 0.72 0.52 1.00 0.39
Cost 1.00 0.98 0.75 0.76 0.90 0.88

COz Emission 0.25 0.48 0.39 0.76 0.54 1.00

Multiplying the normalized results presented in Table 7 by 100 and also by the relative importance presented in
Table 4 (Scenario 1), Table 5 (Scenario 2) or Table 6 (Scenario 3), the performance index of each mixture was obtained
for each sub-criterion of the 2nd level analysis. Table 8 shows the performance indices for Scenario 1.

Table 8. Performance index of mechanical properties and durability (Scenario 1 - Industrial floor).

Mechanical properties VR4 I1TIR4 V280 111280 V200 111210
Compressive strength 19.23 14.42 33.17 26.44 25.48 16.82
Modulus of elasticity 13.58 11.65 16.58 16.39 15.81 14.03

Tensile strength 27.24 28.46 50.25 43.59 37.54 30.88
Performance index 60.05 54.52 100.00 86.42 78.82 61.73
Durability VR4 I1IR4 V280 111280 V200 1210
Water absorption 4.98 4.65 8.56 10.96 7.21 7.21
Abrasion 33.22 20.76 27.68 23.73 22.15 20.76
Corrosion potential 4.81 5.54 7.96 5.79 11.07 4.32
Permeability 18.79 15.15 33.56 19.57 17.40 10.00
Carbonation 11.19 0.77 6.58 1.14 1.01 0.50
Performance index 72.99 46.18 78.42 60.17 57.93 42.34

With the performance indices of the second level calculated, the analysis of the first level is completed. For this, it
is first necessary to again normalize the performance indices of the mechanical properties and durability criteria together
with the results of cost and CO; release (Table 9).

Table 9. Standardized data for 1st level analysis (Scenario 1 - Industrial floor).

VR4 IITIR4 V280 111280 V200 11210
Mechanical properties 0.60 0.55 1.00 0.86 0.79 0.62
Durability 0.87 0.56 1.00 0.73 0.70 0.51
Economic attractiveness 1.00 0.98 0.75 0.76 0.90 0.88
Environmental performance 0.25 0.48 0.39 0.76 0.54 1.00

Then, the values in Table 9 were multiplied by 100 and by the relative importance shown in Table 4 (Scenario 1).
Finally, the results of each column were added to obtain the performance index for each mixture for this particular
application (Table 10).

In the same way, it is also possible to find the performance indices for Scenario 2 (Table 11) and Scenario 3 (Table 12).
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Table 10. Final Performance Index (Scenario 1 - Industrial floor).

VR4 ITIR4 V280 111280 V200 111210

Mechanical properties 10.82 9.83 18.03 15.58 14.21 11.13

Durability 47.28 30.36 54.64 39.65 38.12 27.72

Economic attractiveness 18.21 17.91 13.74 13.83 16.37 16.00
Environmental performance 2.30 4.36 3.52 6.91 4.92 9.11

Performance index 78.63 62.46 89.93 75.97 73.62 63.97

Table 11. Final Performance Index (Scenario 2 - Building structure).

VR4 I1TR4 V280 111280 V200 111210

Mechanical properties 34.28 28.27 53.33 45.96 43.63 33.04
Durability 26.67 12.68 20.77 16.34 20.45 11.59
Economic attractiveness 13.33 13.11 10.06 10.12 11.98 11.71
Environmental performance 1.69 3.19 2.57 5.06 3.60 6.67
Performance index 75.13 57.61 92.63 78.10 80.03 63.14

Table 12. Final Performance Index (Scenario 3 - Foundation block).

VR4 I11R4 V280 111280 V200 111210
Mechanical properties 8.96 7.60 14.22 12.26 11.50 8.80
Durability 21.02 16.21 28.44 22.89 25.54 15.70
Economic attractiveness 14.22 13.99 10.73 10.80 12.78 12.50
Environmental performance 10.90 20.61 16.64 32.70 23.27 43.10
Performance index 55.12 58.42 70.04 78.66 73.10 80.11

From the results obtained, it was found that the V280 mixture presented the highest final performance index for both
hypothetical scenarios 1 and 2, therefore being the best choice for these situations. This may be mainly related to the fact that the
V280 mixture performed better in most of the criteria considered, except for the parameters of abrasion, absorption, corrosion
potential and CO, emission, as shown in Table 12. Therefore, this mixture was not the best in Scenario 3, but rather was the
mixture [11210.

It can also be noted that, despite not being the mixture with the best abrasion performance, which is one of the main
requirements for floors, V280 was still the mixture with the best indication for scenario 1 (industrial floor) due to its
better performance in the other criteria.

The mixture that presented the worst performance in scenarios 1 and 2 was also the same, IIIR4. This mixture,
unlike the V280, presented the most unsatisfactory performance in practically all the analyzed criteria. Thus, it is
observed that just meeting regulatory requirements (such as NBR 6118 [2] and NBR 12655 [39]) is not enough to
choose the best solution.

The mixtures with CPV-ARI cement presented advantages in scenarios 1 and 2 compared to the mixtures with CPIII
cement. The opposite occurred in Scenario 3, in which there was an advantage for the mixtures with CPIII cement. In
addition, the mixtures with low cement content were also shown to be superior to the reference mixtures in all analyzed
scenarios. Such considerations confirm the conclusions obtained by Rebmann [38] that it is possible to produce
adequate concretes that meet design, cost and sustainability requirements, even though they use a cement content lower
than that specified in NBR 6118 [2] and NBR 12655 [39].

As can be seen in Figures 3 to 5, the V280 mixture presented a better performance regarding mechanical property
and durability criteria. Only in one scenario, in which environmental or economic performance was the most relevant
variable (Scenario 3), was this mixture not the best choice.
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Figure 4. Partial indices of criteria and final performance index - Scenario 2 (building structure).
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5 CONCLUSIONS

The basic premise of this work was the application of the Analytic Hierarchy Process (AHP) as a tool for choosing
the composition of high-performance concretes for three practical application scenarios: (scenario 1) industrial floor of
a chemical factory; (scenario 2) reinforced concrete structure of a thirty-story building in an urban, non-coastal region
and (scenario 3) high-volume foundation block for a green building.

The following conclusions were drawn from this work:

* The results showed that, in scenarios 1 and 2, the concrete composed of CPV-ARI cement with a content of about
280 kg/m3 (V280) was considered the alternative that best met the choice criteria. The use of CPV-ARI cement in
general proved to be superior to CPIII cement for these first two scenarios analyzed.

* The differences between the requirements of the studied scenarios 1 and 2 resulted in only one change in the choice
order of the mixtures. In scenario 1 (the industrial floor), the second choice option would be the concrete with a
content 0f 426.1 kg/m?* of CPV-ARI cement and the fourth option would be the concrete with a content of 200 kg/m?
of CPV-ARI cement. In scenario 2 (the building structure), this order is reversed.

* Analyzing scenario 3, the mix with 210 kg/m?* of CPIII cement was the best option.

» Although AHP has proven to be an accessible and easy to apply tool, it became evident that its effectiveness depends
on a good structuring of the problem and weight system. In this way, AHP can be considered an instrument that can
assist with problems systemically and thus contribute with information that feeds the decision-making process.

» This type of research can serve as support for the future development of artificial intelligence systems in order to
systematize and implement means of rational decision making that can be conducted by computers. In this way, the
main focus of this work should be given to the process that is being proposed and exemplified in order to glimpse
its potential for use in the systemic choice of concretes more suitable for different applications.
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