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Abstract: As one of the most prominent industries in developed and developing countries, the con-
struction industry has had substantial impacts on different aspects of the environment, society, and
economy. In recent years, sustainable construction has been introduced as an approach to evaluate the
various construction phases based on environmental, economic, and social dimensions, also known as
the triple bottom line (TBL). To conduct a sustainability analysis of the buildings in Tehran, the capital
city of Iran, two conventional construction frames were selected, namely steel frame and concrete frame.
In this research, three conventional approaches for the evaluation of the TBL, namely the life cycle
assessment (LCA), life cycle cost (LCC), and social life cycle assessment (SLCA), were, respectively,
used for the study of environmental, economic, and social impacts. The main results of the study are
summarized as the following: Overall, based on the LCA results, the concrete frame led to almost 38%
more environmental pollution than steel frame. In terms of the total prices of the buildings, considering
their LCC and with respect to the present value (PV) method, the steel frame was almost 152,000 USD
more expensive than the concrete frame. The quantified results of the social dimension by the SLCA
method showed that concrete and steel buildings had a score of 0.199 and 0.189, respectively, which
indicates that concrete had a slightly better social performance based on expert opinions. A multi-criteria
assessment and sensitivity analysis of the results were conducted by a graphical tool, namely the mixing
triangle, and showed that the overall preference of each alternative depends mainly on the importance
weights given to each aspect of the assessment. However, one of the main findings of the research
was that overall, giving a high importance weight to environmental dimension leads to sustainability
preference of steel over concrete frame, while giving high importance weights to economic or social
dimensions leads to sustainability preference of concrete over steel frame. Findings of the study are
beneficial to decision-makers in the construction industry since they can decide on the best alternative
among concrete and steel frames based on their strategies.

Keywords: sustainable building; concrete frame; steel frame; triple bottom line; LCA; LCC; SLCA

1. Introduction

The concept of sustainability—namely environmental, economic, and social dimensions—is
among the key subjects in many industries. The life cycle sustainability assessment (LCSA) is
defined as a method that combines the life cycle assessment (LCA), life cycle costs (LCC), and
the social life cycle assessment (SLCA) [1]. Meanwhile, the building industry can be considered
one of the most prominent in sustainable development since it can have an indispensable
influence on each dimension of sustainability known as the Triple Bottom Line (TBL). Concerning
environmental pollution, there are substantial studies discussing environmental degradations
of the building industry. According to a UNEP [2] report, different stages during the life
cycle of buildings and their long-term life span will affect greenhouse gases (GHG) emissions.
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Furthermore, buildings are responsible for almost one-third of such emissions and more than
40% of energy consumption worldwide. Moreover, it is estimated that the two phases of
construction and end-of-life (EOL) of buildings account for 40% of a country’s waste. This
rate would be equivalent to almost 123 million tonnes in the United States per annum [3].
Mavrokapnidis et al. [4] stated that buildings consume approximately 30 to 40% of energy
globally and produce 40 to 50% of GHG emissions. However, as far as sustainability is concerned,
the two other indexes, economic and social, are as important as environmental dimensions.
Several studies have focused on either economic or social aspects of the construction industry.
Balasbaneh et al. [5] selected wall and roofing materials from Malaysian residential houses
using LCA and LCC methods to indicate their impacts on economy and environment. Val
and Stewart [6] have used the LCC method to justify the use of stainless steel in reinforced
concrete structures due to its corrosion-resistance feature. In their study, Lu et al. [7] have
calculated environmental pollution and the cost of the materials used in multi-storey Australian
apartments for five alternatives. Furthermore, the social dimension was discussed in numerous
studies. However, most of such studies were conducted in areas other than the building industry.
Hosseinijou et al. [8] employed the S-LCA method to compare social indicators of building
materials in their comprehensive research on the social dimension. Although sustainability
in buildings is defined as creating a balance between environmental, economic, and social
aspects while running building projects, not many studies have done so [9]. Cabeza et al. [10]
conducted a literature review in which most studies related to the building sector and building
materials were collected and evaluated. In the majority of the research, only environmental
issues were examined, and the two other aspects were almost neglected. However, a limited
number of studies focused on either economic or social dimensions or their combination with
the environmental aspect. Hence, most scholars in the field have paid less attention to the central
concept of sustainability.

Table 1 shows various relevant studies in the building industry and their coverage of
different aspects of sustainability. The most relevant studies to this research are the works
by Reza et al. [11], Akadiri et al. [12], and Balasbaneh et al. [13]. Reza et al. [11] evaluated
the sustainability of building elements with respect to TBL. An analytic hierarchy process
(AHP) based life cycle analysis was implemented for a pair-wise comparison of concrete,
clay, and polystyrene blocks as three alternative flooring systems. Final results in this study
were shown on a ternary plot to facilitate the comparison between alternatives. In a similar
study, Akadiri et al. [12] evaluated sustainable roofing options, using a fuzzy extended
analytical hierarchy process (FEAHP) method to prioritize and assign weighting for six
criteria of TBL. The most comprehensive study that is similar to the current study is the
research by Balasbaneh et al. [13], where they considered all three sustainability dimensions
for the assessment of building structures which indicated the impact of five different
hybrid timber constructions on TBL. However, there are important differences between
these two studies. First, as far as the LCA concerns, the study of Balasbaneh et al. [11]
involves an assessment of five categories whereas the first stage of this study involves an
assessment of all environmental categories in a standard LCA (eleven impact categories).
Second, as for the SLCA, Balasbaneh et al. [13] performed an SLCA with two social impact
categories. The main goal of the SLCA in their research was to analyze the stakeholder
toward the contribution to economic development for the number of jobs created and
their related amount of wage. In this research five social impact categories were included
in the social assessment, namely “health and safety”, “fair salary”, ”local employment”,
“local community acceptance”, and “extraction of material resources”. Hence, this research
covers a broader range of social indicators than the research by Balasbaneh et al. [13].
Moreover, no quantitative method for SLCA was presented in Balasbaneh et al. [13] but in
this study, a quantitative multi-criteria decision making (MCDM) method called Best Worst
Method (BWM) is presented for the SLCA. Finally, Balasbaneh et al. [13] solely looked at
each aspect of the TBL individually and failed to integrate them into the sustainability
scores. In this research, a quantitative MCDM approach called mixing triangle is used to
combine the environmental, economic, and social results into a sustainability score.
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Table 1. Comparison of this research with most relevant studies.

Authors Case Study Dimensions/Methodology Multi-Criteria
Assessment

Country Alternative Materials Structures Environmental Economic Social

Vieira et al. (2008) [3] USA Concrete Office building LCA – – –

Balasbaneh et al. (2018) [5] Malaysia Wood, Steel, Brick, Concrete Single-storey building LCA LCC – –

Val et al. (2003) [6] Australia Reinforced Concrete Residential building – LCC – –

Lu et al. (2017) [7] Australia Concrete, Steel, Laminated
Veneer Lumber Multi-storey apartment LCA LCC – –

Hosseinijou et al. (2014) [8] Iran Concrete, Steel Building materials – – S-LCA –

Reza el al (2011) [11] Iran Concrete, Clay, expanded
polystyrene

Building materials,
flooring systems AHP based LCA AHP AHP AHP

Akadiri et al. (2013) [12] UK Timber Office building FEAHP FEAHP FEAHP –

Balasbaneh et al. (2018) [13] Malaysia Concrete, Steel, Timber Residential building LCA LCC S-LCA
(no quantitative method) –

Xing et al. (2008) [14] China Concrete, Steel Office building LCA – – –

Kim et al. (2013) [15] Republic of Korea Reinforced Concrete, Steel Construction materials Input/output analysis – – –

Robertson et al. (2012) [16] Canada Laminated Timber, Reinforced
Concrete Office building LCA – – –

Dimoudi et al. (2008) [17] Greece Concrete, Reinforcement steel Office building LCA – – –

Junnila et al. (2006) [18] USA, Finland Miscellaneous building
materials Office building LCA – – –

Kahhat et al. (2009) [19] USA Concrete, Block, Wood, Steel Residential building LCA – – –

Ge et al. (2010) [20] China Concrete, Steel Residential building LCA – – –

Utama et al. (2009) [21] Indonesia Double and Single Walls Tall buildings LCA – – –

Broun et al. (2011) [22] UK Brick, Clay, Concrete, Timber Partition walls LCA – – –

Sinha et al. (2016) [23] Sweden Concrete, Wood Residential building LCA – – –

Emami et al. (2019) [24] Finland Concrete, Wood Residential building LCA – – –

Asdrubali et al. (2013) [25] Italy Reinforced Concrete Residential house and
office building LCA – – –

Ximenes et al. (2013) [26] Australia Miscellaneous building
materials Domestic house LCA – – –
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Table 1. Cont.

Authors Case Study Dimensions/Methodology Multi-Criteria
Assessment

Country Alternative Materials Structures Environmental Economic Social

Babaizadeh et al. (2013) [27] USA Titanium Dioxide Coating Building materials LCA – – –

Kofoworola et al. (2009) [28] Thailand Miscellaneous building
materials Office building LCA – – –

Scheuer et al. (2003) [29] USA Miscellaneous building
materials University building LCA – – –

Cole (1998) [30] Canada Concrete, Steel, Wood Construction materials LCA – – –

Mithraratne et al. (2004) [31] New Zealand Miscellaneous building
materials

Light-weight timber
framed house and

concrete timber house
LCA LCC – –

Venkatarama et al.
(2003) [32] India Miscellaneous building

materials Building materials LCA – – –

Thormark (2000) [33] Sweden Miscellaneous building
materials Single dwelling LCA – – –

Nässén et al. (2012) [34] Sweden Concrete, Wood Four-storey building carbon balances Net present
cost – –

This study Iran Steel, Concrete Building frames LCA LCC SLCA Mixing Triangle
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The main objective of this research is the sustainability comparison of steel and
concrete construction frames. Overall, by reviewing the literature, it could be claimed that
most scholars have not considered TBL for evaluating construction frames and, particularly
in Iran, there is no research similar to this study. Although several studies aimed to compare
such construction frames with respect to the environmental issues [3,6,14,15,35,36], the
two other dimensions, i.e., economic and environmental, were almost neglected in many
cases; therefore, our purpose is to fill this gap. The environmental issues of these two
building frames have already been evaluated thoroughly in our previous study [37] using
the LCA method and the results were shown in various impact factors. Hence, we have
referred to the final results of our previous study for sensitivity analysis determinations.
For the remaining two TBL indicators, LCC and SLCA methods were implemented step
by step based on the standard guidelines [38,39] as the two most conventional approaches
for social and economic assessments. Finally, to combine the environmental, economic,
and social results, an MCDM approach called the mixing triangle was presented to assist
stakeholders and architects in selecting sustainable building frames. Figure 1 shows the
concept of the sustainable development based on the Elkington’s [40] definition.
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2. Methodology and Case Study
2.1. Introducing Case Study

The case study of this research is same as the research presented in the previous work
of the authors [37]. In fact, this research is a rational continuation of the previous study
where only the environmental aspect of sustainability was assessed for the two construction
frames. A detailed introduction of the two cases was provided in the previous paper [37]
and included detailed plans, a bill of materials, and other necessary data for the LCA. Hence,
authors recommend readers to refer to that paper in order to obtain complete information
about the two studied cases. The methodology applied in this research is presented and
necessary data for economic and social dimensions are provided. Furthermore, key results
in three aspects, environmental, economic, and social, are discussed.

For the environmental evaluation of the two construction frames, the LCA method
was conducted based on the framework presented by ISO 14040 and ISO 14044 [41], and a
complete comparison between the frames was performed. Furthermore, the LCC method
was selected for the economic assessment according to the fundamental processes of
LCC in [42]. For social assessments, the S-LCA technique was considered based on the
UNEP/SETAC [39] guidelines.

2.2. Life Cycle Assessment (LCA)
2.2.1. Goal and Scope Definition

In this phase, the primary objective is to calculate the environmental pollution of the
two investigated construction frames. The concrete and steel buildings are two multi-storey
residential buildings with similar heights and a floor area of approximately 4900 square
meters in the northern part of Tehran, the capital city of Iran. The functional unit is defined
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as the total materials used in the aforementioned construction frames throughout their
50-year life span.

2.2.2. Results of Life Cycle Impacts

The demand for environmental assessment tools/software has increased noticeably
during the past 20 years. Previously, most LCA based projects used to be conducted
in spreadsheet models designed for calculating environmental pollution [23,43]. In re-
cent years though, various environmental software packages have dominated the market
and are currently popular among researchers. The best examples of such tools are GaBi,
SimaPro, and OpenLCA, and it can be observed that GaBi and SimaPro are the most suc-
cessful ones with the highest rate of market share globally [43]. Hence, we used GaBi for the
environmental comparison of the two building frames. All the information regarding the
LCA of the two construction frames, such as the bill of materials, different life cycle stages,
Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA), and total pollution in
various categories were assessed in the previous study by the authors [37]. Therefore,
detailed descriptions related to the environmental aspect have been avoided in this section.
We solely demonstrated the key results needed for the multi-criteria assessment and sensi-
tivity analysis and the final decision on choosing a sustainable alternative frame. Figure 2
depicts the total pollution of the two construction frames throughout their life cycles.
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Figure 2. Total environmental pollution [37].

2.3. Life Cycle Cost (LCC) Analysis

According to the ISO 15686-5 [38] definition, “LCC is a valuable technique that is used
for predicting and assessing the cost performance of constructed assets. Life-cycle costing
is one form of analysis for determining whether a project meets the client’s performance
requirements”. LCC presents a foundation for comparing initial investments with future
costs over a particular period. To examine possible alternative strategies regarding the
economic aspect, future costs are discounted back in time [44]. An indirect advantage of
performing an LCC for a building could be the actual engagement in the analysis and
activities such as data collection, future events estimation, and environmental aspects
identification [45]. LCC comprises all the costs associated with the life cycles of the
products. These costs are directly imposed by one or some of the components involved in
the product life cycle. These components can include suppliers, constructors, consumers,
and demolishers.

In some cases, indirect costs can be added to the LCC. Such costs could consist of
those related to environmental damage imposed on the system in the future. So far,
various regulations and manuals associated with LCC have been published. Kawauchi and
Rausand [42], in their research, took advantage of several LCC studies and extracted some
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common LCC processes and eventually proposed a novel framework that is displayed in
Figure 3.
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2.3.1. Problem Definition

The first step in LCC is defining the scope and problems of the work. By identifying
the scope, each phase related to the study is determined [42]. The goal of this section is
to conduct a comparison between the costs associated with the two construction frames.
Cost evaluation is always key in decision-making in this area. Similar to the environmental
aspect, all the life cycle steps, cradle-to-grave, have been considered in the economic aspect.
Therefore, costs related to raw material acquisition, transportation, material production,
construction, demolition, reuse, and landfill have been discussed in this study. Figure 4
displays the scope of the economic aspect adapted in this research.
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Figure 4. System boundary for LCC.

2.3.2. Cost Breakdown Analysis

Identifying all cost items or, in other terms, “cost elements” that noticeably impact the
actual LCC of the system is essential [42]. It is recommended to determine cost elements
regularly and to provide a summary of the costs during the LCC stages that make the
cost comparisons more tangible. An international standard of the LCC (IEC 60300-3-3)
recommends developing a Cost Breakdown Structure (CBS) to define the cost elements in
the LCC analysis [42]. To determine each stage’s expense, the CBS is shown in Figure 5.
Moreover, considering the steps and corresponding costs, the total costs’ net present value
is calculated. Finally, each frame’s equivalent uniform annual cost is estimated in order to
compare the two frames. The calculations are displayed in Table 2, which contains all the
stages shown in the CBS.
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Table 2. NPV and EAC of the two frames during life cycle stages.

Title Variable Steel Concrete

Discount rate i 15% 15%
life span (Year) Ln 50 50

Initial Costs (USD Thousands)
Raw Material Acquisition MA 100 70

Material Production MP 257 127
Transportation Ti 5 2.3

Present Value of Initial Costs PVIC 301 174
Annual Value of Initial Costs AVIC 45 26

Construction Costs (USD Thousands)
Transportation TC 4.2 2
Construction C 90 47

Use U — —
Present Value of Construction Costs PVCC 75 39
Annual Value of Construction Costs AVCC 11.2 5.8

End-of-Life Costs (USD Thousands)
Demolition D 2.8 11

Transportation TEOL 5.3 7.2
Present Value of End-of-Life Costs PVEOLC 6.4 14.6
Annual Value of End-of-Life Costs AVEOLC 1 2.1
Present Value of Life Cycle Costs PVLCC 380 228
Annual Value of Life Cycle Costs AVLCC 57.2 34.1

2.3.3. System Modeling

Since the time value of money is not constant during the buildings’ life cycle, and
all the expenses do not incur simultaneously, adding or subtracting these costs should
not be implemented. The present equivalent of future costs, i.e., present value, can be
considered the amount of money that needs to be invested now. In this case, the interest
rate can be regarded as equal to the discount rate. The inflation rate could be added to
make calculations more realistic [46]. For an LCC analysis, all future or present costs are
converted into a uniform annual or present value. Therefore, all the costs related to the
product’s life cycle stages, from the raw material acquisition to the end of life stage, will be
transformed into the present and annual worth. Tax and interest rates are also considered
in these calculations.
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According to the task group 4 (TG4) report [47], an LCC is calculated as the present
value of the summation of all future annual expenses during a building’s life span and
displayed in Equation (1):

PV =
N

∑
t=0

Ct

(1 + r)t (1)

where:

Ct = The sum of total costs that occur in period t,
N = Number of periods under study,
r = discount rate (interest rate).

2.3.4. Data Collection

To predict the LCC more accurately, it is crucial to use accurate input data. Hence,
collecting reliable data is necessary for an LCC analysis. However, if the actual informa-
tion is not available, it is possible to estimate the non-available data [42]. In this paper,
field research and official government resources were used to gather data for raw ma-
terial acquisition, material production, and transportation. Furthermore, information
on construction and demolishing costs were acquired through a meeting with the two
buildings’ architecture.

2.3.5. Cost Estimates

In an LCC, it is essential to provide a prospective, which gives decision-makers and
stakeholders a quick review of the costs of a project. Therefore, one of the main goals
of LCC analysis is creating a cost profile that provides a summary of the various costs
occurring throughout the life cycles of the products [42]. Figure 6 shows the cost profile of
the two frames during their 50-year life span.
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To achieve the cost profile, it is required to run the cost models using actual/estimated
input data. It is possible to do the calculations manually or with relevant existing tools [42].
In this study, considering the costs of different life cycle stages shown in Figure 5; the
net present value (NPV) and equivalent annual cost (EAC) were calculated using Excel
spreadsheets for each stage and for the entire life cycle in order to enable readers to compare
the LCC of the two frames. (All costs were converted to the US dollar based on the exchange
rates when the buildings were constructed)
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2.3.6. Evaluation

During the life spans of the investigated cases, repair and maintenance costs were not
included since it is impossible to access construction frames after building a structure. In
addition, all demolition costs were calculated post life span. Based on the results in Table 2,
the concrete frame had better performance in this dimension, which seems reasonable due
to the low price of the concrete’s raw materials in Iran. Many stakeholders and architects
prefer to choose a concrete frame since it is more economical even though it has worse
performance in resource depletion and environmental aspects. Outputs show that concrete
frame’s initial costs are roughly 42% lower than its steel counterpart. The main reason
for the difference in initial costs of the buildings could be due to raw materials such as
Portland cement, which is much cheaper than steel components.

Regarding transportation, most of the raw materials for the concrete are produced in
factories near Tehran. After meeting with the architect of the two frames and calculating
the costs of different construction stages, it was concluded that constructing the steel frame
is nearly twice as expensive as the concrete frame as shown in Table 2, with 11.2 and
5.8 thousand USD equivalent annual costs for the steel and concrete buildings, respectively.
However, despite the previous stages, the concrete frame faced more expenses at the EOL
stage. Reusing steel scraps after demolition results in a considerable decrease in costs at
the EOL stage of the steel frame. Moreover, since there will be less concrete waste after the
demolition of the steel frame, the waste transportation costs to specific places for landfills
would be reduced. Hence, the EOL costs for the concrete frame is almost 56% higher than
the steel frame. All in all, considering Table 2, the present value of the steel and concrete
buildings are 380,000 and 228,000 USD, respectively. This 152,000 USD difference between
the PVLCC of the two buildings was relatively considerable three years ago when the two
buildings were constructed (due to the high inflation rate in Iran). Consequently, most
conventional residential buildings in Tehran are built on concrete frame, as that has more
economical benefits for builders.

2.4. Social Life Cycle Assessment (S-LCA)

The SLCA can be described as a method or procedure that leads to evaluating the
social impacts of some steps of the product’s life cycle. Ignoring minor differences, the
SLCA takes a similar approach to the environmental life cycle assessment (ELCA) in the
majority of the research conducted in this area [48]. According to the guideline devel-
oped by the United Nations Environment Program/Society of Environmental Toxicology
and Chemistry (UNEP/SETAC) [39], issues such as goal and scope definition, inventory
analysis, impact assessment, and interpretation are included in the SLCA.

2.4.1. Goal, Scope, and System Boundary

This section’s main objective is primarily to identify some categories and sub-categories
presented by UNEP/SETAC [39], which are most compatible with the country’s situation
and eventually conduct a social assessment through face-to-face interviews with some
experts in the field. Since a life cycle can be boundless, we will need to identify borders for
our evaluation to have a more precise assessment [48]. There are two different approaches
in this regard. Firstly, Méthot [49] and Dreyer et al. [50] conducted a method that only
focuses on the parts of the life cycle that can be directly affected by the company perform-
ing the evaluation. Therefore, the company and its leading suppliers and distributors are
evaluated. The second approach is to study the whole life cycle. However, it ignores the
processes that do not significantly impact the study’s final results [48].

Contrary to the economic aspect where all the life cycle stages were discussed, the
system boundary for the SLCA is gate-to-gate, and only the construction stage is considered.
This decision was made since the interview was conducted by evaluating expert judgments,
and not all the life cycle stages were assessable by experts. Hence, we have decided to
provide a survey that simply evaluates the social factors in the most effective way. Figure 7
displays the scope and system boundary.
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2.4.2. Inventory Analysis

In the first step, based on the frameworks presented in [8,39], general data was
collected from the relevant national database, called the social hotspot database. Next,
major factors such as life cycle, primary stakeholders, and main impact factors are identified
by interviewing experts. The social hotspots are unit processes based on the potential risk
or opportunity that they can cause [51]. After identifying major factors that were identified
based on the functional unit, systems that are influential to the life cycle are evaluated and
detailed data is collected.

Data collection Creating material flow analysis (MFA) of the two products is a major
step to hotspot assessment. Given the life cycles of the steel and concrete, there is no
complicit data for each stage in Iran. Moreover, most data associated with the material
production and construction of the two products is out of date. In [8], the authors gathered
comprehensive data for each stage of the life cycle of the products based on the existing
information available at that time and some speculations which resulted in a reliable MFA
of steel and concrete in Iran. Based on their presented MFA, four stages of the raw material
acquisition, material production, construction, and EOL are the main stages for social
hotspot analysis.

Expert interview A meeting was held with experts to have their opinions on the social
factors of the two frames. We looked at the nature of our study as well as explored the most
important social indicators regarding the norms of the country. As a result of field research
and expert opinions, five impact factors were selected based on the agenda represented
by UNEP/SETAC [39], including health and safety, fair salary, local employment, local
community acceptance, and material resources extraction. The impact factors selected in
this study are among the most practical ones and are useful because of Iran’s circumstances
and its construction conventions and standards. In addition, these factors are sensible and
measurable by experts. Among the four life cycle stages of the steel and concrete that were
selected as the most significant based on the MFA presented by Hosseinijou et al. [8], only
the construction phase has been used in this study for the social assessment. When it comes
to social comparison of the building frames considering the five impact factors, it is crucial
to have enough information in each life cycle stage to be able to compare the social aspect.
There is not enough quantitative and qualitative data in Iran for operations such as raw
material acquisition, material production, and the EOL of the selected materials to enable
us to conduct a social assessment with respect to those stages. Therefore, since experts
were considered the decision makers in this section of the research, the construction phase
was chosen as the only stage for the social evaluation of the two building frames since the
five impact factors could be more assessable throughout this stage.
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2.4.3. Impact Assessment

The BWM and AHP were assumed as the popular methods among all the proposed
methods implemented to assess the social dimension. Hosseinijou et al. [8] used AHP
and the pairwise comparison matrix in their study to rank social measures in construction
materials, namely steel and concrete frames. There are also other examples of such methods
in the social assessment of the building materials [11–13]. In this study, however, BWM is
used to assess the social impacts of each frame. Ahmadi et al. [52] applied this method to
study the social aspects of their research. In this section, evaluating the social implications
of these two frames was conducted by selecting and interviewing five civil engineers and
five builders in Tehran. The affiliations of the experts are shown in Table 3.

Table 3. Experts’ affiliations.

Expert’s Number Profession

E-01 Architect
E-02 Architect
E-03 Architect
E-04 Architect
E-05 Architect
E-06 Structural Engineer
E-07 Structural Engineer
E-08 Structural Engineer
E-09 Earthquake Engineer
E-10 Structural Engineer

Best Worst Method

Since the BWM is one of the deviations of MCDM, and because social sustainability
consists of different factors, MCDM can be useful for the SLCA. It is preferred to a pairwise
comparison matrix because it is not dependent on the pairwise comparison, and the results
from the BWM are more reliable than other MCDM methods [51]. The BWM is used in
various studies and was first presented by Rezaie [53]. He developed a framework for this
method and predicted the highest level of satisfaction for suppliers.

The BWM framework includes the following steps:

Step 1: Selecting the decision criteria. In this step, a set of factors {c1, c2, c3,....., cn} is
determined to be considered in decision making.
Step 2: The decision makers select the best/most significant and the worst/least significant
criteria in this step.
Step 3: To select the best criteria and its preference over other factors, decision makers
must assign a number between 1 and 9 to each measure. This step’s results are called
Best-to-Others and are shown as AB = (aB1, aB2,...., aBn), where aBj shows the preference of
the best criterion B over criterion j, and it could be concluded that aBB = 1.
Step 4: In this step, the worst criteria should be selected, and the preference of other
factors over the worst criteria needs to be determined. Similar to step 3, assigning numbers
between 1 and 9 should also be used in this step. The results in this step are called Others-
to-Worst and shown as Aw = (a1w, a2w,....., anw)T, where ajw shows the preference of the
criterion j over the worst criterion w, and it is evident that aww = 1.
Step 5: The optimal weights (w1*, w2*, w3*,....., wn*) should be calculated. The weight is
optimal where for each pair of wB/wj and wj/ww, we have wB/wj = aBj and wj/ww = ajw.
Therefore, to reach optimality, we need to minimize the maximum absolute differences of
{|wB − aBjwj|, |wj − ajwww|}, which can be formulated as follows:

min maxj {|wB − aBjwj|, |wj − ajwww|}

Subject to
∑

j
wj = 1 (2)



Buildings 2021, 11, 565 13 of 20

wj ≥ 0, for all j

where Equation (2) could be solved as the below linear programming problem:

min ξL

Subject to
|wB − aBjwj| ≤ ξL, for all j

|wj − ajwww| ≤ ξL, for all j

∑
j

wj = 1 (3)

wj ≥ 0 for all j.
After solving Equation (3), the optimal weights (w*) are identified. ξL* can be consid-

ered a measure to compare the two systems. The closer ξL* is to zero, the more consistent
the system will be, and hence the more reliable the results would be.

Results

Various social factors were evaluated and discussed in different studies in the social
dimension of sustainability [8,11–13,52]. In Section 2.4.2, we identified five impact factors
that align with the direction of the study. Eventually, based on the experts’ opinions, the
optimal weight for each factor of the two frames is calculated. Tables 4 and 5 indicate the
best and worst social indicators chosen by the experts for the two construction frames.
(Significance of the five impact factors assumed to be equal).

Table 4. Best and Worst criteria for the concrete frame.

Social Impact Factors Selected as Best by Experts Selected as Worst by Experts

Health and Safety (w1) E-06, E-09 E-07, E-10
Fair salary (w2) E-02, E-04, E-07, E-10 E-08

Local employment (w3) E-03, E-05 —
Local community acceptance (w4) E-08 E-01, E-03, E-05, E-06

Extraction of material resources (w5) E-01 E-02, E-04, E-09

Table 5. Best and Worst criteria for the steel frame.

Social Impact Factors Selected as Best by Experts Selected as Worst by Experts

Health and Safety (w1) — E-06, E-08, E-09
Fair salary (w2) E-02, E-03, E-05, E-07, E-08, E-10 —

Local employment (w3) — E-04, E-05
Local community acceptance (w4) E-01, E-04 E-03, E-07, E-10

Extraction of material resources (w5) E-06, E-09 E-01, E-02

After collecting all scores determined by the experts and using Equation (2), the
optimal weights of social factors were calculated. Table 6 displays the final outputs of the
two frames according to the selected social indicators.

2.4.4. Interpretation

Based on the final results, local community acceptance had the lowest significance
regarding the concrete frame, with a score of 0.14. The rationale for this score could be
due to the fact that this type of frame can be damaged by incidents such as earthquakes.
Meanwhile, salary and local employment, with the scores of 0.282 and 0.231, were the
concrete frame’s highest scores. Several jobs are involved in building a concrete frame,
which might justify why these factors are the most significant. Since concrete frames are
not considered safe by most experts, the health and safety factor had a relatively low score
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of 0.192. Moreover, since concrete consumes an excessive amount of water, the extraction
of material resources factor had a score of 0.154, which is the second-worst factor.

Table 6. Optimal weights for five social indicators.

Social Sustainability Criteria
Concrete Steel

Mean s.d. Mean s.d.

Health and safety (w1) 0.192 0.158 0.11 0.046
Fair salary (w2) 0.282 0.158 0.307 0.162

Local employment (w3) 0.231 0.144 0.153 0.067
Local community acceptance (w4) 0.14 0.119 0.181 0.176

Extraction of material resources (w5) 0.154 0.116 0.194 0.163

Overall Mean 0.199 0.189

Average consistency, ξL* 0.108 0.101

As far as the steel frame is concerned, the fair salary has the highest significance among
all the factors. During interviews with experts, all of them declared that the steel frame
workers’ salary was ideal. This factor might be the advantage of steel frames compared to
concrete ones. On the other hand, health and safety had the lowest score for this frame.
According to the experts, this factor was the least important among all of the factors.
Unlike the previous results, this one does not seem reasonable, and the main reason for
this claim is the fact that, based on public opinion, it is known that the steel frame is
safer than the concrete frame, particularly during disasters such as earthquakes. However,
in this research, the five impact factors were compared, considering each construction
frame separately, which might be the reason for the anomalous result. Local community
acceptance, material resources extraction, and local employment were calculated as the
second through fourth ranks. Figure 8 shows a visualized summary of the quantified scores
in the five social impact factors.
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2.5. Multi-Criteria Assessment and Sensitivity Analysis
2.5.1. Triangle Graph

In this method, the triangle graph identifies the best option based on the set of
assigned weights using a simple additive weighting method. Weights are designated as a
percentage, and their summation is equal to 100. Weights are not accumulated for all the
three aspects of sustainability but gathered for each factor and shown on a triangle’s side.
Since it is critical and challenging to weigh each aspect, they are shown separately in this
method. Strategic directions of an organization identify the set of weights. For instance,
environmental strategies lead to having a higher weight on the environmental dimension,
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profiting strategies lead to assigning a greater weight to the economic aspect, and socially
responsible policies pay more attention to the social aspect and assign a greater weight to it.
This graph identifies the best option, and it also shows the range for the assigned weights.
It can perform a sensitivity analysis to show the changes in the optimal solution.

The triangle graph was first introduced by Hofstetter [54] to analyze MCDM prob-
lems. This graph shows, in which weight combinations of given indicators, one choice
is preferable over other alternatives. That is to say, it highlights those areas of the option
(Dominance area) that stand out among others. In this case, the decision makers do not
need to identify the weights precisely; they can determine each weight range. In other
words, it makes a distinction of borderline dominance areas in weight combinations where
the outstanding choices have stability points; namely, it reveals a line of indifference.
Figure 9 displays an example of this graph. It is noteworthy to mention that this graph is
only useful when there are only three criteria in the problem. Each side of the triangle is
related to one aspect, and it shows the weight of that aspect as a percentage. Each point in
the graph or on the sides indicates a weight combination. For instance, (50%, 30%, 20%)
means the weight for the first factor is 50%, and the second and third factors are 30% and
20%, respectively.
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According to the results shown in the Table 7, the environmental rankings are nor-
malized, similar to economic and social rankings. The Triangle graph is designed based
on factors with negative characteristics, which means the objective is to minimize these
components. Among the three dimensions, the economic one is cost associated, and it is
negative. The environmental aspect corresponds to damage; therefore, it has a negative
aspect. However, the social dimension is related to relative preferences, and it has a positive
connotation. Hence, to align the three dimensions, the minimum amount of social results
was divided by the other outputs.
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Table 7. Non-normalized and normalized un-weighted scores for final outputs in each dimension.

Non-Normalized Normalized (in Terms of Sustainability Load)

Options Environmental
(kg CO2 eq.)

Economic
(USD

Thousands)
Social Environmental Economic Social

Steel frame 3.56 E+ 08 380 0.189 0.61 1.00 1.00
Concrete frame 5.75 E+ 08 228 0.199 1.00 0.60 0.94

2.5.2. Results

Any organization or system can evaluate their products based on their strategies and
goals using the triangle graph. Considering Figure 9, which displays the triangle graph for
this study, the dark blue area corresponds to the areas where the steel frame is preferred
over the concrete frame. Furthermore, the purple area is showing the region where the
concrete frame is preferred. Two hypothetical A and B points are determined on the figure.
For instance, point A can be an optimal solution where the weights for environmental,
economic, and social aspects are 50%, 30%, and 20%, respectively, which means the steel
frame has a better function in this point and based on the weights.

On the other hand, if a constructor aims to pay more attention to the social aspect of
sustainability, point B can reflect this strategy. At this point, the concrete frame is chosen
over the steel frame. This graph can be noticeably useful for constructors and decision
makers. Based on the strategies, everyone can look at the weights differently. Whether the
goal is to have more profit or have environmental concerns, this method can help adjust the
graph based on the organization’s preferences. However, considering the recent concerns
about sustainability issues, companies are not planning solely for profit. Organizations
need to focus on all aspects of sustainability, not just the economic aspect, to be able to
maintain their competitive advantage.

Table 8 shows sustainability scores of alternatives (in terms of load) for the weighting
scheme of points A and B in Figure 9. Sustainability scores were calculated by a simple
additive weighting method and indicate the sustainability load of each alternative. There-
fore, a lower amount of this score is preferable from a sustainability perspective. As Table 8
shows, in the weighting scheme of point A, the steel frame has a sustainability score of
0.805, which is better (lower) than that of the concrete frame, and in the weighting scheme
of point B, the concrete frame has a sustainability score of 0.884, which is better (lower)
than the steel frame. Although the sustainability preference of each alternative numerically
depends on the exact weighting of each point in Figure 9, we can see that overall, the
dominance area of the steel frame placed at the schemes where high weights are assigned
to environmental dimension. In contrast, the dominance area of the concrete frame placed
at the schemes where high weights are assigned to economic or social dimension. Hence,
one can conclude that considering more importance to environmental dimension leads
to a sustainability preference of steel over the concrete frame, whereas assigning more
importance to economic or social dimensions leads to a sustainability preference of concrete
over the steel frame. Specifically, assigning 50% or more to the importance weight of the
environmental dimension leads to a preference of steel over concrete regardless of the
weightings of the two other dimensions. On the other hand, assigning 50% or more to
importance weight of economic dimension leads to a preference of concrete over steel
regardless of the weightings of the two other dimensions. Finally, assigning 85% or more
to the importance weight of social dimension leads to a preference of concrete over steel
regardless of weightings of the two other dimensions. This finding shows the imperative
role of environmental and economic dimensions in this case study.
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Table 8. Sustainability scores of alternatives (in terms of load) for weighting scheme of points A and B in Figure 9.

Environmental Economic Social Sustainability
Scores (Point A)

Sustainability
Scores (Point B)

Weights (Point A)
Weights (Point B)

Options

50%
20%

30%
20%

20%
60%

Steel frame 0.61 1.00 1.00 0.805 0.922

Concrete frame 1.00 0.60 0.94 0.868 0.884

3. Discussion

The construction industry has been expanded and developed not only in Iran but
also around the world. The impact of the industry is noticeable in other areas and fields.
Therefore, it seemed necessary to evaluate the features of buildings by considering three
dimensions of sustainability: environmental, economic, and social. Since frames are the
main construction element and consume the most material, two of the most conventional
frames, concrete and steel, were compared.

The following can be concluded based on relevant literature: most relevant studies
have evaluated constructions as a whole, and among them, focusing on the environmental
impacts had more priority compared to economic and social issues. However, some studies
have discussed the social and economic impacts of the constructions. It is noteworthy that
all of those studies have been conducted in different regions, and the results were area
specific. Although most of such studies had similar results, it is clear that different factors
such as ecosystem, climate, culture, and economy can affect the final results. Nevertheless,
the circumstances of Iran have also been considered in this study. As a result, based on
the information provided in previous sections related to each dimension, it is noticeable
that the pollution generated by these two frames is concerningly high. However, choosing
steel as a frame of a building is a major step towards reducing the emissions that lead
to global warming by almost 25% [37]. Considering the two other factors besides the
environmental factor, it is essential to view the construction of a building as a life cycle.
Hence, the cost calculation of each life cycle stage needs to be completed in order to ensure
a viable comparison of the two buildings. Moreover, in terms of social dimension, we
decided to make constructors pay attention to factors such as salary, workers’ welfare,
resources, and local community acceptance. This might help institutionalize moral and
ethical criteria within the construction industry codes in Iran.

Results comparison Various comparative studies of steel and concrete buildings aimed
to calculate the pollution of the two products in different impact factors. After reviewing
them, it could be claimed that the environmental results of this study are compatible with
most of those concluding that a concrete building creates more pollution [7,11,14,36]. As
far as the economic dimension is concerned, few comparative LCC studies among the
two types of frames have indicated quite different outcomes compared to this study. For
example, ref [11] showed that building with a combination of concrete materials inside
their structure costs more than its steel equivalents. In addition, refs [7,36] concluded
that the total costs of concrete structures, considering all of the life cycle stages, were
higher than those of steel structures. These contradictions between the current study and
aforementioned papers have one major justification: the cheap price of cement in Iran. In
addition, due to the unavailability of technologies for recycling concrete waste at the EOL
period, all waste materials simply go to the landfill, and although it does not cost much, it
could have devastating impacts on the ecosystem in Iran. Hence, the two stages of material
production and the EOL are the reasons for selecting the concrete frame as the more
economical one. Despite all those cases, examples of studies that have similar outcomes
to this research could be found [15]. As for social dimension, ref [8] took advantage of
the SLCA approach to compare concrete and steel as building materials. Their findings
showed that choosing steel for construction could have more social benefits, which stands
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in opposition to the result of this study. Since the nature of the SLCA method is based
on scores submitted by experts, different results can be expected from each study in this
area. In [11], the researchers also used some social impact factors to evaluate five types of
structures. However, their social assessment was not comprehensive and their comparisons
between the structures lacked detail.

4. Conclusions

In this study, our objective was to conduct research to help the building industry move
towards sustainable construction. To achieve this goal, two case study construction frames
were selected in Tehran. The environmental issues have been evaluated in a separate study.
Still, since sustainability is not solely limited to the environmental dimension, two other
dimensions of sustainability, economic and social, were also discussed in detail in this
study. Regarding the environmental aspect, overall, the concrete frame created 38% more
pollution than the steel frame, and the main reason for this disparity was the two stages of
raw material acquisition and the EOL [37]. All the expenses related to the various life cycle
stages of the two frames, such as materials and transportation expenses, were identified
to evaluate the economic aspect. Afterward, by applying the present net value and the
equivalent uniform annual methods, the costs of the two frames were compared. Based on
the estimated costs, constructing with a concrete frame is more economical in Iran due to
the low price of its raw materials such as Portland cement and gravel. Therefore, building
with the steel frame costs nearly 40% more than its concrete counterpart. To evaluate the
social aspect, five most common factors suggested by the literature were selected and
analyzed using the BWM. The rankings were identified by interviewing experts in the
construction field. The average scores of these social factors for steel and concrete frames
were 0.189 and 0.199, respectively, which shows that the concrete frame had slightly better
performance in this dimension. However, since the nature of the S-LCA is based on expert
opinions, outputs could not be completely reliable.

In conclusion, it was demonstrated which construction frame has a better performance
in each one of the TBL indicators based on the circumstances in Iran. Builders can apply
findings of this research on each aspect separately. However, we believe that looking at
the sensitivity analysis proposed in Section 2.5.2 would be more logical since the mixing
triangle graph provided a perspective for shareholders and decision makers to select the
sustainable frame with respect to the environmental, economic, and social dimensions
simultaneously. Moreover, in the mixing triangle graph we assumed the three dimensions
have an equal significance, to follow the sustainability concept. One of the benefits of the
represented method is that it is flexible, and decision-makers can assign various weights
to each dimension based on their policy. One of the main findings of the research was
that, overall, giving a high importance weight to environmental dimension leads to a
sustainability preference of steel over the concrete frame, while giving a high importance
weight to economic or social dimensions lead to a sustainability preference of concrete over
the steel frame. This finding is beneficial to decision makers in the construction industry
since they can decide on the best alternative among concrete and steel frames based on
their strategies and mental preferences.
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