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ABSTRACT

The construction industry is confronted by resource constraints. It
affects the initial costs and environment that requires resource and
method optimization. The objective of the research is to design
a mathematical MCDM model that would enable to select econom-
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ically and ecologically suitable building material. To achieve this,
the researcher designed, evaluated, and selected the suitable con-
crete grade using a combined mathematical MCDM. The objective
sampling technique is used in Addis Ababa to collect samples of

selection; combined
mathematical MCDM;

cost analysis; environmental
impact assessment and

high-rise structures and materials. The study used objective- scenario analysis

weighed MCDM and fuzzy-AHP to create specific concrete grades.
The amount of the objective was fitted by 95% sensitivity analysis
cost and quantity of concrete using a combination of MCDM, linear
programming, and Monte Carlo simulation. The result demon-
strates that, although the unit cost of concrete increased as
strength grew, the project’s overall cost was reduced by reducing
the project quantities. It will also add more space with environmen-
tally friendly, sustainable structures. In conclusion, the integrated
mathematical MCDM model is a helpful tool for selecting urban
structure cost-effective materials

1. Introduction

The fast-growing construction industry is experiencing rapid rise in urbanization has led
to a peak in material consumption (Simon & Kalbe, 2022; Tarekegn et al., 2022).
Concrete is one of the construction materials that has the biggest impact on the
construction industry (Abebe, 2005). It is a mixture of cement, aggregate, water, and
additives (Tarekegn et al., 2022). Rock is extracted as a raw material and processed in
a facility to manufacture cement that negatively effects on the nation’s economy
(Subiyanto, 2020). But these days, other ingredients known as admixtures have emerged
to improve the qualities of concrete by lowering the amount of cement needed, which
lessens the negative effects of massive cement manufacturing on the environment and the
economy (Mansor et al., 2018). Super plasticizing additive, one type of admixture that
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reduces cement and has a major impact on the manufacturing of concrete
(Alsadey & Omran, 2022; Che et al., 2020; Muhsen et al., 2016). It is a plant byproduct
that is readily regenerated and improves eco-efficiency by consuming less energy and
reducing greenhouse gases (Burgos et al., 2012). This research used this admixture design
and analysis of concrete in the construction of Addis Ababa high raise building.

The quantity of main ingredients of concrete are determined using concrete mix design
(De Larrard, 1999; Ken, 1999; Kosmatka et al., 2002) that needed to produce economically
appropriate, workable, strong, and durable concrete (Abebe & Aydin, 2022; Kosmatka
et al., 2002). Therefore, the primary objective of mix design is to attain compressive
strength at a given workability and age (ACI manual of concrete practice 121R-08,
2009). Even if durability, water-to-cement ratio, maximum size of aggregates, grading
and type of aggregate, cement content, quality control, air voids, and compaction (Amin
et al., 2022) are also considered, the quality of the material and admixture (Musbah et al.,
2019) are also considered to improve the concrete properties (Amin et al., 2022; Che et al.,
2020).

Admixtures, made up of fly ash, blast furnace slag, silica fume, and met kaolin, are also
added to concrete to lower costs and increase workability as well as the material’s
resistance to sulphate attack, alkali-aggregate expansion, and thermal cracking
(Ramachandran, 2002). It improves the economy of the concrete mixture, boost ingre-
dient efficiency, and improve the qualities of concrete in its plastic and hardened forms.
In this study, the characteristics of both fresh and cured concrete enhanced by varying
the water content up to 5-35% (Gelardi et al., 2016) using a water-reducing additive. The
effect of water reducing additive affected by temperature, cement type and quantity, w/c
ratio, addition type, dosage, and timing (Hover, 1998; Ken, 1999; Kosmatka et al., 2002).
It impacts slump loss, bleeding and segregation, air content, finishing, and fresh concrete
by decreasing the water content and making it more workable (Hover, 1998). By
extending the typical workability period to 30 to 60 minutes, it causes a slump loss
(Kosmatka et al., 2002), a 20% decrease in the water content and degree of hydration
in cured concrete, as well as a reduction in creep, shrinkage, and permeability. Concrete
has a reduced compressive strength on the first day, but between the third and seventh
days, the strength has increased above the 28-day mark (Alsadey & Omran, 2022;
Ramachandran et al., 2002).

While it is difficult to quantify (Simon & Kalbe, 2022), the production, use, and end-of
-life of all construction materials has polluted the environment by releasing 38% of
polluting gas (Burdova & Vil¢ekova, 2012), solid waste, climate change, and human
toxicity (Baglou et al,, 2017). Furthermore, the choice of building materials directly
affects the structure’s complexity, kind, shape, and cost (Baskova et al.,, 2023). Thus,
the building industry’s performance has brought attention to the growing demand for
more environmentally friendly building techniques that would raise value, cut waste, and
boost output. This problem will be resolved by maximizing cost-benefit analyses of
construction methods, materials and harmonizing the social, economic, technological,
and environmental elements (Alam Bhuiyan & Hammad, 2023; Navaratnam, 2022).
Thus, the choice of appropriate building material (in this case, concrete as a prototype)
will be covered in this study through developing a model that includes the subjective and
objective decision at a certain value in case of mathematical complex with limited
information. To achieve this, the researcher first selects, study the material property
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and design concrete strength. Secondly, the appropriate material should be selected using
fuzzy-AHP, CRITIC and entropy MCDM. Thirdly, the amount of the decision fixed by
using statistical theory, Monte-Carlo simulation and linear programming. Finally, the
real benefit of the model shall be validated using cost and scenario analysis.

An integrated model of Monte Carlo simulation with fuzzy-AHP, objective weighted
MCDM, and integrated linear programming will select the best concrete for a high-rise
construction in Addis Ababa. This model will select construction materials and methods
under uncertain, mathematically complex, and constrained data by the applying Monte-
Carlo simulation (Prabatha et al., 2022). By adding the opinion and aim, MCDM was
further optimized to decrease environmental pollution, deliver projects faster and at
a lower cost while maintaining asset quality (Banihashemi et al., 2023). To establish the
ideal selection value, liner programming was employed (Anyaeche & Okwara, 2011;
Tewodros, 2023). The researcher would validate the model by showing how the choice
of concrete material minimizes total cost and environmental influence. Environmental
impact quantified by IPAT formula (Ehrlich & Holdren, 1971), and life-cycle assessment
(Gibberd, 2014; Malmqvist et al., 2011) but it is not objective of this study.

2. Literature review and procedure
2.1. Description of the study area

Ethiopia’s capital, Addis Ababa, is one of the continent’s major metropolises. It is located
at 2355 meters above sea level, with coordinates of 9°1’48‘and 38°44°24’ for the north and
south, respectively. In 2007, the population of 2,738,248 persons live 530.14 km?, grew at
a rate of 3.8% (Tadesse, 2011; T. Tamene, 2019). The city, which is still under develop-
ment, is plagued by pollution, traffic congestion, and a lack of construction materials
(Tadesse, 2011). Due to the country’s increasing population, mass migration, resource
scarcity, and economic vulnerability, resource optimization is mandatory (Tamene, 2019;
Tamene & Yeserah, 2023; Ulutas et al., 2023) for sustain able development (Ulutas et al.,
2023). Therefore, one of the main issues facing a metropolitan city like the capital of
Ethiopia will be covered by this research.

2.2. Construction material selection

The decision-making of building materials and techniques is essential for optimizing
time, money, safety, and quality. The decision makings’ methodical and procedural
technique of process optimization are finding problems, preference manufacturing
process, alternative evaluation, and best alternative selection. Qualitative and prescriptive
analysis techniques of Multiple-criteria decision-making (MCDM) tools are applied to
deal with the multi-criteria material selection problem (Thakkar, 2021). By optimizing
complex charge and aggravate repercussions (Zarghami & Szidarovszky, 2011), this
strategy makes the best choice possible on certain multiple attribute choice problems
and design difficulties of multiple objective decision making (Vadivel et al., 2020;
Zarghami & Szidarovszky, 2011).

The MCDM decision-making depends on the unique behaviour of the problem due to
its unique strengths, weaknesses, and inconsistent weighting of the criteria, selection of
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the solution, objective scaling, and parameter handling. It also limited to the number of
alternatives chosen, handling of viewpoints, result validation, sensitivity analysis, and
structural hierarchy inefficiencies (Thakkar, 2021). The researcher has therefore sug-
gested an integrated mathematical MCDM method that incorporates mathematical
algorithm to circumvent one method’s shortcomings by utilizing the strengths of the
other.

The integration of fuzzy-AHP, objective weight, and mathematical model will solve
the difficulty. Objective MCDM (entropy and CIRITIC) will solve fuzzy-AHP con-
straints, subjective decision-making, and validation (Mardani et al., 2015; Sterna &
Laumanns, 2020). This combination will address the validation of the result and the
limitations of the decision maker, rather than the precise value in an uncertain environ-
ment and mathematical complexity. Hence, the combined MCDM approach offers
a more practical and realistic approach than a single MCDM (Ho, 2008; Tewodros,
2023). Therefore, the researcher applied linear programming to ascertain the number of
real-world difficulties (Tewodros, 2023). However, the combined MCDM model of
fuzzy-AHP, objective weighting, and linear optimization will not solve the challenges
of data shortage and mathematical complexity. So, the researcher once again added
a Monte Carlo random number generator based on the properties of the data using
@RISK (T. Tamene, 2019).

Allin all, the researcher used fuzzy-AHP to include the opinion of the decision-maker,
objective weighing to address the subjectivity of the decision-maker, and validation of
fuzzy-AHP, combined linear programming, and Monte-Carlo simulation to address the
shortcoming of uncertainty in the environment, data shortage, and mathematical com-
plexity for the appropriate sustainable economic concrete strength selection of urban
infrastructure of Addis Ababa.

2.3. Sampling and collecting of data

The researcher used Delphi, interviewing under fuzzy environment to collect qualitative
data. In the first, the decision maker was given the questioner, and after considering the
maximum output of the first questioner, the decision maker passed questionaries’ one
again with the maximum result of the previous decision to the same decision maker. If
the summary of the final question’s results is less than three-fourth, the researcher
directly meets the decision-maker who disagreed to converge the divergence. The
quantitative data were collected by objective sampling of Addis Ababa’s high-rise build-
ings and literature.

2.4. Data analysis and modelling

Resource shortages that need optimization is the common challenge of any industry
due to imperfect match of demand and supply. Previous different MCDM have been
applied to optimize this challenge based on various possibilities and criteria (Ho,
2008), such as cost assessment (Ibrahim & Elshwadfy, 2021), power plant (Khanlari &
Alhuyi, 2022), risk factor (Rezakhani, 2022), transportation (Vadivel et al., 2020),
resource planning (Shouzhen et al., 2019), healthcare (Zozaya et al., 2018), renewable
energy (Shao et al., 2020), watershed prioritization (Jaiswal et al., 2015), water and
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environmental management (Zarghami & Szidarovszky, 2011), construction project
(Salimian et al., 2023), concrete mixture (Moro, 2023), and formwork (Rane et al.,
2023) selection. All of this decision-making based on the specific assumptions of each
MCDM model.

The drawback of a single MCDM shall be addressed by combining different MCDM
(Thakkar, 2021), For-example, integrated AHP, ANN, and COP were used to select
contractors (Alzober & Yaakub, 2014), integrated DEMATEL-AHP (Thakkar, 2021),
and a systematic, valid method of objective criteria specification was developed (Reza
Afshari, 2015). However, this combined methods do not include the best representation
of decision-makers opinions. Integrated TODIMVIKOR with Entropy weighted under
picture fuzzy set (Arya & Kumar, 2021), combined fuzzy FEMA with VIKOR (Thakkar,
2021), integrated prospect theory with PROMETHEE (T. Chen et al.,, 2020), and com-
bined TOPSIS with TODIM Methods based on entropy weight (Liu et al., 2020) under
picture linguistic fuzzy set were developed to address uncertainty, vagueness, and sub-
jectivity of decision-making. However, all of them do not solve the decision-making
under mathematical complexity and a data shortage. The lack of information was
addressed by integrating Grey AHP and TOPSIS (Thakkar, 2021). But it solves linguistic
data, not the challenge of objective weight, and it is not applicable to complex mathe-
matical problems. All in all, the above study lacks the subjectivity of decision-makers on
objective criteria weight and result validation. All of them were developed for non-
construction material selection, and they did not address the integrated decision-
making of uncertain, vague, combined subject with objective, mathematical complex,
and lack of information problem.

Appropriate material selection, which is a multicriteria problem (Zakeri et al., 2023), is
required for sustainable (Abdelaal et al., 2023; Figueiredo et al., 2021; Lee et al., 2020;
Ulutas et al., 2023), with quality and safety (Lam et al., 2023), environmentally friendly
and cost-effective construction (Alkan et al., 2022; Moro, 2023). Among all, concrete is
a major contributor of pollution and cost (J. Chen et al., 2020), that shall be decided by
hybrid MCDM method (Emovon & Oghenenyerovwho, 2020). Different researchers
have developed different hybrid MCDM methods like an integrated PSI-MEREC-
LOPCOW-MCRAT model (Ulutas et al., 2023), fuzzy logic (Obradovi¢ & Pamucar,
2020) was used to select fibre and construction material, respectively. The output of
concrete and mix design factor was optimized by ILHWLAD-MCDM (J. Chen et al,,
2020), and TOPSIS (Ahmed et al., 2020) under fuzzy environment, respectively. A hybrid
MCDM was developed for green material selection without accommodating mathema-
tical complexity or data shortages (Zhang et al., 2017). However, the above methods will
not address uncertain, ambiguous, and low-information mathematically complex multi-
criteria concrete grade selection problems that need output validation.

So, to achieve the best representation and eliminate the shortcomings of the above
studies, the analysis of the Addis Ababa high-rise building infrastructure was carried out
utilizing a combination of MCDM (fuzzy-AHP, objective weight CRITIC, and entropy),
linear programming, and Monte-Carlo simulation, called the combined mathematical
MCDM method. The shortcoming of fuzzy-AHP’s subjectivity should be addressed by
integrating and cross-checking by objective-weighted MCDM decision-making. In addi-
tion, the uncertainty, mathematical complexity, and data shortage with known property
data were addressed by combined Monte-Carlo simulation, linear programming, and
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statistical theory. Finally, the model should be validated by cost, environmental impact,
and scenario analysis.

2.5. Research procedure and organization

The following procedures and methods can be used to accomplish the study’s goal of
creating a suitable model for the selection of construction materials:

(1) Problem identification, which determines the research’s importance by examining
how material choice affects the development of the infrastructure.

(2) Stating objective: this target is backed by objectives that direct the process of
achieving the study goal by developing a framework that outlines the precise steps
taken to accomplish the goal step-by-step.

(3) Critical literature review: this stage of the study should provide a summary of the
body of information that informs the goal of the investigation. It highlights the
procedures, practices, and shortcomings of previous investigations and demon-
strates how to integrate them into the present selection of materials model to
comprehend the approach and content of the current study by using the proper
material selection strategy.

(4) A two-step process was used to collect data. The basic data was gathered in Addis
Ababa by objective sampling of material and high-rise buildings, as well as
questioning (i.e. subjective data). The objective MCDM analysis data was gathered
from the analytical literature.

(5) The @Risk software add-in for Excel, Monte Carlo simulation, and linear pro-
gramming were used in tandem to optimize the uncertain data.

(6) Data analysis and discussion was conducted to analyse the collected data, to
determine the relative importance of the appropriate material selection model
and recommend a useful supporting tool for researcher.

(7) Validation: Using cost, scenario, and environmental analysis, the researcher con-
firmed the model. It was utilized to persuade decision-makers and end users of the
model’s outcome by demonstrating real benefits.

(8) Lastly, based on the model, analysis, and discussion of construction material
selection and its benefit, the researcher will make conclusions and recommenda-
tions for researchers, infrastructure developers, contractors, consultants, and
decision makers.

The Figure 1 shows the researcher’s identification of the problem to develop the
general and specific objectives using primary and secondary data as well as a critical
literature review. To gather secondary data, create research questions, and ultimately
build a model using a combination of questioners and objective primary data collecting,
a critical examination of the literature was employed. Following the development of the
model, the study area was the subject of analysis and discussion to display the model’s
prototype. After this model was verified, the overall goal for the issue found was used to
inform the conclusion and recommendation that were provided. Eventually, the
researcher will offer an efficient mathematical MCDM models for resolving the challenge
of expense and environmental pollution by handling uncertainty, mathematical
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“Objective |
. data )
collection.

\
Delphi and Interview
Questionary summary

Figure 2. Pictorial representation of model development (developed by author).

complexity at low information levels, validation using precise data properties, opinion,
and objective weight.

3. Research methodology

This paper develops a combined mathematical MCDM model to select construction
material for Addis Ababa infrastructure development through designing and producing
high-strength concrete using ACI mix design techniques. The investigation began from
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Figure 3. Highly segregated trial mix vs appropriate mix.

‘ Concrete Strength ‘

Figure 4. Hierarchal structure concrete mix design selection.
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Figure 5. The probability distribution of C25 concrete using @RISK.
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collecting the physical characteristics of the components used in concrete using soil and
concrete test. Then, contractors and consulting staff from different sectors was objec-
tively chosen and finally, the researcher developed the following steps with a pictorail
representation of Figure 2 to reach the objectives at a known degree.

e Critical literature review of earlier work.

e Materials are sampled and tested from Addis Ababa material site for concrete mix
design.

e Mix designed, tested and cost analysis is done with and without chemical.

¢ Combined Delphi and interview method were used to summarize the decision.
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e The appropriate concrete strength was selected by Fuzzy-AHP and objective
weighted CRITIC and entropy MCDM. The fuzzy-AHP used to include the opinion
of decision maker whereas objective weight MCDM shall address shortage of
opinion of decision maker.

e The amount of concrete and formwork needed at a 95% confidence level was
determined by using @RISK statistic software and linear Monte-Carlo Simulation.

e Intergrade linear programming, Monte Carlo simulation and statistics theory is
used to develop the amount of certainty of the selected material using the above
MCDM method.

¢ The validation of the model through evaluation of the adverse environmental effects
and cost reduction was conducted.

e Finally, the results of the combined mathematical model of Fuzzy-AHP, Objective
weight MCDM, Linear Programming and Monte-Carlo Simulation are forwarded as
a powerful tool to decide economic, environmentally friendly sustainable construc-
tion material on a certain degree on uncertain condition and the whole process is
pictorially represented on Figure 2.

All in all, the researcher solved the main objective of economical construction material
selection for urban infrastructure development of Addis Ababa high-rise buildings
through primary data collection using objective sampling and questioning. The second-
ary data were collected and analysed from the literature. These data were used to select
concrete grades using fuzzy-AHP and objective-weighed MCDM. The uncertainty,
complexity, and shortage of data for concrete and formwork quantification were analysed
by combined Monte-Carlo simulation and linear programming under known properties
of data from @RISK software. Finally, the output of the model was validated by cost and
environmental analysis.

4. Material selection, analysis and discussion
4.1. Physical property aggregate and concrete design

Silt content is the quantity of dust, loam, and clay in sand (Solomon, 2014) that weakens
the bond of concrete and mortar (Bashir & Science, 2018; Haque, 1980; Mathewos &
Sida, 2022). To comply with Ethiopian standards, which allow for a maximum silt
concentration of 6%, the researcher evaluated river sands using a sample taken for this
study. The results were 4.5%. Then to fix the fineness, coarseness, and uniformity of
aggregates, the fineness modulus index is determined using sieve analysis and grading
tests (Chudley & Greeno, 2014; Solomon, 2014). A sieve was analysed in accordance with
ACI standards to ascertain the coarse and fine aggregate particle size distribution of
various sample sources. Since, the grading unsatisfied ACI criteria, the researcher
blended and obtained 2.45 fines module.

According to a moisture content test, the water content of the aggregate is 10.90% for
fine aggregate and 2.57% for course aggregate. The unit weights of compacted and loss
fine aggregate are 1227.4 kg/m’ and 1360.2 kg/m”’, respectively, and for compacted and
loose course aggregates, they are 1449.6 kg/m” and 1410.4 kg/m”, respectively. For coarse
and fine aggregate, the average absorption capacity is 1.67% and 6.67%, respectively. The
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Table 1. Mix design of concrete.

Concrete grade

No. Design parameter Unit 25 30 40 50 C60
1 Slum Mm  25-100 25-100 25-100 25-100  25-100
2 Nominal maximum aggregate size Mm 25 25 25 25 25
3 water and air content Lit/m? 193 193 193 193 193
4 w/c - 0.61 0.54 0.42 0.385 0.35
5 cement content Kg 316.39 35741 459.52 501.30 55143
6 weight of coarse aggregate Kg 1,029.22 1,029.22 1,029.22 1,029.22 1,029.22
7 mass of fine aggregate Kg 841.39 800.38 698.26 656.49 606.36
8 adjusted wet aggregates of Coarse Kg 1,046.40 1,046.40 1,046.40 1,046.40 1,046.40
9 adjusted wet aggregates Fine Aggregate Kg 933.10 887.62 774.37 728.04 67245
10 Mixing Water Kg 180.67 179.11 175.23 173.65 171.74
1 Adjustment of water by addition of admixture

11.1 The amount of water reduced % 19

11.2 Super plasticizers dosage as of cement % 1 1 1 1 1

researcher adjusted the concrete mixture proportioning by employing Flow SP1 additive
and the ACI -211 procedures to design the concrete at a 100 mm slump. All in all, the
mix design data is summarized as follows. The column slump is 25-100 mm. the course
aggregate nominal maximum size, dry-rode mass and absorption are 25 mm, 1450, and
1.67%, respectively. The fineness modules and absorption of fine aggregates are 2.45 and
6.67%, respectively. the specific gravity of cement used for this study is 3.15. So, using this
material property, the researcher outlines design data for various concrete grades, con-
crete mix design and water content adjustment on Table 1.

Following the preparation of this mix design, the concrete mix was created using
a rotating drum mixer to yield the real test results. As seen in the first picture Figure 3, the
beginning of the concrete mixing process involved adding 1% of an additive and the
mixture was highly segregated. Therefore, less water will be used overall for mixing, and
the concrete mix was suitable.

The above Figure 3 illustrates the first mix of concrete with admixture without
reducing the water content while the second mix of concrete with admixture by reducing
19% of the water. Workability test was conducted on selected C30 and C60 concrete. It
was not significantly affected by adding admixture to the C30 concrete mix design at the
required slump of 110 mm for 0% and 95 mm for 1% additional admixture, respectively.
On the other hand, the 20 mm slump for C60 concrete, which has a 1% additive addition,
greatly affects construction price. The mix proportion analysis revealed the slump loss
occurring every 20 minutes. Thus, the working location is where the admixture will be
placed. The researcher conducted concrete’s compressive strength according to the 15 cm
cube test on 3", 7™ and 28" days for selected concrete grade, which is as per the
standard.

4.2. Unit cost analysis

The cost was analysed at material market price of 2023 by addition of 1% super plasticizer
admixture. The labour and material breakdowns are taken from the 2013 Ethiopian Road
Authority crew formation manual and the hourly indexing rate is taken from the hourly
rate of labour released on 2merkato.com in 2022 (Concrete Work Material Prices in
Addis Ababa, n.d.). The inflation rate of 28.8% of material (Ethiopia Inflation Rate -
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September 2023 Data — 2006-2022, 2023) was used to forecast the hourly rate of the 2023
labour rate. So, the labour unit cost of reinforced concrete and formwork is 86.69 and
128.26 ETB, respectively. In addition, the unit cost formwork materials as per 2merkato.
com of August 2023 is 918.71 ETB and the unit cost of C25, C30, C40, C50, and C60 is
6,421.24, 6,743.85, 7,546.00, 7,873.70 and 8,266.60 ETB corresponding. The study indi-
cates, the unit cost of concrete increased by an average of 6.55% as the concrete grade
increased.

4.3. Selection of concrete strength using MCDM and linear programming

Nine high-rises building ranging from 2B+G + 14 to 4B+G + 25 was selected from Addis
Ababa. These structures are moderate to large that incorporated mezzanine floors and it
featured distinct story sizes for every column. The study considered that to construct the
column dimensions, every column up to half of the story would have the same size, and
every other column would take up 75% of the basement column dimension. The design
concrete strength was chosen in Addis Ababa using the material cost and the facts. In
Ethiopia’s construction sector, column concrete grades ranging from C25 to C60 are
available. Thus, the unit cost, the amount of concrete (m’) and formwork (m?) needed
for the structure, the size of the columns (m?), astatic, and workmanship are all con-
sidered when choosing the right concrete strength. For the objective weightage, the value
of astatic and workmanship is represented as Low (1), Below Average (2), Average (3),
Good (4), and Excellent (5).

The above chart on Figure 4 shows the hierarchal structure of design concrete strength
selection in the design office and their major criteria. The summary of decision made by
five experienced engineers utilizing the direct interview and Delphi procedures illu-
strated below on Table 2.

Tables 3, 4 and 5 below show the associated Fuzzified Pair-wise comparison matrix,
fuzzy weight, and performance score of the concrete mix design, respectively.

According to the above analysis’s FAHP performance score, the greatest concrete
strength is the main concrete strength used in Addis Ababa’s high-rise construction

Table 2. Pair-wise comparison matrix.

Criteria Unit cost Concrete Formwork Space Astatic Workmanship
Unit cost 1 1/3 1/4 1/3 1/6 3
Concrete 3 1 5 4 5 4
Formwork 4 1/5 1 1/5 1/5 1/2
Space 3 1/4 5 1 3 5
Astatic 6 1/5 5 1/3 1 5
Workmanship 1/3 1/4 2 1/5 1/5 1

Table 3. Fuzzified Pair-wise comparison matrix.

Criteria Unit cost Concrete Formwork Space Astatic Workmanship
Unit cost (1,1,1) (1/4,1/3,1) (1/5,1/4,1/3) (1/4,1/3,1/2) (1/7,1/6,1/5) (2,34)
Concrete (2,34) (1,1,1) (4,5,6) (3,4,5) (4,5,6) (3,45
Formwork (3,4,5) (1/6,1/5,1/4) (1,1,1) (1/6,1/5,1/4) (1/6,1/5,1/4) (1/3,1/2,1)
Space (2,3,4) (1/5,1/4,1/3) (4,5,6) (1,1,1) (2,34) (4,5,6)
Astatic (5,6,7) (1/6,1/5,1/4) (4,5,6) (1/4,1/3,1/2) (1,1,1) (4,5,6)
Workmanship (1/4,1/3,1/2) (1/5,1/4,1/3) (1,2,3) (1/5,1/5,1/4) (1/6,1/5,1/4) (1,1,1)
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Table 4. Fuzzy weight calculation.

Fuzzy Geometric mean Fuzzy weight Weight Normalized weight
(0.39,0.49,0.64) (0.04,0.06,0.10) 0.07 0.06
(2.57,3.26,3.91) (0.26,0.40,0.60) 0.42 0.40
(0.41,0.5,0.65) (0.04,0.06,0.10) 0.07 0.06
(1.53,1.96,2.40) (0.16,0.24,0.37) 0.26 0.24
(1.22,1.47,1.66) (0.12,0.18,0.26) 0.19 0.18
(0.36,0.43,0.52) (0.04,0.05,0.08) 0.06 0.05
Table 5. Performance score concrete mix design selection.
Criteria Unit cost Concrete  Formwork Column size Astatic Workmanship Performance score
C25 0.0626 0.1955 0.0458 0.2421 0.0354 0.0108 0.5922
C30 0.0596 0.2270 0.0493 0.2084 0.0709 0.0135 0.6287
C40 0.0533 0.2906 0.0564 0.1630 0.1063 0.0180 0.6876
50 0.0511 0.3537 0.0616 0.1338 0.1417 0.0269 0.7688
60 0.0486 0.3998 0.0644 0.1180 0.1772 0.0539 0.8619

design. However, the primary disadvantage of utilizing the FAHP approach for decision-
making is that it is a complex fuzzy operation without established methods for evaluating
fuzzy consistency and fuzzy priority vector (Rezakhani, 2022). Therefore, using the
CRITIC and entropy methods, the researcher reselects the design concrete objectively
to validate the FAHP result. The performances score of C25, C30, C40, C50 and C60 is
0.34, 0.43, 0.53, 0.68, and 0.94 correspondingly in Entropy Method and 0.61, 0.65, 0.69,
0.77 and 0.88 in CRITIC method and yet C60 is top in both objective MCDM. The
average performance score of subjective and objective MCDM is 0.515, 0.569, 0.638,
0.737, and 0.894 for C25, C30, C40, C50 and C60, respectively, that have similar rank. So,
the concrete grade ranked as C60 > C50 > C40 > C30 > C25 and the high-grade concrete
is preferable in designing a high-rise structure.

To maximize overall advantages, linear programming is used in concrete grade
selection based on average performance score to illustrates each concrete’s contribution
in fulfilling the city design office’s suggestion. Table 6 displays the MCRN cost of
construction together with the average performance score of fuzzy-AHP, CRITIC, and
entropy associated with each concrete grade.

C;: Binary decision variable for concrete j, j = 1 (if concrete j is selected, 0 otherwise), n:
Number of Concrete grades, J: Concrete number, j =1 - n, A = Total Benefits, B;: Overall
benefit on the ranking of concrete j from the performance score of Fuzzy-AHP, CRITIC
and Entropy,a;;: Average cost concrete and formwork of concrete i required when project
designed by concrete j, and D;: Total capital available

A, = 0.515C; +0.569C, +0.638C; +0.737C,, +0.894Cs

Constraint

Table 6. Column concrete linear optimization.

Concrete Grade

Concrete Information €25 30 c40 €50 c60
Average Priority Weights 0.515 0.569 0.638 0.737 0.894 Constraint (in ETB)
The average cost (Million ETB) 19.44 17.74 15.51 13.61 12.77 79,072,893.88

Average Priority Weights is the average of the performance score of Fuzzy-AHP, CRITIC and Entropy and the average cost
is the average value of concrete + formwork cost at 95% confidence interval of MCRN.
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Total cost, 19.44C; +17.74C, +15.51C5 +13.61C,4 +12.77C5 <79.07
If the design concrete grade different at different level of building, C;+C4+Cs <1

The structure can be design by 3 concrete grades at different level, C; + C, + *** + C5 <3
The decision variable; C; 20 for ;=0 - 15 Cy, C;, C5, C4 and Cs 20

Optimization of Linear Systems. The coefficient of concrete grade is 1 for C60 and 0 for
C25, C30, C40, and C50, according to the Excel-Solver results. With a benefit of 0.894,
concrete grade C60 is determined to be the best option. This suggests that to maximize
their advantage to 89.4% in terms of the eight constraints, the city should direct the
construction of high-rise buildings utilizing high concrete grade. Therefore, to success-
fully complete projects on schedule and within budget, the designer shall design by high-
grade concrete. The cost of the concrete and formwork for the 3B+G + 22 building will
ultimately come to 352,83 million ETB if the design office decides to design 50%, 30%,
and 20% of the columns by C60, C50, and C40.

4.4. Validation and comparative analysis

4.4.1. Comparative study

Comparative analysis plays used to test, confirm, verifying the effectiveness and the
reliability of a the existing and proposed decision-making method (Rane et al., 2023).
The researcher selected three MCDM model that are too some extent comparable with
the result the proposed model by considering subjective and objective decision without
considering mathematical complexity, data limitation and how much the objective
achieved. The selected classical fuzzy-TOPSIS, PROMETHEE II, TODIM, VIKOR. The
order of concrete is C60 > C50 > C40 > C30 > C25. However, PROMETHEE II does not
consider risk preferences, TOPSIS needs to determine the positive with negative ideal
solutions of each criterion, VIKOR provides a compromising solution based on max-
imum utility of group with the minimum regret of individuals and TODIM is used to
handle based on under uncertainty and risk (Arya & Kumar, 2021; T. Chen et al., 2020;
Kumar et al., 2022). This indicated that material selection by combined Delphi, fuzzy-
AHP, entropy, CRITIC linear programming, Monte-Carlo simulation and statistical
theory are appropriate model that can solve the shortcoming of the above model on
problem stated on Section 2.2.

4.4.2. Result validation
4.4.2.1. Quantification of concrete and formwork. In Addis Ababa, the basic design of
a high-rise building column that was objectively chosen is used to estimate how much
concrete and formwork will be needed as the concrete strengthening increases. The
researcher made the following assumptions: the concrete in the columns would be
class T work; the load transmitted between the slab and higher structure would be
a superimposed factored load; all stories of each building would utilize the basement
floor design of the columns; and the gross ratio would be 0.01. The data’s properties
utilizing @RISK probability are summed together, and the C25 concrete and formwork
probability distribution is displayed below.

The above graph on Figure 5 shows the property of C25 concrete and formwork data,
for the rest was conducted similarly. With a 95% confidence and in consideration of data
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Figure 6. Pictorial representation concrete and formwork quantity.

property, a 100,000 randomly generated numbers, the average amount of concrete and
formwork is determined. The result indicated that the average decrease in concrete and
formwork as the concrete grade increases is 16.29 and 8.16%, respectively, and graphi-
cally represented as below.

Figure 6 at 95% confidence level, the chart displays the lower and upper bounds of the
quantity of concrete and formwork that were determined by analyzing the probability
distribution of each grade of concrete and formwork. The MCRN mean is the average of
100,000 randomly generated numbers that fall between the upper and lower bounds
when the probability distribution is considered.

4.4.2.2. Environmental impact assessment. The influence of rising building material
production on human toxicity, climate change, and solid waste is demonstrated in this
study (Danso, 2018; Tegegne et al., 2023), with attention paid to CO,, fuel, power, water,
raw materials, SO,, and NO, and the unit rates founded from previous study (Baglou
et al., 2017). In this study as stated in Table 7, raising the concrete grade during the
construction of a high-rise structure in Addis Ababa reduces the environmental effect of
CO,, fuel, power, water, raw materials, SO,, NOy, and production costs by 8.18% for
formwork production and 3.84% for concrete. Therefore, high concrete strength shall be
used in the construction of the Addis Ababa high rise building in order encourage
environmentally sustainable development. Additionally, high concrete strength design
is one of the most promising treatment technologies that can be used to address
construction-related environmental reduction problems as electrochemical degradation
in textile industry wastewater treatment (Yehuala et al., 2022).

4.4.2.3. Cost scenario analysis. The purpose of the cost scenario study was to determine
how much the initial investment cost of a high-rise structure in Addis Ababa is affected
by the quality of concrete. It has three scenario analyses. The first case analyzes how
changing the amount of concrete or the building’s size might affect the grade of the
concrete. The second one examines the impact of material increases or decrees on the
choice of concrete grade during the construction of a high-rise structure in Addis Ababa.
The third one shows what happens when we change the grade section of the high-rise
building in Addis Ababa in terms of both material and cost. The worst and best scenario
is 100% reduction and increasing of the unit cost of concrete and size of the high raise
building in Addis Ababa. The result indicates that as the concrete grade increase, the
amount of the variation of building size and cost increase too. So, the high concrete grade
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shall be appropriate for high rise buildings depending on the building size and material
cost since it will reduce the initial investment cost of buildings.

Overall, the study evaluated the use of admixtures to select the concrete grade for the
high-rise building in Addis Ababa based on multiple criteria decision-making. The cost
and scenario analysis also supported the requirement that high concrete strength be used
in the design of the building. The inference is that, the concrete quantity will determine
the building’s construction process than the unit cost. Thus, initial investment is more
sensitive to the size of the building and less sensitive to the unit cost of concrete. While
these findings are highly novel in terms of the selection of concrete strength in buildings,
working methodology, space required and concrete finish.

4.4.2.4. Effectiveness of the model result based on previous studies. The combined
mathematical MCDM model is the most effective model for the selection of concrete is
the construction of high-rise building. The best concrete C60, which is the high perform-
ing concrete (Rolander, 2019) indicate that as the concrete grade increase the total cost of
building, construction period, the column size and environmental impact will decrease
(Jayasinghe et al., 1997; Samir et al., 2014; Santos, 2021; Sonawane & Gawali, 2022). This
reduction will enhance the land utilization, concrete finish, environmental protection,
freeze-thaw resistance, and construction of high-rise buildings (Kovacevi¢ & Dzidi¢,
2018; Sinit, 2014). This study also shows the effectiveness of concrete grade selection
based on size and purpose of building (Jayasinghe et al., 1997; Sinit, 2014) since as the
concrete grade increase the unit cost of material also increase, the fire resistance
decreases (Rolander, 2019).

5. Conclusion and recommendation

Material selection with the correct ingredient content can reduce cost and increase
environmental protection, depending on the decision-maker and the method of deci-
sion-making. In this study, the researcher developed a new integrated mathematical
MCDM model including the Delphi method, fuzzy-AHP, objective weighting MCDM
(CRIRIC, entropy), linear programming, Monte-Carlo simulation, and statistical theory
to select the best material under uncertainty, vagueness, subjectivity, limited information,
and mathematically complex decision-making by including the opinion of the decision-
maker.

The results indicated that high concrete strength is the appropriate concrete strength
in the construction of the Addis Ababa high-rise building. The order of alternatives
indicates that as concrete becomes more quality, its functionality increases. In addition,
the total cost of concrete decreased as the grade increased, even if the unit cost of concrete
increased as the grade increased. Further, the design of a building with high concrete
strength minimizes the column size and increases working space, which decreases the
quantity of concrete and formwork. The cost of concrete and formwork also decreased by
3.84% and 8.18% at 95% confidence, respectively, so that decreased the overhead costs by
maximizing the advantage at 89.4% under the best alternative. Further, it minimizes the
amount of concrete to handle and increases the early strength by minimizing construc-
tion time and investment capital to have an early return. Besides that, increasing the
strength of concrete in building construction through admixture improves
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environmentally friendly and sustainable construction by decreasing the construction
material required and pollutant emissions. All in all, the construction of a building with
high concrete strength would decrease the initial investment and project duration. It
increases the working space and encourages environmentally friendly, sustainable
construction.

An integrated mathematical MCDM model is critical model that makes accurate and
informed decision with dependable results. It can handle both subjective and objective
data under uncertain, vague, subject, limited information, and mathematically complex
decision-making condition. Its shortcomings are the data collection, material selection
and outcome validation processes are complex. It provides an analytical framework to
help policymakers and infrastructure developers choose the optimum concrete-grade
material among commercially accessible. However, integrated mathematical MCDM
model was employed for evaluating concrete grades, but it can be applied to any
MCDM problem.

The researcher can recommend that the integrated mathematical models of fuzzy-
AHP, objective weight MCDM, statistical theory, linear programming, linear Monte-
Carlo simulation are significant and effective tools for determining, to some extent, the
most cost-effective and environmentally friendly sustainable urban infrastructure con-
struction materials in an uncertain environment.
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