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Abstract
Seismic design codes have minimal criteria and serviceability limits for the strength of structures against a selected earth-
quake hazard level, neglecting the structural performance during the lifetime. Life-cycle cost analysis (LCCA) includes all 
the expected damage costs in the lifetime of buildings in terms of all-natural hazards such as the earthquake. In addition, 
to create an environment-friendly structure, environmental impacts of the entire life-cycle period should be identified and 
evaluated. Therefore, a novel approach for the sustainable design of reinforced concrete (RC) frames is defined in terms of 
the life-cycle cost components and societal effects associated with environmental impacts. Expected damage costs included 
the structural, non-structural, and social damage costs. Environmental impacts have been estimated based on the material 
consumption during the lifetime due to initial production and operation periods due to repair, and then these impacts were 
scored. Given the nonlinear behavior of the structure under earthquake excitation, simple response functions have been 
generated to reduce the analysis time. In this way, the number of nonlinear dynamic analyses which is time-consuming was 
reduced considerably. The proposed method was used for a RC frame to achieve optimally designed structures by introducing 
three objective functions. The results indicated that using the proposed methodology, sustainable RC frames were obtained 
with low computational costs.

Keywords Sustainable design · Life-cycle cost analysis · RC frames · Environment effects · Response functions · Optimum 
seismic design

Introduction

Structures are often damaged due to the prolonged operat-
ing lifetime, exposure to natural hazards, and degradation 
phenomena. When the structure is expected to be efficient 
for a long time, Life-cycle cost analysis (LCCA) is rec-
ognized as one of the suitable tools for the performance 
assessment (Lagaros 2007; Chiu et al. 2010). In addition, 
for designing structures, it is necessary to consider sustain-
ability goals from a combination of one or more different 
economic, environmental, and social aspects (Lagaros 2007; 
Hossain and Gencturk 2014; Hossain 2013; Gencturk et al. 

2016). However, reducing environmental impacts through 
optimizing energy and materials consumption is not usu-
ally considered as a design goal in building construction. 
Note that use of innovative methods to reduce the utiliza-
tion of materials and thus a reduction in carbon impacts and 
future losses is required for sustainability (Hossain 2013). 
Most seismic codes do not pay attention to environmental 
issues and fail to consider the impacts and costs that a struc-
ture produces during its lifetime due to the environmental 
impacts. Meanwhile, environmental impacts are not cor-
rosive environmental factors, which reduce the strength or 
stiffness of the structure and can be directly considered in 
the LCCA. Environmental impacts are generally evaluated 
independently through scoring.

Regarding studies on the environmental effects of struc-
tures, Kawai et al. (2005) provided a common basis for 
estimating emission inventory data including  CO2,  SOx, 
 NOx, and particulate matter for assessing the environmen-
tal impact of a concrete structure throughout its life-cycle. 
Hossain and Gencturk (2014) presented a framework for 
assessing environmental impacts in terms of environmental 
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damage caused by natural hazards in the future as one of 
the elements of structural sustainability. They developed 
a method for estimating the environmental factors for RC 
structures, where emissions were converted according to 
environmental impact categories by incorporating appropri-
ate factors such as global warming potential, acidification 
potential, and eutrophication potential. The results indicated 
that low-cost low-performance design, due to utilizing less 
material for construction, has fewer environmental impacts 
in the initial and late stages of lifetime, which significantly 
affects the operating period. On the other hand, high-cost 
high-performance design (with less damage under the earth-
quake excitation) offers an opposite outcome. Varun et al. 
(2012) conducted a life-cycle environmental assessment of 
a building to obtain the energy consumption and greenhouse 
gas (GHG) emissions of the building. They found that RCC 
framework and steel represent the largest contributions to 
GHG emissions. Basbagill et al. (2013) provided a method 
for assessing the life cycle in the decision-making process 
to inform designers about the contribution of materials on 
environmental effects. Chou and Yeh (2015) investigated 
two methods of using pre-fabricated concrete and concrete 
in situ for a 3-story RC building in terms of carbon dioxide 
emissions  (CO2) and related environmental costs. The main 
environmental effects in that study were related to those 
commonly used in the construction industry (such as water, 
electricity, and fuel). Gencturk et al. (2016) evaluated the 
sustainability of RC structures at different stages of the life 
cycle in terms of cost and duration of downtime, emissions 
of environmental pollutants and waste production, as well as 
casualties. They revealed that for a more resistant structure, 
financial costs and environmental impacts can be increased 
by two and three times, respectively. Ozcan-Deniz and Zhu 
(2017) added the GHG emissions to the time and cost in the 
multi-objective optimization to find the best solutions for 
transportation projects. Based on the weak positive correla-
tion between the GHG emissions and the other objectives, 
they suggested future studies on other aspects including 
environmental impacts to enhance sustainable construction. 
Balasbaneh et al. (2018) evaluated the impact of different 
hybrid timber building constructions based on the environ-
mental, economic and social aspects. However, results indi-
cated that the costs for environmental effects were about 7% 
of total life-cycle costs and they were not always decisive.

Concerning studies on life-cycle assessment (LCA) or 
sustainable design, Möller et al. (2015) developed a general 
optimization framework for assessing dynamic responses 
and reliability levels for a set of design parameters to mini-
mize the life-cycle cost. But for estimating damage costs, 
it is necessary to generate a large number of nonlinear 
dynamic analysis. Accordingly, Möller et al. (2009) com-
pared the three methods of general estimation, local inter-
polation, and artificial neural network methodology. Sakai 

et al. (2016) revealed that it is possible to identify the exist-
ing design methods from the viewpoint of sustainability and 
to incorporate a more rational and diverse concept in the 
design of structures. They adjusted performance require-
ments concerning social, economic, and environmental 
aspects or combined aspects. The sustainable design basi-
cally determines the structural style, materials, and construc-
tion method to satisfy such requirements. AlHamaydeh et al. 
(2017) investigated the impact of seismic design level on the 
total construction and life-cycle costs for a comprehensive 
assessment of buildings. They concluded that designing for 
higher seismicity is not always an uneconomical decision, 
since enhancements in the structural performance and its 
implications for downtime and potential life-cycle costs may 
be a sound decision to be taken. Note that there are some 
studies that have focused on the unforeseen costs such as 
maintenance costs over the lifetime of the structures (e.g., 
Foraboschi 2016a, b). While in this study, the focus is on the 
expected damage costs, which can be significantly altered by 
variations in the structural characteristics.

Overall, previous studies suggest that for the sustainable 
design of a structure, it is necessary to define goals which 
can combine environmental impacts with life-cycle costs. 
Accordingly, this paper presented a novel approach for the 
sustainable design of RC frames. Here, the structures sat-
isfy the rules of the seismic codes as well as other goals 
addressing various aspects of economic, social, and envi-
ronmental impacts under earthquake excitation during the 
life cycle of the structure. On the other hand, to calculate 
optimal structures, there is a need for a large number of 
nonlinear dynamic analyses of different structures with dif-
ferent combinations of concrete and reinforcement materi-
als. Therefore, in this approach, in addition to defining new 
objectives, to save the analysis time and quickly obtain an 
optimal structure, a limited number of nonlinear dynamic 
analyses have been performed to generate the response func-
tions based on the reinforcements and concrete volume.

Methodology and objective functions

General flowchart of the design

Figure 1 indicates the general flowchart of the optimum 
design of the RC frames in the MATLAB program. The most 
important components of the proposed framework include 
sustainable objective design functions, total life-cycle cost 
calculation, score calculation of the environmental impact, 
and generation of response functions.

Structures should have acceptable performance during the 
lifetime while also satisfying the rules defined in the seismic 
codes in terms of strength and serviceability, as presented in 
ACI 318-14 (2014). The main design constraint is following 
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the minimum criteria of the design code in terms of strength 
and serviceability, which can be considered with other con-
straints such as the maximum drift. The limited value of drift 
is 2% and 4% for design and maximum expected hazard level 
of the earthquake, respectively. In a common design, the goal 
is to reduce initial costs by satisfying the design rules. Nev-
ertheless, if the goal is to minimize the initial cost along the 
estimated damage costs during the lifetime of buildings, which 
are desirable for both the owners and operators. Then LCCA 
can be an appropriate tool. In the absence of environmental 
considerations, the life-cycle design may lead to unsustain-
able structures. To handle this issue, three design objectives 
are introduced further. With each of these objective functions, 
almost optimal structures can be developed.

Objective functions

In the common design of the structures, the goal is to reduce 
the structural cost. On the other hand, with the increase in 
initial cost, the damage costs diminished over the lifetime. 
For the first objective function, the following equation can 
be defined to balance both costs:

(1)F1 = CTOT = CIN(s) + CLOS,

where CTOT represents the total life-cycle cost, CIN shows the 
initial cost, and CLOS denotes the expected life-cycle damage 
costs. The design with the first goal will result a structure 
with a minimum total life-cycle cost.

For aggregation of total cost and overall environmental 
score, given the different dimensions of two parameters, 
the dimensionless function for the second objective func-
tion is introduced as Eq. (2). In this way, the environmen-
tal impact of the structure is reduced along with costs:

where ScoreTOT represents the total environmental score 
of the structure, CTOT,1 and ScoreTOT,1 indicate the total 
life-cycle cost and the total environmental score of the ini-
tial structure, respectively. The total environmental score 
includes the initial environmental score of the structural 
materials and the expected environmental score of the all 
damaged materials of the building. According to the expert 
opinion and engineering judgment, the importance of the 
CTOT , the importance the ScoreTOT related to the environ-
mental impacts as a major element in sustainability, and the 

(2)F2 =
CTOT

CTOT,1

+
ScoreTOT

ScoreTOT,1
,

Fig. 1  The general flowchart of 
RC frame design based on new 
sustainable goals (gray boxes 
are the main stages while the 
white boxes are sub-sets of the 
main stages)
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absence of a previous study to weigh these two parameters, 
an equal weight was considered for both criteria.

Structures obtained from the first and second objective 
functions may result in a very high initial cost but very low 
expected damage costs, or a very low initial but very high 
expected damage costs; the first case is not desirable for 
the owners while the latter does not favor the consumers. 
For this reason, in some studies (Mitropoulou et al. 2011; 
Fragiadakis and Lagaros 2011), minimizing both initial and 
expected damage costs was introduced as a multi-objective 
optimization. Here, to overcome this issue, the third objec-
tive function was introduced. Therefore, damage and initial 
cost, as well as their related environmental scores, are added 
up as dimensionless functions due to the importance of the 
initial cost for owners. By defining Eq. (3), convergence of 
the objective function to the options with a high initial cost 
and low damage cost and vice versa is avoided. Another 
advantage of this function is that environmental impacts 
have been considered dimensionless at different phase like 
the cost parameters:

where ScoreIN shows the initial environmental score, 
ScoreLOS denotes the expected environmental score of the 
structure in the operating stage, ScoreIN,1 indicates the initial 
environmental score, and ScoreLOS,1 refers to the expected 
environmental score of the initial structure in the operat-
ing stage. As mentioned earlier, the weight coefficients are 
assumed to be the same.

Life‑cycle cost analysis

The stages of life-cycle cost estimation involve calculating 
the initial cost of construction of the structure, the cost of 
the structural and non-structural elements, and incremental 
nonlinear dynamic analysis (IDA) of the structure. Then, 
the expected damage cost of the structure over its lifetime is 
calculated under different earthquake intensities, after which 
fragility curves are produced for damage indicators. Finally, 
the total cost at the end of the operating period is estimated. 
The damage costs are calculated based on different hazard 
levels. Table 1 presents the seismic hazard level and basic 

(3)F3 =
CIN

CIN,1

+
CLOS

CLOS,1

+
ScoreIN

ScoreIN,1
+

ScoreLOS

ScoreLOS,1
,

performance objective for new buildings. BSE-2N hazard level 
has a 2% occurrence probability in 50 years, while BSE-1N 
hazard level is two-thirds that of the BSE-2N (ASCE 41-17 
2017). Concerning the risk category, the current study frames 
are assumed as category II.

The engineering parameters of the various elements 
obtained from the structural analysis were used for generating 
the fragility curves. For a member, at a particular earthquake 
magnitude, the probability of reaching or exceeding the break-
down level j for the ith engineering parameter is obtained as 
following:

where P
[
DSij|edpi

]
 is the probability of exceedance of dam-

age state (DS) from the jth parameter conditioned on the ith 
engineering demand parameter (EDP), and p[edpi|im] shows 
the probability density of the  EDPi for a given IM.

Each of the total cost parameters is related to floor accelera-
tion or inter-story drift ratio (abbreviation: drift). The relation-
ship between the total life-cycle cost (CTOT) of a structure over 
a period of time when the lifetime of a new structure or the 
remaining lifetime of a restored structure can be expressed as a 
function of the time and vector of design variables is as Eq. (5) 
(Wen and Kang 2001):

where CIN represents the initial cost of a new or retrofit-
ted structure, CLS denotes the limit state-dependent cost, s 
shows the design vector corresponding to the design loads, 
resistance, and material properties, and t reflects the time 
period. The CLS parameter, associated with the expected cost 
of repair and return of the structure to the level of opera-
tion after an earthquake, involves repair costs (Cdam), cost 
of contents damage (Ccon), cost of renting a place (Cren), 
cost of place income (Cinc), as well as cost of injuries (Cinj) 
and fatalities (Cfat). The life-cycle cost of a structure is an 
important parameter for engineers and the structure’s owner. 
The life-cycle cost is calculated from the following equation 
(Wen and Kang 2001):

(4)P
[
DSij|im

]
= ∫
edpi

P
[
DSij|edpi

]
p[edpi|im]dedpi,

(5)CTOT(t, s) = CIN(s) + CLS(t, s),

(6)E[CLC(t)] = C0 +
(1 − e−�t)

�

N∑

i=1

CiPi,

Table 1  Basic performance 
objective equivalent to new 
buildings (ASCE 41 2017)

Risk category Seismic hazard level

BSE-1N BSE-2N

I and II Life safety structural performance Collapse prevention structural performance
III Damage control structural performance Limited safety structural performance
IV Immediate occupancy structural performance Life safety structural performance
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where C0 is the initial cost of construction, t shows the life-
time of the structure, λ represents the annual inflation rate, 
N is the total number of scenarios, Pi denotes the probabil-
ity of constructing the structure at the level of i due to the 
occurrence of the earthquake, and Ci is the cost of part of 
the initial cost of the structure. The probability of a demand 
exceeding a certain value, δ, is expressed as the following 
equation:

where �[⋅] is standard normal cumulative distribution, �D 
shows the natural logarithm of the mean earthquake demand 
as the magnitude of the earthquake, and �D indicates the 
standard deviation of the normal distribution of the desired 
earthquake demand. Uncertainty in capacity ( �C ) is due to 
modeling errors, lack of knowledge, and variations in mate-
rial properties.

Möller et al. (2015) divided the final costs into three 
categories:

where C0(xd) is the construction cost; Cd(xd) and Cs(xd) rep-
resent the cost of repairs and the social costs due to earth-
quake occurrence, respectively.

In the current study, based on the actual costs of the build-
ings constructed in Iran with administrative use, structural 

(7)P
(
ΔD > 𝛿|IM = im

)
= 1 −𝛷

[
ln(𝛿) − 𝜆D|IM=im

𝛽D

]
,

(8)C(xd) = C0(xd) + Cd(xd) + Cs(xd),

costs and social costs have been considered. The lifetime of 
the structure is assumed 50 years, the downtime of the entire 
structure is assumed 18 months, and the average annual 
interest rate is assumed 10%.

According to studies conducted by researchers including 
Möller et al (2015), Mitropoulou et al. (2011), and Ahadi 
and Razi-Ardakani (2015) and regarding the rental rates, 
income, medical costs, and issues such as wergild in Iran, 
the costs associated with the social aspects are presented 
as Table 2. In addition to the aforementioned references, 
engineering judgment was used.

Summing up the FEMA 227 (1992), ATC 13 (1985), and 
the study conducted by Mitropoulou et al. (2011), the loss 
levels for estimating the damage caused by the earthquake 
during the lifetime of the structure are reported in Table 3.

In this paper, all the constructional costs such as opera-
tional cost were included. In addition, regarding other stud-
ies (Mitropoulou et al. 2011; Fragiadakis and Lagaros 2011, 
Hossain and Gencturk 2014), since the end-of-life cost and 
its occurrence probability (collapse probability) over the 
lifetime of the structure are ignorable, the end-of-life cost 
was excluded.

Generate response functions

To develop the optimal structure, due to the significant 
range of cross-sectional and reinforcement variables, a large 
number of analyses are required. To overcome this issue, 
response functions can be used. Initially, the incremental 
dynamic analysis (IDA) provides different damage indices 
for different ground accelerations of the hazard curve, but 
these damage indices do not match the limits defined in the 
damage tables. Therefore, in the first step, it is necessary to 
correlate damage limits with earthquake excitation accelera-
tions by a suggested exponential function.

In the second step, since the nonlinear time history analy-
sis of RC frames with different combinations of reinforcing 

Table 2  Unit social costs used in the present study

No. Description Unit Unit cost ($)

1 Rent m2 8 per a month
2 Income m2 200 per a year
3 Minor injuries Each person 3000
4 Major injuries Each person 15,000
5 Casualties Each person 100,000

Table 3  Damage cost ratio corresponding to various damage states

Drift ratio (%) Floor acceleration (g) Damage state FEMA 227 (1992) ATC 13 (1985)

Mean dam-
age index 
(%)

Minor injuries Major injuries Fatalities Downtime (%) Loss of 
function 
(%)

None. 0.05 < a
floor

Δ < 0.1 0 0 0 0 0 0
Slight 0.05 < a

floor
 < 0.10 0.1 < Δ < 0.2 0.50 0.00003 0.000004 0.000001 0.9 0.9

Light 0.10 < a
floor

 < 0.20 0.2 < Δ < 0.4 5 0.0003 0.00004 0.00001 3.33 3.33
Moderate 0.20 < a

floor
 < 0.80 0.4 < Δ < 1.0 20 0.003 0.0004 0.0001 12.4 12.4

Heavy 0.80 < a
floor

 < 0.98 1.0 < Δ < 1.8 45 0.03 0.004 0.001 34.8 34.8
Major 0.98 < a

floor
 < 1.25 1.80 < Δ < 3.0 80 0.30 0.04 0.01 65.4 65.4

Collapse 1.25 < a
floor

3.0 < Δ 100 0.4 0.4 0.2 100 100
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and concrete materials is too time-consuming and costly, 
given the design objectives, the generated simple functions 
are based on the analysis of a limited number of designed 
structures. These functions are used to quickly estimate 
the values of initial costs, damage cost, and environmental 
scores in terms of different magnitudes of reinforcements 
and concrete volume.

The initial structure is designed in line with the seismic 
design codes with the design ratio of 1.0. Then, 10 other 
over-designed structures are selected while adhering to the 
permissible limits of reinforcements and concrete. Over-
design is a design that exceeds the usual standard and mini-
mum requirement. After calculating the response functions 
based on these structures and obtaining the optimal structure 
with the defined design objectives, the obtained structure is 
analyzed whose results are compared with the values of the 
response functions and with the design rules in the seismic 
design code. If the structure does not satisfy the rules of the 
code, the structure will be strengthened until it is acceptable. 
In this case, and in a case where the difference of the com-
pared response functions is greater than 5%, the obtained 
structure is added to the set of over-designed structures, 
where the two-step process is repeated until it finally stops 
and the optimal structure is achieved.

Life‑cycle assessment of environmental 
impacts

Identification of environmental impacts

A structure during its lifetime has various effects on the 
environment from the stage of production of materials and 
construction to the end of the life and destruction, involving 
the operation phase. Regarding the environmental impacts of 
pollutants, one can mention the potential of global warming, 
acidification, eutrophication, and toxicity. In this regard, the 
research by some organizations such as EPA (Wallace 1987) 
could be used to score the environmental impacts. The lower 
the environmental score, the better the structure’s environ-
mental performance will be (Kumar and Gardoni 2014).

The “Environmental Problems” approach has been devel-
oped to assess the environmental impacts of various prod-
ucts and processes in the Society of Environmental Toxicol-
ogy and Chemistry (SETAC), which involves a two-stage 
process as follows (Fava et al. 1993; Guinée 2002):

• Classifying inputs which are relevant to a specific envi-
ronmental impact (Lippiatt 2007).

• Determining the potential contribution of each category 
to environmental impacts and determining the index 
weight for each group, representing its contribution to 

environmental pollution (Lippiatt 2007; Hossain and 
Gencturk 2014).

According to the Building for Environmental and Eco-
nomic Sustainability (BEES) report (Lippiatt 2007), envi-
ronmental impacts include global warming, acidification 
potential, eutrophication potential, fossil fuel depletion, 
habitat alteration, criteria air pollutants, human health, smog 
formation potential, ozone depletion, and ecological toxicity.

Global warming refers to the potential of greenhouse 
gases emissions absorbing solar radiation in the atmosphere, 
causing elevation of the earth temperature (Lippiatt 2007). 
Acidification potential is due to acidic compounds, generally 
sulfur and nitrogen emitting from fossil fuels and biomass 
combustion (Lippiatt 2007). Eutrophication potential refers 
to the entrance of nutrients such as nitrogen and phosphorus 
into water, causing unusual changes in water quality and 
reduction of biological diversity (Lippiatt 2007).

Fossil fuel depletion refers to the consumption and reduc-
tion of fossil fuels, resulting in degradation and decline of 
resources and climate change. Habitat alteration indicates 
the potential of land use change by humans, causing damage 
to the threatened and endangered species (Lippiatt 2007).

Criteria air pollutants refer to six pollutants including car-
bon monoxide, lead, ground-level ozone, nitrogen dioxide, 
particulate matter, and sulfur dioxide produced from many 
activities including combustion, vehicle use, power genera-
tion, as well as crushing and mixing operations (Lippiatt 
2007).

Smog formation potential refers to the formation of pho-
tochemical smog caused by the reaction of air emissions 
from industry and transportation with sunlight under certain 
climatic conditions. Smog has harmful effects on human 
health and vegetation (Lippiatt 2007).

The depletion of the ozone layer due to the emission of 
chlorofluorocarbons (CFCs) and other harmful gases causes 
more harmful short-wave radiation reaching the earth sur-
face, resulting in changes in ecosystems, adverse effects on 
agricultural productivity, as well as climate and harmful 
human health effects. Meanwhile, ecological toxicity meas-
ures the ability of a chemical released into the environment 
to damage the human health and ecosystems (Lippiatt 2007).

Environmental score

In this study, the impacts and scores are determined using 
SimaPro 8.2.3.0 software and studies conducted by Bare 
(2011), and a report from entitled BEES (Lippiatt 2007). The 
BEES research project (Lippiatt 2007) proposed converting 
environmental impacts to the environmental scores. Accord-
ing to the mentioned references, the environmental effects 
of various pollutants are determined which are produced by 
various materials and processes. The environmental impacts 
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including the amount of pollutants associated with all uti-
lized materials in the building are determined per unit of 
mass, volume, and ton-kilometer (for transportation). The 
estimated amounts of environmental impacts of each of the 
main structural materials are presented in Table 4.

Finally, the environmental impacts are expressed in terms 
of the environmental scores. Accordingly, the environmen-
tal impacts are normalized with predetermined index values 
and then converted to the score. To obtain an environmental 
score, weight factors are selected based on long-term and 
short-term effects on the environment. With this regard, 
two similar projects were compared whereby the decision 
process was facilitated. Based on the SimaPro 8.2.3.0 soft-
ware, the extent of environmental impacts was estimated, 
and from the Lippiatt (2007), the default index values were 
extracted. The contribution of each of these effects to the 

environmental scores is presented in Table  5 (Lippiatt 
2007). In addition, Table 5 reports the single score of each 
of the main structural materials of RC frames, including 
reinforcements and concrete. Comparing the emission val-
ues in both the material production and construction phases 
demonstrates that the end-of-life environmental impact is 
ignorable.

The environmental impacts and related scores of non-
structural materials can be estimated in the same way. These 
materials are indicated in Table 6. The environmental effects 
associated with the non-structural materials are constant 
among the design options. However, since the damage to 
structures are not constant under probable earthquake haz-
ards, so the environmental effects associated with structural 
and non-structural materials along the life cycle of structures 
are variable. Table 7 shows the environmental single score 

Table 4  The amount of environmental impacts of each of the main structural materials

Material Environment impact Description Amount (per 
kg of material)

Reinforcement Air pollution Particulates < 2.5 μm (kg eq.  CO2) 2.59
Particulates > 10 μm (kg eq.  CO2) 6.16
2.5 μm < particulate < 10 μm (kg eq.  CO2) 3.69
Sulfur dioxide (kg eq.  H+) 6.03
Sulfur oxides (kg eq.  H+) 3.29E−05
Sulfur trioxide (kg eq.  H+) 5.28E−07
Nitrogen oxides (Nox) (kg eq. N) 4.94
NMVOCs, non-methane volatile organic compounds, unspecified 

origin (kg eq. N)
3.44

Carbon monoxide (CO), biogenic (kg eq.  CO2) 5.35E−02
Carbon monoxide (CO), fossil (kg eq.  CO2) 33.3
Carbon monoxide (CO), land transformation (kg eq.  CO2) 3.12E−04

Global warming g CO2 eq 2.18E+06
Fossil fuel depletion MJ surplus 1.70E+03
Water use Liters 4.78E+04
Human health PM2.5 2.59

Concrete Air pollution Particulates<2.5 μm (kg eq.  CO2) 4.41E−02
Particulates>10 μm (kg eq.  CO2) 0.071
2.5 μm < particulate < 10 μm (kg eq.  CO2) 3.13E−02
Sulfur dioxide (kg eq.  H+) 0.148
Sulfur oxides (kg eq.  H+) 4.28E−06
Sulfur trioxide (kg eq.  H+) 1.04E−08
Nitrogen oxides (Nox) (kg eq. N) 0.279
NMVOCs, non-methane volatile organic compounds, unspecified 

origin (kg eq. N)
0.0474

Carbon monoxide (CO), biogenic (kg eq.  CO2) 2.96E−03
Carbon monoxide (CO), fossil (kg eq.  CO2) 0.292
Carbon monoxide (CO), land transformation (kg eq.  CO2) 7.90E−05

Global warming g  CO2 eq 9.54E+04
Fossil fuel depletion MJ surplus 82.7
Water use Liters 1.72E+03
Human health PM2.5 4.41E−02
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of each non-structural material. Note that the environmental 
scores of concrete and reinforcements of the joists have been 
calculated individually.

Numerical study

Numerical modeling

The proposed flowchart is used for an intermediate RC 
moment-resistant frame of 4 stories and 3 bays. Each story 
has 108 m2 area. The initial structure is designed based on 
the seismic regulations of ASCE07-16 (2016) and ACI 318-
14 (2014). The typical geometry of the frame is displayed 
in Fig. 2. The original frames are developed by increasing 
the design earthquake coefficient compared to the initial 
structure up to two times. In addition, the section area, 

reinforcement details, and the design ratios of the 10 original 
RC frames are shown in Table 8. Further, the specification 
of the materials utilized in the building is in accordance with 
Table 6. The tensile strength of the reinforcements and the 
compressive strength of the concrete have been assumed to 
be 400 MPa and 25 MPa, respectively. The attempts were 
made to establish the strong-columns and weak-beams 
condition for the original structures. In addition, the cyclic 
behavior and the deterioration hysteresis curves are consist-
ent with the cyclic behavior of the concrete structures of 
intermediate ductility.

Execution costs are estimated by metering the material 
usage and construction operations, according to the price 
list of Iran in 2018. The cost of contents has been assumed 
to be about 260 USD per square meter.

Seismic hazard function

Based on Gutenberg–Richter recurrence, seismic hazard 
curve is logarithmic. The annual exceedance probability 
function of the peak ground accelerations (PGA) is assumed 
to be in the form of the following equation:

where a and b are the coefficients obtained from linear 
transmission in the semi-logarithmic environment of haz-
ard curve and P

(
PGAi

)
 is the annual exceedance probability 

for the PGAi.

Earthquake accelerograms

Table 9 presents the selected 14 natural earthquake ground 
motions of soil type C with the magnitude between 6 and 
7.5. These accelerograms have been scaled according to 
ASCE07-16 (2016).

(9)P
(
PGAi

)
= ea×PGAi+b,

Table 5  The contribution of 
each of the environmental 
impacts to the score and single 
score of each of the main 
structural materials (Lippiatt 
2007)

Environment impact Contribution to the 
scores (%)

Reinforcement single score 
(per tonne)

Concrete 
Single Score 
(per  m3)

Global warming potential 29 1.37 0.1492
Acidification potential 3 3.35E−04 3.10E−05
Eutrophication potential 6 1.29 5.60E−02
Fossil fuel depletion 10 0.24 2.93E−02
Habitat alteration 6 3.17E−07 1.54E−08
Water consumption 8 0.271 2.44E−02
Criteria air pollutants 12 0.282 9.55E−03
Smog formation potential 4 0.264 3.53E−02
Ecological toxicity 7 0.129 4.00E−03
Ozone depletion 2 1.56E−03 1.92E−04
Human health 13 6.92E−03 2.28E−04
Summation 100 3.8548 0.3082

Table 6  Specifications of the non-structural materials utilized in the 
considered building

No. Material or construction 
operation

Unit Thickness 
(mm/m2)

1 Mosaic mm/m2 25
2 Mortar mm/m2 25
3 Flooring foam mm/m2 70
4 Joist concrete mm/m2 100
5 Clay brick mm/m2 400
6 Floor plastering mm/m2 20
7 Brick for wall mm/m2 200
8 Wall plastering mm/m2 30
9 Aluminum kg/m2 20
10 Glass kg/m2 30
11 Wood door kg/m2 20
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Table 7  The environmental single score of each non-structural material (SimaPro 8.2.3.0)

Environment impact Mosaic (per tonne) Mortar (per tonne) Flooring foam 
(per tonne)

Clay brick (per tonne) Floor plaster-
ing (per tonne)

Global warming potential 0.573 0.166 0.712 0.193 0.125
Acidification potential 1.59E−04 3.07E−05 2.05E−04 3.85E−05 1.91E−05
Eutrophication potential 0.363 4.85E−02 0.342 0.047 0.0306
Fossil fuel depletion 0.213 0.0245 0.871 0.065 0.162
Habitat alteration 8.05E−08 1.30E−08 4.18E−08 1.16E−08 7.71E−09
Water consumption 0.0591 0.0114 0.12 0.005 9.5E−03
Criteria air pollutants 0.28 9.17E−03 4.41E−02 8.90E−03 5.55E−03
Smog formation potential 0.0985 2.96E−02 0.127 0.041 0.0203
Ecological toxicity 1.52E−02 2.77E−03 1.23E−02 1.89E−03 2.38E−03
Ozone depletion 6.84E−04 1.48E−04 4.94E−03 3.0E−04 1.01E−04
Human health 1.43E−03 1.68E−04 1.08E−03 1.20E−04 1.43E−04
Summation 1.604 0.292 2.235 0.362 0.210

Environment impact Brick for wall (per 
tonne)

Wall plastering (per 
tonne)

Aluminum (per 
tonne)

Glass (per tonne) Wood door 
(per tonne)

Global warming potential 5.97E−02 0.863 6.78 0.65 8.22E−02
Acidification potential 1.24E−05 2.83E−04 2.79E−03 3.22E−04 3.26E−05
Eutrophication potential 2.24E−02 0.501 11.2 0.189 5.89E−02
Fossil fuel depletion 1.17E−02 0.599 1.190 0.222 0.017
Habitat alteration 6.15E−09 8.43E−08 1.37E−06 3.32E−08 1.41E−08
Water consumption 9.76E−03 0.216 1.010 0.053 0.009
Criteria air pollutants 3.82E−03 8.27E−02 8.85E−01 5.19E−02 0.012
Smog formation potential 1.41E−02 0.164 1.56 0.209 0.017
Ecological toxicity 1.60E−03 2.05E−02 3.62E−01 5.33E−03 0.005
Ozone depletion 7.67E−05 3.26E−03 5.0E−03 0.001 8.06E−05
Human health 9.13E−05 1.40E−03 4.38E−02 5.03E−04 2.32E−04
Summation 0.123 2.451 23.039 1.382 0.201

Fig. 2  Typical geometry of the 
RC frames A1–A10
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3.2m

3.2m

3.2m

6 m 6 m 6 m
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Table 8  Section area and reinforcement details of the original RC frames

No. of scenario Storey Type of the element Area sec-
tion  (cm2)

As (top bar) (%) As′ (bot. 
bar) (%)

Numbers of stirrup legs Design ratio

A1 1 Beam 1800 1.21 0.65 2�10@100 1.0
Outer col. 2500 1.57 – 4�10@150 1.0
Inner col. 2500 1.57 – 4�10@150 1.0

2 Beam 1800 1.38 0.79 2�10@100 1.0
Outer col. 1600 1.5 – 4�10@150 0.7
Inner col. 2025 1.5 – 4�10@150 0.8

3 Beam 1800 1.17 0.62 2�10@100 1.0
Outer col. 1600 1.57 – 4�10@150 0.8
Inner col. 1600 1.57 – 4�10@150 0.9

4 Beam 1800 0.86 0.47 2�10@100 1.0
Outer col. 1600 1.57 – 4�10@150 0.9
Inner col. 1225 2.14 – 4�10@150 0.7

A2 1 Beam 1800 1.21 0.67 2�10@100 0.96
Outer col. 2500 1.57 – 4�10@150 0.95
Inner col. 2500 1.57 – 4�10@150 0.94

2 Beam 1800 1.38 0.80 2�10@100 0.96
Outer col. 2025 1.5 – 4�10@150 0.68
Inner col. 2025 1.5 – 4�10@150 0.77

3 Beam 1800 1.17 0.63 2�10@100 0.96
Outer col. 1600 1.57 – 4�10@150 0.77
Inner col. 1600 1.57 – 4�10@150 0.86

4 Beam 1800 0.86 0.47 2�10@100 0.94
Outer col. 1600 1.57 – 4�10@150 0.87
Inner Col. 1225 2.14 – 4�10@150 0.69

A3 1 Beam 1800 1.22 0.65 2�10@100 0.92
Outer col. 2500 1.57 – 4�10@150 0.90
Inner col. 3025 1.73 – 5�10@150 0.89

2 Beam 1800 1.39 0.82 2�10@100 0.91
Outer col. 2025 1.5 – 4�10@150 0.66
Inner col. 2025 1.5 – 4�10@150 0.73

3 Beam 1800 1.17 0.63 2�10@100 0.91
Outer col. 1600 1.57 – 4�10@150 0.73
Inner col. 1600 1.57 – 4�10@150 0.81

4 Beam 1800 0.87 0.48 2�10@100 0.89
Outer col. 1600 1.57 – 4�10@150 0.83
Inner col. 1225 2.14 – 4�10@150 0.68

A4 1 Beam 1800 1.24 0.7 2�10@100 0.88
Outer col. 2500 1.57 – 4�10@150 0.85
Inner col. 3025 1.73 – 5�10@150 0.83

2 Beam 1800 1.47 0.88 2�10@100 0.87
Outer col. 2025 1.5 – 4�10@150 0.63
Inner col. 2025 1.5 – 4�10@150 0.70

3 Beam 1800 1.23 0.67 2�10@100 0.87
Outer col. 1600 1.57 – 4�10@150 0.70
Inner col. 2025 1.5 – 4�10@150 0.77

4 Beam 1800 0.88 0.48 2�10@100 0.83
Outer col. 1600 1.57 – 4�10@150 0.80
Inner col. 1225 2.14 – 4�10@150 0.67
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Table 8  (continued)

No. of scenario Storey Type of the element Area sec-
tion  (cm2)

As (top bar) (%) As′ (bot. 
bar) (%)

Numbers of stirrup legs Design ratio

A5 1 Beam 1800 1.24 0.70 2�10@100 0.84

Outer col. 3025 1.73 – 5�10@150 0.80

Inner col. 3025 1.73 – 5�10@150 0.78

2 Beam 1800 1.53 0.94 2�10@100 0.82

Outer col. 2025 1.5 – 4�10@150 0.61

Inner col. 2025 1.5 – 4�10@150 0.67

3 Beam 1800 1.29 0.72 2�10@100 0.82

Outer col. 1600 1.57 – 4�10@150 0.67

Inner col. 2025 1.5 – 4�10@150 0.72

4 Beam 1800 0.89 0.48 2�10@100 0.78

Outer col. 1600 1.57 – 4�10@150 0.77

Inner col. 1225 2.14 – 4�10@150 0.66
A6 1 Beam 1800 1.27 0.76 3�10@100 0.81

Outer col. 3025 1.73 – 5�10@150 0.75
Inner col. 3025 1.73 – 5�10@150 0.72

2 Beam 1800 1.57 0.98 3�10@100 0.78
Outer col. 2025 1.5 – 4�10@150 0.59
Inner col. 2500 1.57 – 4�10@150 0.63

3 Beam 1800 1.35 0.78 3�10@100 0.78
Outer col. 1600 1.57 – 4�10@150 0.63
Inner col. 2025 1.5 – 4�10@150 0.68

4 Beam 1800 0.92 0.48 2�10@100 0.72
Outer col. 1600 1.57 – 4�10@150 0.73
Inner col. 1225 2.14 – 4�10@150 0.64

A7 1 Beam 1800 1.28 0.74 3�10@100 0.77
Outer col. 3025 1.57 – 5�10@150 0.70
Inner col. 3600 2.55 – 6�10@150 0.67

2 Beam 2025 1.57 0.98 3�10@100 0.73
Outer col. 2025 1.5 – 4�10@150 0.57
Inner col. 2500 1.57 – 4�10@150 0.60

3 Beam 1800 1.38 0.79 3�10@100 0.73
Outer col. 1600 1.57 – 4�10@150 0.60
Inner col. 2025 1.57 – 4�10@150 0.63

4 Beam 1800 0.96 0.49 2�10@100 0.67
Outer col. 1600 1.57 – 4�10@150 0.70
Inner col. 1600 1.57 – 4�10@150 0.63
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For nonlinear dynamic time history analysis of struc-
tures, OpenSEES (McKenna and Fenves 2006) was used. 
This open source software is object-oriented software for 
simulation of earthquake engineering which is supported 
by the PEER Center.

Generating IDA reverse functions

The maximum drift of the nonlinear time history dynamic 
analysis is estimated for each PGA and each accelerogram. 
For example, for the initial RC frame, PGA with drift has 
been plotted in Fig. 3. Based on the trend of changes in this 

Table 8  (continued)

No. of scenario Storey Type of the element Area sec-
tion  (cm2)

As (top bar) (%) As′ (bot. 
bar) (%)

Numbers of stirrup legs Design ratio

A8 1 Beam 1800 1.28 0.47 3�10@100 0.73

Outer col. 3600 1.82 – 5�10@150 0.65

Inner col. 3600 2.55 – 6�10@150 0.61

2 Beam 2025 1.57 1.0 3�10@100 0.69

Outer col. 2025 1.5 – 4�10@150 0.54

Inner col. 3025 1.73 – 4�10@150 0.57

3 Beam 1800 1.42 0.85 3�10@100 0.69

Outer col. 2025 1.5 – 4�10@150 0.57

Inner col. 2500 1.57 – 4�10@150 0.59

4 Beam 1800 0.99 0.49 2�10@100 0.61

Outer col. 2025 1.5 – 4�10@150 0.67

Inner col. 1600 1.57 – 4�10@150 0.62
A9 1 Beam 1800 1.37 0.82 3�10@100 0.69

Outer col. 3600 2.55 – 6�10@150 0.60
Inner col. 3600 2.55 – 6�10@150 0.56

2 Beam 2025 1.61 1.05 3�10@100 0.64
Outer col. 2025 1.5 – 4�10@150 0.52
Inner col. 3600 1.82 – 4�10@150 0.53

3 Beam 1800 1.46 0.88 3�10@100 0.64
Outer col. 2025 1.5 – 4�10@150 0.53
Inner col. 2500 1.57 – 4�10@150 0.54

4 Beam 1800 1.05 0.51 2�10@100 0.56
Outer col. 2025 1.5 – 4�10@150 0.63
Inner col. 2025 1.5 – 4�10@150 0.61

A10 1 Beam 1800 1.43 0.87 3�10@100 0.65
Outer col. 3600 2.55 – 6�10@150 0.55
Inner col. 3600 2.55 – 6�10@150 0.5

2 Beam 2025 1.67 1.12 3�10@100 0.6
Outer col. 2025 1.5 – 4�10@150 0.5
Inner col. 3600 1.82 – 4�10@150 0.5

3 Beashoum 1800 1.52 0.94 3�10@100 0.6
Outer col. 2025 1.5 – 4�10@150 0.5
Inner col. 3025 1.73 – 4�10@150 0.5

4 Beam 1800 1.08 0.55 2�10@100 0.5
Outer col. 2025 1.5 – 4�10@150 0.6
Inner col. 2025 1.5 – 4�10@150 0.6
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figure, Eq. (10) can be an appropriate exponential function 
between the PGA and the maximum floor drift:

where a1 and a2 are constant coefficients which are different 
for each structure and each earthquake accelerogram. The 
average sum of squared errors (SSE) of Eq. (10) for drift 
calculations is less than 2%, indicating that the functions 
towel match the data obtained from the nonlinear dynamic 
analysis. The annual exceedance probability of drift of the 
initial structure under all accelerograms has been plotted in 
Fig. 4. The probability values associated with each drift are 
obtained through combining Eqs. (9) and (10). Figures 3 and 
4 depict the correspondence of the results of these functions.

The average PGA in terms of drift for all accelerograms 
of the initial RC frame has been presented in Fig. 5. Assum-
ing a normal inverse cumulative distribution function for the 
occurrence probability of accelerations greater than 84%, the 

(10)PGA(drift) = a1e
a2×drift,

drift and corresponding PGA values for earthquake accel-
erogram have been presented in Fig. 6.

These analyses are repeated for each RC frame in the 
design process, where the annual exceedance probability 
of drift is obtained. Based on these charts, the exceedance 
probability of each drift limit, defined in Table 3, has been 
calculated. Similar to the calculations performed for the 
drift, the exceedance probability from the maximum accel-
eration of floors is also calculated.

At this stage, Eq. (11) is estimated for each accelerogram 
for the maximum floor acceleration. The results of maximum 
floor acceleration in terms of PGA for the initial RC frame 
are demonstrated in Fig. 7. In addition, the annual exceed-
ance probability of the maximum floor acceleration of the 
initial RC frame is presented in Fig. 8.

(11)PGA(acc) = b1e
b2×acc.

Table 9  Properties of the 
selected natural accelerograms 
(Ancheta et al. 2013)

Event Station Mag. Year PGA (g) Vs (m/s)

Loma Prieta APEEL 9-Crystal Springs Res 6.9 1989 0.11 450
Loma Prieta APEEL 7-Pulgas 6.9 1989 0.157 415
Loma Prieta Gilroy Array #3 6.9 1989 0.56 350
Morgan Hill San Justo Dam (R Abut) 6.2 1984 0.08 544
Chi-Chi HWA012 6.2 1999 0.007 414
Chi-Chi HWA016 6.2 1999 0.005 577
Chi-Chi HWA044 6.2 1999 0.006 534
Chi-Chi HWA043 6.2 1999 0.006 543
Northridge Beverly Hills-14145 Mulhol 6.7 1994 0.44 355
Northridge Duarta-Mel Canyon Rd. 6.7 1994 0.08 459
Imperial Valley Cerro Prieto 6.5 1999 0.17 472
Landers Forest Falls Post Office 7.3 1992 0.114 436
Landers Coolwater 7.3 1992 0.28 353
Duzce, Turkey Lamont 375 7.1 1999 0.51 454

Fig. 3  The PGA in terms of 
drift of the initial structure for 
14 accelerograms
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Fig. 4  The annual exceedance 
probability of drift of the initial 
structure under 14 accelero-
grams

Fig. 5  The PGA in terms of drift of the final IDA result of the initial 
structure

Fig. 6  The annual exceedance probability of drift of the final IDA 
result of the initial structure

Fig. 7  The maximum floor acceleration-PGA of the initial structure 
under 14 accelerograms

Fig. 8  The annual exceedance probability of acceleration of the initial 
structure under 14 accelerograms
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As with displacement, Figs. 6 and 7 reveal that the com-
putational functions are also consistent with the results for 
acceleration. Similarly, the annual exceedance probability of 
acceleration of each RC frame has been obtained as Fig. 9. 
Further, the exceedance probability of each floor accelera-
tion limit, defined in Table 3, has been calculated based on 
this chart.

Generation of the cost functions

Cost functions are generated from the results of analyzing 
the original RC frames. As such, initially the relationships 
between the maximum floor acceleration plus the drift 
and the concrete volume as well as the reinforcements are 
obtained. Afterwards, the direct relationships of damage 
costs in terms of concrete volume and reinforcements are 
obtained. Table 10 summarizes the best-fitted relationships, 
and Fig. 10 indicates some samples of the fitted curves.

Regarding the variables in the cost functions, the effect 
of the cross-section area of the structures in the drift 
response under the severe earthquakes and the effect of the 

reinforcements in the maximum floor acceleration response 
are negligible. Therefore, the drift and maximum floor accel-
eration equations are generated in terms of the reinforce-
ment and concrete, respectively. The reason is that the drift 
response in the nonlinear behavior of structures is dependent 
on the structural strength capacity and the maximum floor 
acceleration response is dependent on the stiffness of the 
structure. On the other hand, changes in the drift response 
of the structure under the PGA of the design earthquake haz-
ard level are trivial, because in over-designed structures the 
reinforcements and cross-section areas are simultaneously 
changed. Therefore, drift function was generated in terms 
of the PGA of the maximum considered earthquake (MCE). 
It was assumed that the changes in the reinforcements and 
cross-section area are uniform concerning the initial struc-
ture. The loss costs dependent on the drift were the structural 
damage costs and social costs as mentioned in Table 2, and 
the loss cost dependent on the maximum acceleration of 
floors were non-structural damage.

Results and discussions

As the designed structures should be in accordance with 
the design codes, the considered constraints are made 
as Eqs. (12) and (13), to avoid the development of weak 
structures: 

By these constraints, it is possible to limit the maximum 
drift of the structures under the PGA of the design hazard 
level to 2%. Table 11 presents the properties of the initial 
structure in the first row as well as properties of other devel-
oped RC frames for different design objectives.

The RC frame, which is achieved by the first objective 
 (F1), has the lowest total life-cycle cost including the initial 

(12)28.35 < concrete volume (m3),

(13)7.78 < reinforcements (tonne).

Fig. 9  The annual exceedance probability of acceleration of the final 
IDA result of the initial structure

Table 10  Calculated cost functions in terms of the reinforcements and concrete materials

No. Equation Description

1 acc = 0.3043 × exp(0.0296 × con) acc: max. acceleration for design seismic hazard
con = concrete  (m3)

2 drift = 0.928 × exp(− 0.338 × st) drift: max. storey drift for MCE seismic hazard
st: reinforcement (tonne)

3 incost = 551 × st + 8432 + 266.74 × con + 4412.16 incost: initialcost($)
4 lcacc = 13,924 × exp(− 0.275 × acc) lcacc: loss costs depended on acceleration($)
5 lcdrift = 19,052 × exp(2.1193 × dr) lcdrift: loss costs depended on storey drift($)
6 inscore = 3.4862 × st + 0.1862 × con − 2.778 inscore: initial score depended on used structural material
7 slacc = 37 × exp(− 1.702 × acc) slacc: life-cycle score depended on acceleration
8 sldrift = − 47.227 × dr + 15.897 sldrift: life-cycle score depended on storey drift
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cost and expected damage costs during the lifetime. The 
cross-section areas of this RC frame are similar to the A7 
scenario, while its reinforcements are the average of the 
A7 and A8 scenarios. In this case, the total life-cycle cost 
is about 9% less than that of the initial structure. With the 
increase in the initial cost, the drift and consequently, the 
expected damage cost decreased. Therefore, there is a bal-
ance between the initial cost and the expected damage cost.

In the second and third objectives, the optimally designed 
structure had a lower initial cost than the RC frame resulted 
from the first objective. In these RC frames, due to the great 
effect of the reinforcements on the environmental score, 

the mass of the reinforcements diminished to the minimum 
value (A1 scenario), while its cross-section areas were 
approximately equal to the cross-section areas of the A7 sce-
nario. Therefore, it was observed that the extent of drifts and 
expected life-cycle damage costs were less than the score 
reduction. The results indicated that the structure developed 
for the second objective function, was the same structure for 
the third objective function.

Since the behavior of the RC structures is nonlinear 
under extreme seismic loads, there is no direct relation-
ship between increasing the initial cost and reducing the 
expected life-cycle damage costs. Consequently, there is no 

Fig. 10  Some samples of fitted 
curves; a max. floor accel-
eration vs. concrete volume, b 
max. drift ratio vs. reinforce-
ment mass, c lifecycle damage 
cost being dependent on the 
drift ratio, life-cycle score being 
dependent on max. floor acc
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Table 11  The values of specifications of structures designed for different design objectives

DBE design basis earthquake

No. Con.  (m3) Rein. (tonne) Drift ratios Costs ($) Environmental impact 
scores

DBE MCE Initial structural Expected damage Total life-cycle cost Initial Life cycle Total

1 28.35 7.78 0.019 0.067 16,260.9 32,607.2 48,861.1 29.62 23.90 53.52
F1 42.51 11.38 0.010 0.020 22,020.1 22,517.1 44,537.2 44.81 20.94 65.75
F2 42.31 7.78 0.015 0.067 19,985.8 27,000.4 46,986.2 32.22 18.78 51
F3 42.31 7.78 0.015 0.067 19,985.8 27,000.4 46,986.2 32.22 18.78 51
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direct relationship between the increase in the score for the 
construction stage and the reduction of the damage-related 
score. Further, two separate parameters (acceleration of the 
floors and inter-story drift ratio) are effective in damage 
determination. On the other hand, if the proportions in the 
third optimization function are calculated for the optimum 
structures obtained from different functions, no direct trend 
will be obtained in the changes. Thus, the similarity of the 
structures obtained from the objective functions F2 and F3 
was coincidental.

Conclusions

LCCA was employed for assessing the performance of struc-
tures over their lifetime from a wide range of economic and 
social aspects. In addition, environmental effects of the 
life-cycle period were evaluated. Accordingly, this paper 
focused on the LCCA and societal effects associated with 
environmental impacts, where a new approach was presented 
for sustainable design of RC structures. In this approach, in 
addition to the strength criteria, the environmental effects 
and damage costs of the structures over their life cycle were 
also taken into account. Hence, through three defined design 
objectives and generated response functions, in addition to 
satisfying the rules of the codes, sustainable structures were 
developed throughout their lifetime. Response functions in 
terms of the consumed materials were used to reduce the 
computationally expensive nonlinear dynamic analyses, 
which proved to be very effective.

The environmental impacts that were dealt with in this 
study included global warming potential, acidification, 
eutrophication, fossil fuel depletion, habitat alteration, water 
consumption, air pollution, smog formation, ecological tox-
icity, ozone depletion, and human health. The results for a 
case study can be summarized as follows:

• Using the introduced methodology, with a low compu-
tational cost, more sustainable RC frames were obtained 
compared to the initial RC frame. The obtained RC frame 
with the first objective function had a total life-cycle cost 
9% lower than that of the initial RC frame. The RC frame 
obtained with the second and third objective functions 
(the same RC frame was obtained) has had 4% and 5% 
lower total life cycle cost and total environmental impact 
score as compared with the initial RC frame, respectively.

• The expected life-cycle damage cost of the investigated 
RC frames was much greater than the initial cost. There-
fore, when the structure was designed to minimize the 
total life-cycle cost, a balance between initial cost and 
damage cost of the life cycle was established by increas-
ing the initial cost. In this case, the initial cost increased 

by about 5759$, while the damage cost diminished by 
about 10,090$.

• The contribution of the reinforcements to the environ-
mental score was high. Therefore, in cases where vari-
ous parameters were added in the form of dimensionless 
factors, a RC frame with low reinforcements relative to 
the optimum structure of the first objective function was 
concluded. In this case, the reinforcement was the mini-
mum (reinforcement of the A1 scenario). However, the 
cross-section areas of the obtained structure were greater 
than those of the initial structure. Specifically, the initial 
cost increased by about 3725$, while the damage cost 
dropped by about 5607$ relative to the initial structure. 
In addition, the total environmental score was reduced.

• In terms of environmental impacts, according to the 
second and third objectives, although the total life-cycle 
cost was enhanced by 5.5%, the environmental score was 
lessened by 22%.
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