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The global excessive demand for concrete has resulted in a significant depletion of concrete natural resources and
substantial release of carbon emissions in the environment. To tackle such challenges, treated wastewater
(TWW), recycled concrete aggregates (RCA), and fly ash (FA) have recently been proposed as sustainable con-
crete constituents. From a management perspective, it is necessary to evaluate the cost-saving potential of
incorporating TWW, RCA, and FA simultaneously in concrete applications. Accordingly, this study conducted a
life cycle cost analysis over 60 years on 12 multi-story buildings with TWW, RCA, and FA. Various parameters
were investigated, including the number of floors (20-70 floors), discount rate (0-10%), RCA-to-natural
aggregate price ratio (50-200%), and construction-to-material price ratio (50-250%). Test results highlighted
that buildings incorporating TWW, RCA, and FA showed 60.18% and 19.21% lower maintenance and life cycle
costs compared to conventional buildings, respectively. Furthermore, the study showed that the highest cost
savings are achieved with a discount rate of 2% or less. The achieved cost saving reveals the importance of
utilizing eco-friendly alternatives to natural concrete ingredients. On the other hand, the number of floors, RCA-
to-natural aggregate price ratio, and construction-to-material price ratio have negligible effects on the life cycle

cost of the buildings.

1. Introduction

The worldwide increased demand for fresh water, driven by un-
precedented global population growth, has jeopardized the sustain-
ability of freshwater resources. Furthermore, the proportion of people
living in water scarcity areas has significantly increased in recent years.
Annually, more than 60% of the world’s population faces water short-
ages for at least 1 month [1]. Accordingly, some countries have
increased the capacity of their seawater desalination plants to secure the
needed quantities of potable water. However, desalination is expensive,
consumes a large amount of energy, and generates carbon dioxide
emissions and desalination waste (i.e., brine). In particular, desalinating
1 m® of water costs between USD 0.50 and 1.20, with an equivalent
energy consumption of 10.8-14.4 MJ and carbon dioxide emissions of
1.4-1.8 kg. Moreover, desalination is expected to generate a brine vol-
ume of 156 m®> by 2050 [2].

Concrete manufacturing is considered a prominent non-human
application that consumes large amounts of fresh water [3]. Particu-
larly, the worldwide concrete industry utilizes approximately 2 billion
tons of fresh water per year for mixing and curing of reinforced concrete
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(RC) elements and washing of concrete plants and trucks [4]. Therefore,
the utilization of treated wastewater (TWW) in concrete applications
contributes to measures for solving the global water crisis [4].
Employing TWW in the concrete industry not only reduces the overall
demand for fresh water but also reduces the negative environmental and
economic impact of wastewater disposal [3]. Numerous studies have
already confirmed the feasibility of replacing fresh water with TWW for
concrete applications [4-9]. Abushanab and Alnahhal [4] and Asa-
dollahfardi et al. [6] demonstrated that TWW had an insignificant effect
on the slump of concrete. In addition, Abushanab and Alnahhal [4] re-
ported that TWW decreased concrete mechanical properties by 5% to
12%. Similarly, Arooj et al. [5] noticed that the compressive strength of
concrete decreased by 15% when TWW was employed. In addition,
Abushanab and Alnahhal [10] reported that the flexural capacity of RC
beams with TWW was 14% lower than those with fresh water. On the
durability effect of TWW in concrete, Abushanab and Alnahhal [4]
revealed that concrete with TWW had 40% lower durability character-
istics compared to conventional concrete. Similar observations were also
found by Saxena and Tembhurkar [7] and Hassani et al. [11].
Meanwhile, the worldwide demand for natural aggregates has
significantly increased in recent years to supply the enormous quantities
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e FA Fly Ash

¢ OPC  Ordinary Portland Cement

e LCCA Life Cycle Cost Analysis
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o Chp Material Cost

e C. Construction Cost
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o C, End-of-life Cost

of concrete needed for urbanization and industrialization [12]. It has
been estimated that the annual utilization of natural aggregates has
reached approximately 48 billion tons [13]. On the other hand, urban
renewal in countries results in massive amounts of construction and
demolition waste. An estimated 3 billion tons of construction and de-
molition waste are generated every year across the globe, accounting for
about 30% of total waste [2]. The recycling of such waste into recycled
concrete aggregates (RCA) has recently been investigated for geo-
polymer and concrete applications as a means of reducing the produc-
tion rate of natural aggregates, carbon emissions associated with natural
aggregate production, manufacturing cost of concrete, and disposal cost
of concrete waste [14-16]. Wang et al. [17] and Huda and Alam [18]
showed that concrete with RCA had 10% to 25% lower workability than
conventional concrete. Wang et al. [17] demonstrated that the me-
chanical properties of RCA concrete were 40% to 45% lower compared
to reference concrete. Moreover, Abushanab and Alnahhal [3] pointed
out that RCA concrete properties had inferior durability characteristics
compared to natural aggregate concrete. In addition, Choi and Yun [19]
and Al Mahmoud et al. [20] revealed that RCA decreased the flexural
and shear capacities of RC beams by 20% and 11%, respectively. More
recently, Abushanab and Alnahhal [3] investigated the combined effects
of RCA and TWW. The authors showed that incorporating RCA with
TWW yielded an average of 13% better mechanical and durability
properties compared to mixes with RCA and fresh water. From the
environmental perspective, Xing et al. [21] showed that at a similar
concrete compressive strength, RCA decreased the carbon footprint,
regardless of the RCA replacement ratio. Moreover, Khan et al. [22]
demonstrated that utilizing construction waste decreased the global
warming potential by 18%. Similar results were reported by Mahmoodi
et al. [23] when recycled brick powder was used.

Previous studies have revealed that the use of either TWW or RCA
appears to have a negative impact on the mechanical and durability
properties of concrete [3,9]. Thus, researchers have recently incorpo-
rated by-product fly ash (FA) as a partial replacement of ordinary
Portland cement (OPC) to densify the concrete matrix and improve its
mechanical and durability characteristics [24-27]. Kurda et al. [24]
found that the slump of RCA concrete was improved with the incorpo-
ration of FA. In addition, Ilcan et al. [26] reported that geopolymer
mixes with FA had the highest workability compared to mixes with blast
furnace slag and silica fume. Lima et al. [25] demonstrated that concrete
made with RCA and FA exhibited similar properties to reference con-
crete at later ages. Xing et al. [21] and Mir et al. [27] pointed out that
incorporating supplementary cementitious materials with RCA
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decreased the carbon emissions in the environment. The effects of TWW,
RCA, and FA combined were recently investigated by Abushanab and
Alnahhal [3]. The authors showed that mixes with TWW, RCA, and FA
combined achieved about 42% lower chloride permeability than the
reference mix. Likewise, Abushanab and Alnahhal [10] reported that FA
decreased the deflection of RC beams with RCA and TWW by 17.5%
compared to the reference beam. More recently, Abushanab and
Alnahhal [28] conducted a study to evaluate the influence of TWW,
RCA, and FA on the bond strength between concrete and corroded steel
bars. The authors revealed that the use of 20% FA in TWW-RCA concrete
decreased the steel mass loss by 82% and 61% at corrosion levels of 2%
and 10%, respectively. In addition, it was found that specimens without
FA exhibited a bond strength degradation of 36% to 71% with corrosion,
whereas TWW-RCA concrete specimens with FA showed a mere 3% drop
in the bond strength at the same corrosion level.

Sustainable concrete products with TWW, RCA, and FA combined
have been experimentally investigated in terms of their mechanical and
durability properties [3,10,29]. Nonetheless, from a management
perspective, it is necessary to measure the cost performance of such a
combination throughout the life cycle of RC structures. The
cost-effectiveness of concrete can be assessed using several methods; one
of which is the life cycle cost analysis (LCCA) [30]. According to ISO
15686-5:2017 [30], the LCCA is defined as a tool for evaluating the
economic feasibility of a certain product over an operating period. In
principle, LCCA is composed of four main cost categories: construction,
operation, maintenance and rehabilitation, and end-of-life. Previous
studies have analyzed the cost-effectiveness of using RCA and FA in
concrete applications [31-33]. Makul [31] showed that the addition of
FA to high-performance RCA concrete mixes could have a higher initial
cost. However, a favorable cost-benefit is achieved through the
improved durability properties of FA-RCA concrete mixes. Ohemeng and
Ekolu [34] pointed out that the production cost of RCA is 40% lower
than that of natural aggregates. Kurda et al. [32] reported that the
cost-benefit of utilizing RCA in concrete applications can be achieved by
incorporating FA. Reiner and Rens [33] revealed life cycle cost (LCC)
savings of 20% when FA was utilized in concrete.

Even though much research has been conducted to evaluate the cost-
saving of individual use of RCA and FA in concrete applications, a
research gap remains on the LCC of RC structures with TWW, RCA, and
FA combined. Hence, from a novelty perspective, this study fills this
research gap by conducting LCCA on 12 high-rise buildings made
simultaneously with TWW, RCA, and FA. The parameters considered in
this study are the number of floors, discount rate (r), RCA-to-natural
aggregate price ratio, and construction-to-material price ratio. The re-
sults of this study are expected to illustrate the economic efficiencies
associated with using TWW, RCA, and FA combined in concrete
applications.

1.1. Practical implications

As presented in the above literature, the concrete industry exten-
sively utilizes fresh water, natural aggregates, and OPC to meet the
worldwide extreme demand for concrete applications. Consequently,
concrete natural resources are extremely exploited, and more carbon
footprint is released into the atmosphere, raising concerns about the
sustainability of concrete. Therefore, the proposed combination of
TWW, RCA, and FA in the concrete industry serves as a sustainable
option to alleviate the strains on the natural resources of concrete and
decrease the costs and carbon emissions associated with concrete
manufacturing, desalination of seawater, and production and trans-
portation of natural aggregate and OPC. The results of this study are
expected to promote the practical use of concrete mixes with recyclable
products. This study is also anticipated to be useful in establishing
guidelines on the use of recyclable products in concrete applications.
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2. Materials and methods
2.1. Overview

The LCCA in this study was performed in five consecutive steps. A
conventional multi-story building and its alternative with TWW, RCA,
and FA were identified in the first step. The second step includes a
structural design scenario for a multi-story building with a different
number of floors and gross areas. Details of the concrete mix proportions
with the convention and alternative buildings were presented in the
third part. The fourth step provides the calculations of the LCC of the
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alternatives based on the material, construction, maintenance, and end-
of-life costs. Sensitivity analysis was done using different parameters in
the fifth step. A summary of the methodology adopted is illustrated in
Fig. 1.

2.2. Design alternatives

The LCCA of the multi-story buildings was conducted using two
design alternatives. The alternatives follow a three-letter designation
according to the material used. The first letter (F and T) belongs to 100%
fresh water and 100% TWW, respectively. The second letter (N and R) is
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Fig. 1. A flowchart summarizing the life cycle cost methodology. Note: FNC: conventional concrete mix and TRF: proposed concrete mix with treated wastewater,

RCA, and fly ash.
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for 100% natural coarse aggregates and 100% RCA, respectively. The
third letter corresponds to the cementitious binder (C for a binder of
100% OPC and F for a mixture of 80% OPC and 20% FA). Alternative
FNC is the reference option for the multi-story building constructed with
conventional concrete ingredients, whereas alternative TRF is the pro-
posed option that combines 100% TWW, 100% RCA, and 20% FA.

It is to be emphasized that the simultaneous utilization of TWW,
RCA, and FA in concrete was first introduced and examined by Abush-
anab and Alnahhal [3,10]. The TWW used by Abushanab and Alnahhal
[3,10] was provided by a local plant in Qatar after the tertiary treatment
stage. It is characterized by a chloride, sulfate, zinc, phosphate, and total
dissolved solid concentration of 511, 490, 0.11, 9.19, and 1690 mg/L,
respectively. All TWW characteristics were in accordance with the
permissible limits of ASTM C1602/C1602M — 18 provisions [35] for
plain concrete and RC members. In addition, the RCA incorporated were
utilized from demolished concrete buildings. The RCAs’ dry specific
gravity, Los Angeles abrasion, and water absorption were 2.47, 17.6%,
and 3.51%, respectively. Furthermore, the FA utilized was of class F and
characterized by a specific gravity of 2.18, moisture content of 0.5%,
and particle distribution between 3 and 55 pm. The authors [3,10]
designed the concrete mixes as per ASTM C192/C192 M—19 [36]. RCA
replaced natural aggregates using the volume replacement method,
whilst TWW and FA were incorporated using the mass replacement
method. The mechanical and durability properties and the flexural
performance of alternative TRF are presented in detail in Abushanab and
Alnahhal [3,10].

2.3. Reinforced concrete scenarios

The grades and amounts of reinforcement and concrete should be
carefully selected in the design of RC structures due to their enormous
influence on the overall performance, safety, and cost of the buildings
[37]. In this study, the design scenario and quantity takeoff of a
multi-story building were obtained from Foraboschi et al. [38] and
utilized for the LCCA of alternatives FNC and TRF. The structural system
of the selected building is composed of slabs, beams, columns, and
central cores. The analysis includes six different stories (20, 30, 40, 50,
60, and 70 floors) and six different gross floor areas (8000, 17250,
36000, 57800, 105840, and 189280 m?). A higher number of floors has
been selected to evaluate the effect of the floor number on the LCC of the
buildings. The buildings’ design was performed using finite element
methods in order to analyze their embodied energy. The non-bearing
members are assumed to have a uniformly distributed dead load of
2.5 kN/m? over the entire floor area. In addition, a facade dead load of 4
kN/m was accounted on the perimeter beams. Moreover, a uniformly
distributed live load of 3 kN/m? was considered over the entire floor
area. A wind load in accordance with Eurocode [39] was included in the
analysis. Furthermore, the analyses showed that the seismic action has
marginal influence on the buildings compared to the wind load, and
hence the seismic effect was neglected. Additionally, all buildings were
designed to be displaced horizontally due to the wind load by a
maximum of 1/400 of the buildings’ height. As well, the maximum
vertical displacement due to the live load was limited to 1/400 of the
floor span.

The required amounts of concrete and reinforcement needed for all
RC multi-story buildings investigated by Foraboschi et al. [38] are
presented in Table 1. The amounts of concrete and reinforcement were
divided by the gross floor area for each building to illustrate the needed
quantities per floor area. Moreover, the amounts of concrete and rein-
forcement weight per unit area were averaged for the purpose of the
sensitivity analysis.

2.4. Concrete mix design

The adopted high-rise buildings in this study were structurally
analyzed by Foraboschi et al. [38] assuming concrete compressive
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Table 1
Quantity takeoff of the investigated RC buildings [38].
Number Floor Concrete Steel Concrete Steel
of floors area volume weight volume per weight per
(m?) (m%) (kg) floor area floor area
(m*/m?) (kg/m?)
20 8000 2185 341547 0.27 42.69
30 17280 4883 764123 0.28 44.22
40 36000 11222 1764518 0.31 49.01
50 57800 20772 3275740 0.36 56.67
60 105840 36371 5772557 0.34 54.54
70 189280 66345 10515272 0.35 55.55
Average - - - 0.32 50.45

strength of 40 MPa, which is an appropriate strength for tall RC build-
ings. The concrete ingredient quantities of a 40-MPa compressive
strength were selected as 186, 463, 1150, and 530 kg/m3 of water, OPC,
coarse aggregates, and fine aggregates, respectively, for the conven-
tional alternative FNC. However, for alternative TRF, fresh water and
natural coarse aggregates were completely substituted with TWW and
RCA, respectively. In addition, the binder was replaced with a mixture of
80% OPC and 20% FA. TWW and FA were considered using the weight
replacement method, while RCA were incorporated using the volume
replacement method. The difference in the density between the natural
aggregates and RCA were considered in calculating the coarse aggregate
quantities and cost for alternative TRF.

According to Abushanab and Alnahhal [3,10], the combined incor-
poration of TWW, RCA, and FA in concrete reduces the mechanical
properties and flexural performance of RC beams. This deficiency con-
tradicts the base of the LCCA, which requires that all alternatives should
perform the same. In this regard, Marinkovi¢ et al. [40] pointed out that
a slight increase in OPC content (~%5) can compensate for the
compressive strength drop in RCA concrete elements. Therefore, an
addition of 5% of OPC was considered for alternative TRF to compensate
for the shortcomings of the proposed materials in terms of strength.
Likewise, the presence of 20% FA in alternative TRF is expected to
compensate for the drop in the concrete slump due to the residual mortar
of RCA. Therefore, the concrete ingredient quantities for alternative TRF
are 186, 389, 93, 983, and 530 kg/m3 of TWW, OPC, FA, coarse ag-
gregates, and fine aggregates, respectively.

2.5. Life cycle costs

2.5.1. Overview

The economical aspect of TWW, RCA, and FA was evaluated in this
study by calculating the LCC of all scenarios (Table 1) for design alter-
natives FNC and TRF. The LCC calculation was made according to the
costs of buildings’ materials, construction, repair/maintenance, and
end-of-life. It should be mentioned that the operational costs required to
run the buildings, such as housekeeping, energy and water fees, and IT
services were excluded from the LCCA, as both alternatives are expected
to operate the same for all scenarios. The components of the life cycle
expenses are demonstrated in Fig. 2. As per ISO 15686-5:2017 [30], the
study period in the buildings’ LCCA should be long enough to effectively
analyze the maintenance cost of the alternatives. Previous research
studies have performed LCCA on RC buildings using study periods be-
tween 40 and 75 years [41,42]. Accordingly, a 60-year study period was
adopted in this study. It has been assumed that both alternatives will be
demolished after 60 years.

2.5.2. Material cost

The materials’ costs in the LCCA cover the expenses and delivery
costs of concrete, water, gravel, steel reinforcement, OPC, and FA. These
are considered the most influential elements in this analysis to differ-
entiate alternatives FNC and TRF. Steel reinforcement with a yield
strength of 420 MPa and density of 7860 kg/m> was considered for the
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Fig. 2. Description of the life cycle expenses.

buildings. Even though both alternatives have similar reinforcement, the
cost of steel bars was incorporated into the LCCA to perform a complete
and systematic LCC model. The prices of the materials were obtained
from different sources and adjusted to account for the inflation rate of
the United States for the year 2022 [43]. The unit rates of all materials
are listed in Table 2. The total cost of each design scenario for both al-
ternatives was estimated using these unit costs. As shown in Table 2, the
cost of conventional concrete is 215 USD/m®. However, the estimated
cost of concrete for alternative TRF was calculated using the difference
in prices of water, aggregates, and binders and by adding the cost of the
additional OPC content that is required to achieve a similar compressive
strength to the reference building FNC. It was assumed that the sources
of fresh water and TWW are equidistant, and both have the same
infrastructure and pipeline networks. Hence, the only factor affecting
the cost of water in this analysis is the difference in cost between
seawater desalination and wastewater treatment. This assumption was
made because of the lack of data on the transportation cost of TWW to
construction projects. However, this assumption can only be applicable
if TWW is considered a common practice for concrete works worldwide.
On the other hand, previous research studies on RCA demonstrated that
the transportation costs of natural aggregates and RCA are not similar
[2,44]. Paranhos et al. [44] showed that the transportation cost of trucks
has a linear relationship with the mileage traveled. This principle could
be applied to calculate the transportation cost difference between

Table 2

Unit rates considered in this study.
Item Cost Unit Reference
Concrete 215 USD/m® RSMeans [45]
Steel Reinforcement 0.8 USD/kg RSMeans [45]
Coarse Natural 17.47 USD/ton Younis et al. [2]

Aggregates

Coarse RCA 13.17 USD/ton Younis et al. [2]
OPC 117.48  USD/ton Shwekat and Wu [46]
FA 61.83 USD/ton Shwekat and Wu [46]
Seawater Desalination 1.3 USD/m* Shannak [47]
Wastewater Treatment 0.62 USD/m® Shannak [47]

Building Demolition 147.73 USD/m® of RSMeans [45]
concrete
Demolition Landfill 0.11 USD/kg RSMeans [45]
Steel Reinforcement 0.16 USD/kg Capital Scrap Metal LLC
Scrap [48]
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natural aggregates and RCA. In this regard, four RCA-to-natural aggre-
gate (R-to-N) price ratios of 50%, 100%, 150%, and 200% were included
in the sensitivity analysis to account for the aggregate transportation
cost difference. Furthermore, the transportation costs of OPC and FA are
assumed to be similar.

2.5.3. Construction cost

The construction cost of the buildings is the expenditures allocated to
staff hiring and transportation, equipment rental, formwork erection,
steel bars assembly, concrete pouring, and waste disposal. It is common
practice to estimate the construction cost in LCCA from the material
costs [2,49]. In this study, the construction process and technology are
expected to be the same for both alternatives. Thus, the construction
costs of all buildings were estimated equally as 150% of the materials’
costs of the conventional alternatives. Furthermore, a sensitivity anal-
ysis covering five construction-to-material (C-to-M) cost ratios of 50%,
100%, 150%, 200%, and 250% was performed to investigate the influ-
ence of C-to-M on the overall costs of the buildings. It should be noted
that the construction costs of buildings rarely exceed 250% of the
buildings’ materials [45].

2.5.4. Maintenance cost

The maintenance cost is the amount of money spent on a regular
basis to maintain the structural components of the buildings during their
operational periods. The maintenance cost includes periodic in-
spections, preventative measures, redecoration, and replacement or
repair of damaged components. Since the buildings are assumed to
operate for 60 years only, the costs for a complete renovation were
disregarded in this study for all design scenarios. The only repair opted
for in this study is the repair due to steel corrosion.

The determination of the maintenance cost in LCCA is usually
regarded as a percentage of the material and construction costs [2,49].
Such costs cover the transportation of the new components and mate-
rials, replacement and repair of the defective parts of the buildings, and
disposal of the old components. In the current study, the maintenance
process and technology are expected to be the same for both alterna-
tives. In particular, it was assumed that the repair would take place in
10% of the buildings’ gross areas. In this area, 50% of the materials are
expected to be replaced with repair costs of 200% of the construction
cost [49].

The service life of the conventional buildings was estimated using
Life-365 software [50] assuming that the buildings are exposed to
chloride environments. The service period in Life-365 software [50] is
the period during which the buildings undergo structural deficits and
demand maintenance. The buildings are assumed to be constructed 800
m away from the sea. In addition, the buildings were considered to have
a 0.6% surface chloride concentration within 15 years. The concrete
cover of the structural elements was 40 mm. The analysis of Life-365
software revealed that conventional buildings should have regular re-
pairs against corrosion every 10 years. On the other hand, as demon-
strated by Cabrera [51], the incorporation of FA in concrete delays the
initiation time of corrosion by three times compared to conventional
concrete. In addition, as per Abushanab and Alnahhal [28], incorpo-
rating FA in concrete mixes with TWW and RCA decreased the mass loss
of corroded steel bars by 82% and 61% at corrosion levels of 2% and
10%, respectively. Therefore, corrosion repairing work for buildings
with alternative TRF is scheduled every 20 years in the analysis.

2.5.5. End-of-life cost

The end-of-life cost is related to the costs of the building demolition,
construction waste disposal and landfill, and steel scrap management.
The unit rates of these operations are listed in Table 2. The scrap value of
steel reinforcement is considered in this stage because a high proportion
of steel bars could be utilized to fabricate new steel reinforcement with
the same or higher grades [52]. In this study, it is assumed that 90% of
the steel bars’ weight will be sold as scrap and the remaining 10% will be
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disposed to landfills by the end of the buildings’ life periods.

2.5.6. Calculation of life cycle cost

LCC is defined according to ISO 15686-5:2017 [30] as the total
amount of money spent on a product and discounted to present value
over the operating period. LCC can be calculated as per Eq. (1):

T Cr
LCC= ;(1+r)' @

Where ¢ is the time when the money is spent, T is the total operating
period, C; is the total amounts spent at time t, and r is the discount rate.
The total amounts spent in a certain year can be calculated as per Eq.

(2):
¢,=C,+ CA+CHC, 2)

Where C,, C., C;,and C, are the total costs in a certain year for materials,
construction, repair, and end-of-life, respectively.

The r is incorporated to calculate the time value of the money in the
future. It means that the future money is discounted to today’s rate. In
the present study, r was taken as 0.5% in accordance with the White
House Office of Management and Budget in the United States for 30-year
investments for the year 2022 [53]. However, it should be emphasized
that r differs with different places and time of projects. Moreover, pri-
vate sectors consider high values of r, whereas public organizations take
into consideration low values of r. Therefore, to investigate the impact of
r on the LCC of both alternatives, six values of r (0%, 2%, 4%, 6%, 8%,
and 10%) were considered in the sensitivity analysis. The selected range
of r is in line with the previous studies [54,55].

3. Results and discussion
3.1. Cost savings from concrete mixes

The costs incurred for all buildings and alternatives over the study
period were summed up and demonstrated in Table 3. The costs in
Table 3 were calculated in USD/m? for a C-to-M cost ratio of 150%
without considering the future discount rates. The designation used for
the buildings included a combination of the design alternative and the
number of floors. For instance, building FNC-20 is a 20-floor building
made with the design alternative FNC. The results show that the total
costs of the buildings increase with increasing the number of stories for
both alternatives. This is due to the design concept of the buildings. As
presented in Table 1, increasing the number of floors increases the
buildings’ areas and the needed quantities of concrete and reinforce-
ment, which, in turn, increases the overall cost of the buildings. The
results also reveal that the cost savings in materials and construction
(year 0 in Table 3) achieved by utilizing concrete mix TRF ranged be-
tween 0.82% and 1.08% for all design scenarios. Minimal savings were
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obtained despite the reduced prices of TWW, RCA, and FA compared to
fresh water, natural aggregates, and OPC (see Table 2), respectively.
This has occurred because 5% of OPC, which is the most expensive
ingredient in concrete, was added in mix TRF to overcome the strength
shortage due to TWW, RCA, and FA. This observation is in accordance
with Younis et al. [2], who also showed that utilizing different sources of
aggregates and fresh water negligibly reduced the cost of concrete. On
the other hand, the maximum cost saving in all buildings with alterna-
tive TRF was achieved during the maintenance periods (years 10-50).
For instance, building FNC-20 has regular annual expenses of 32.5
USD/m? for corrosion-damage repairs from years 10-50, whereas
building TRF-20 has only a repair cost of 32.4 USD/m? in years 20 and
40. Consequently, the overall cost of building TRF-20 was reduced by
20.02%. Similarly, Younis et al. [2] and Alqahtani et al. [56] pointed out
that the saving achieved from the utilization of green concrete products
in RC elements is limited due to the remedial measures taken to achieve
the target strength.

3.2. Life cycle cost analysis

Table 4 presents the LCC of all design scenarios with a C-to-M cost
ratio of 150% and r of 0.5%. It can be seen that the cost savings asso-
ciated with the material costs make an insignificant contribution to the
LCC of all buildings. This could be exemplified in the LCC results (col-
umn 2 in Table 4), where the LCC savings ranged between 2.04% and
2.69%. Martinez-Lage et al. [57] also emphasized replacing conven-
tional concrete ingredients with recyclable products might not have a
saving in the initial cost. Additionally, Alqahtani et al. [56] and Majhi
and Nayak [58] reported that concrete with recycled aggregates had
higher cost than conventional concrete. Moreover, it is apparent that the
LCC of the buildings with alternative TRF outperformed those with FNC
in the maintenance costs. On average, buildings with alternative TRF
achieved maintenance cost of 60.18% compared to those with FNC. This
is mainly attributed to the chloride binding capacity and small size
distribution of FA, which resulted in increasing the service life of the
buildings and reducing the periodic repair costs of corrosion. Further-
more, the LCC results indicate that replacing the conventional mix FNC
with mix TRF decreased the LCC of the 20, 30, 40, 50, 60, and 70-story
buildings by 19.28%, 19.27%, 19.21%, 19.15%, 19.18%, and 19.16%,
respectively. This implies that the number of floors has no correlation
with the cost savings associated with the use of concrete mix TRF. These
findings are supported by Makul [31] and Kurda et al. [32], who
demonstrated that FA enhanced the long-term durability of RCA con-
crete, and, in turn, improved its cost-saving potential. Several recent
studies have also shown the cost-effectiveness of FA-RCA mixes [59,60].

The cumulative LCC of all buildings throughout the study period is
illustrated in Fig. 3. It can be seen that all buildings have approximately
similar initial costs, regardless of the concrete mix used. Fig. 3 also re-
veals that the LCC is primarily influenced by the maintenance costs of

Table 3 Table 4

Cost incurred for all design scenarios over the study period. Costs are in USD/m?. The LCC of the investigated buildings.
Building ID  Year Sum Building ID Present costs LCC

0 10.0 20.0 30.0 40.0 50.0 60.0 Material Construction Maintenance End-of-life

FNC-20 232.2 325 32.5 32.5 32.5 325 106.3 501.0 FNC-20 92.9 139.3 140.3 78.8 451.3
FNC-30 240.3 33.6 33.6 33.6 33.6 33.6 110.0 518.3 FNC-30 96.1 144.2 145.2 81.5 467.1
FNC-40 265.6 37.2 37.2 37.2 37.2 37.2 121.3 572.9 FNC-40 106.2 159.3 160.5 89.9 516.0
FNC-50 306.5 42.9 42.9 42.9 42.9 42.9 139.8 660.8 FNC-50 122.6 183.9 185.2 103.6 595.4
FNC-60 293.8 41.1 41.1 41.1 41.1 41.1 133.6 632.9 FNC-60 117.5 176.3 177.5 99.1 570.4
FNC-70 299.5 41.9 41.9 41.9 41.9 41.9 136.3 645.3 FNC-70 119.8 179.7 181.0 101.1 581.5
TRF-20 229.7 0 32.4 0 32.4 0 106.3 400.7 TRF-20 90.4 139.3 55.8 78.8 364.3
TRF-30 237.8 0 33.5 0 33.5 0 110.0 414.8 TRF-30 93.6 144.2 57.8 81.5 377.1
TRF-40 263.1 0 37.1 0 37.1 0 121.3 458.5 TRF-40 103.7 159.3 63.9 89.9 416.9
TRF-50 304.0 0 42.8 0 42.8 0 139.8 529.4 TRF-50 120.1 183.9 73.8 103.6 481.4
TRF-60 291.3 0 41.0 0 41.0 0 133.6 506.9 TRF-60 115.0 176.3 70.7 99.1 461.0
TRF-70 297.0 0 41.8 0 41.8 0 136.3 516.9 TRF-70 117.3 179.7 72.1 101.1 470.1
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Fig. 3. Cumulative life cycle cost of all buildings.

the buildings. Buildings with FNC and TRF have regular repairs due to
corrosion every 10 and 20 years, respectively. Within the operating
periods of each building, no repair costs are assigned to the buildings.

3.3. Sensitivity analysis

A sensitivity analysis was performed to evaluate the impact of r and
the costs of materials and construction on the LCC of the buildings with
alternatives FNC and TRF. Since the previous discussion depicted that
the number of floors and the gross floor areas have no effect on the total
savings of the buildings, the sensitivity analysis was conducted using the
average rates of the concrete and reinforcement. As such, the concrete
volume and steel weight per unit area were considered as 0.32 m3/m?
and 50.45 kg/m>, respectively.

The first sensitivity analysis presents the influence of  on the LCC of
the buildings. As appeared in Eq. (1), there is an exponential relationship
between r and the LCC, implying that the value of r is highly sensitive to
the LCC of the buildings. In addition, the value of r is widely fluctuated
with different countries, organizations, and investment durations. In the
LCC of RC buildings, the value of r typically ranged between 0% and
10% [2,54,55]. Accordingly, the selected values of r in this analysis are
from 0% to 10% with an increment of 2%. The costs of the materials and
operations were kept constant in the analysis as per the unit prices in
Table 2. Moreover, a C-to-M cost ratio of 150% was assumed to calculate
the construction cost. Fig. 4 illustrates the impact of r on the LCC of the
buildings made with alternatives FNC and TRF. It can be seen that the
building with alternative TRF outperformed its counterpart with FNC in
all values of r. Moreover, the results show that as r increased, the

600
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300

Life cycle cost (USD/m?)

200
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Fig. 4. Impact of the discount rate on the LCC.

difference in LCC of alternatives FNC and TRF became smaller. That is
because the regular repair costs assigned for the conventional building
decreased their values with higher values of r. On the basis of these
results, buildings with TRF can achieve the highest cost saving when r is
2% or less. A similar response on the effect of r on the LCC was also
reported by Alqahtani et al. [56].

The second sensitivity analysis was performed to investigate the in-
fluence of transportation cost variation of RCA, represented by four R-to-
N price ratios (50%, 100%, 150%, and 200%). The analysis was con-
ducted using the average quantities of the buildings, r of 0.5%, and C-to-
M cost ratio of 150%. As shown in Fig. 5, the R-to-N price ratios have no
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effect on the LCC of the buildings. This confirms the results of the LCCA,
which revealed that the cost of different concrete mixes had an insig-
nificant effect on the LCC of the buildings.

The third sensitivity analysis illustrates the influence of using C-to-M
ratios of 50%, 100%, 150%, 200%, and 250% on the LCC of the build-
ings. The analysis was made based on an r value of 0.5% and constant
costs of materials and construction. As depicted in Fig. 6, the LCC of both
options increased with increasing the C-to-M ratio. Moreover, it can be
seen that alternative TRF is more cost-effective than the conventional
option in all C-to-M price ratios. It can also be observed that even when
the construction cost increased by 250%, alternative TRF remains better
than alternative FNC. This implies that the C-to-M price ratio had no
influence on the LCC and cost saving of alternative TRF. Younis et al. [2]
also reported that the LCC of sustainable RC buildings remained lower
than conventional buildings even with increasing the R-to-N and C-to-M
price ratios.

4. Conclusions and prospects

The cost performance of incorporating TWW, RCA, and FA in high-
rise buildings was evaluated in this study through LCCA for two
design alternatives: (a) FNC, conventional buildings made with fresh
water, natural aggregates, and 100% OPC and (b) TRF, sustainable
buildings prepared with TWW, RCA, and a mixture of 80% OPC and 20%
FA. The following points summarize the main results of this study.

—_

The utilization of TWW, RCA, and FA in concrete had negligible

savings in the initial cost. Nevertheless, the cost savings from TWW,

RCA, and FA are achieved by reducing the maintenance cost of

alternative TRF.

2 The incorporation of FA in alternative TRF has improved the long-
term durability of the structures. Throughout the assumed life span
of the structures, alternative FNC was assumed to have regular
maintenance against corrosion every 10 years. However, the
corrosion-repair work for alternative TRF was scheduled every 20
years.

3 The maintenance cost of buildings with alternative TRF had an
average saving of 60.18% compared to that of alternative FNC.

4 Alternative TRF achieved an average LCC saving of 19.21%
compared to alternative FNC based on a study period of 60 years,
discount rate of 0.5%, and C-to-M ratio of 150%.

5 The LCCA demonstrated that the buildings’ number of floors had a
negligible effect on the saving of alternative TRF.

6 The sensitivity analysis revealed that the highest cost saving of

alternative TRF can be achieved when the discount rate is 2% or less.

Furthermore, R-to-N and C-to-M price ratios appeared to have no

effect on the LCC of all buildings.

The findings of this study proved the cost-effectiveness of employing
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TWW, RCA, and FA simultaneously in RC applications. However, it
should be emphasized that, similar to all sustainability measuring tools,
the potential of cost savings achieved by the LCCA in this study has
several challenges and limitations in terms of the materials’ origin and
costs, building’s location and geometry, and assumptions made.
Therefore, it is recommended to perform further studies with different
assumptions and scenarios to validate the cost-effectiveness of
employing concrete with TWW, RCA, and FA simultaneously in RC
structures. In addition, studies should be conducted on the trans-
portation cost of TWW to constriction projects. Furthermore, future
studies are recommended to combine the LCC adopted in this study with
more advanced sustainability measurement tools, such as life cycle
impact assessment and integrated exergy-based approaches, to evaluate
the exergoenvironmental and exergoeconomic of employing TWW,
RCA, and FA in RC applications.
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