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Abstract: The environmental impacts of the construction stage should be considered since a large
amount of building materials are used to construct a building at this stage. Studies on the improvement
of construction techniques or the application of newly developed construction methods for reducing
the environmental impacts are relatively scant compared to other topics of studies. This study aimed
to assess and compare the environmental impacts of the ordinary solid slab, the flat plate slab and the
voided slab system during the construction phase. A process-based quantitative model was adopted
to evaluate the environmental impacts and the comparative results were analysed to demonstrate
the significant characteristics of the environmental impacts of the construction of slab in a building.
The assessment results show that the environmental impacts from the ordinary solid slab are the
highest and the voided slab system is the lowest among three slab systems. As the slab system of
the studied building was replaced, it was shown that the environmental impact indicators showed
the decreased tendency. Based on the results of environmental impact reduction from the ordinary
solid slab, the flat plate slab and the voided slab system, the voided slab system would have the least
environmental impact in all indicators.

Keywords: environmental performance; life cycle assessment; life cycle inventory; ordinary solid slab;
flat plate slab; the voided slab system

1. Introduction

Recent years have seen growing interest in the reduction in environmental burden, in order to
achieve sustainable development throughout all industries [1-4]. Roh et al. [1] analysed the embodied
environmental impacts of apartment buildings by major construction tasks to identify the major source of
environmental impact. Moreover, Gorobets [2] suggested solutions to achieve sustainable development,
such as technological aspects as well as political approaches. As a means of mitigating environmental
impact, most industries have enacted strict environmental regulations, and also spontaneously
researched various approaches to reduce their environmental load. Likewise, the construction industry
is no longer an exception to such alleviation of environmental problems. It is reported that annually
the construction industry consumes more than 40% of the total global energy demand. In addition,
this industry produces approximately 33% of the total carbon dioxide emissions per annum [5-8].
Various studies have been carried out to minimise the environmental loads in the construction industry,
which not only consumes enormous energy but also emits greenhouse gases, including carbon
dioxide [8-11]. Basbagll et al. [8] suggested that the early design stage would be one of the critical
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stages for reduction in embodied environmental impact through utilisation of Building Information
Modelling (BIM). In addition, Na and Paik [9] examined the greenhouse gas emissions of alternative
structural systems with a combination of construction costs. Kumar et al. [10] evaluated the relationship
between the energy consumption and the greenhouse gas emissions over the variables of life cycle in
Canadian cases.

The construction industry has unique features that need to be considered when the reduction
in environmental impact is addressed. Constructing a building consists of many phases from
building material production, their transportation, and utilising equipment and machinery during
construction work. Moreover, the whole life cycle of a building has more than 30 years for the operation
and maintenance phase, compared to other products or services [11-14]. Throughout the long life cycle
of a building, the building not only consumes a large amount of energy, but also releases a considerable
amount of Greenhouse Gases (GHGs) during the operation and maintenance phase. Due to the long
life cycle of a building, the majority of studies regarding environmental impact have focused on the
operation and maintenance stage [15-17].

Sandanayake et al. [5] indicate that the energy consumed in this operation and maintenance stage
phase is about 70% of the total energy consumption during the overall life of a building. Due to the
huge energy consumption in this stage, there are a number of newly developed technologies and
efforts to decrease the energy consumption and emissions of greenhouse gases during operation and
maintenance. For example, zero-energy housing would make it possible to reduce a significant amount
of energy consumption of residential buildings from heating, ventilation, and air-conditioning [18-20].
Moreover, highly advanced computing technologies, and newly emerging techniques, such as Artificial
Intelligence (Al), big data, and machine learning, could make it possible to accurately predict the
amount of energy consumption as well as GHG emissions during this period, as a means of precautional
approaches for mitigating environmental impact. Edwards et al. [21] compared different machine
learning techniques to predict accurate energy consumption for residential homes in the USA. Likewise,
Oh and Na [22] adopted Building Information Modelling (BIM) for a tool to predict the life cycle
carbon dioxide emissions during the design stage in South Korea. Ren et al. [23] suggested a prediction
model for total energy consumption and associated GHG emissions, in order to achieve cost-effective
energy saving in Australian residential buildings. As a result of such technological development and
prediction techniques, the environmental impacts associated with energy consumption and GHG
emissions from the operation and maintenance stage of a building have tended to decrease.

Although the construction phase, which consists of several phases, is relatively shorter than the
operation and maintenance phase, its environmental impact should be considered, since large amounts
of building materials are used to construct a building in this stage. Since a number of studies have
maintained that one of the main sources of environmental impact during the construction stage is
the manufacture of building materials [4,5,14,24-27], the reduction in environmental impact from
building materials would be the most effective approach to mitigate the environmental impact and
greenhouse gases emissions. Goverse et al. [28], for instance, pointed out that replacing traditional
building materials, such as concrete, rebars, or bricks, by low embodied carbon ones would lower the
environmental impact by almost 50%. Moreover, the application of high-strength materials, such as
high-strength reinforcing bars, and reinforced concrete might achieve lower environmental impact,
since the amount of utilised building materials is reduced [25,29-31]. With the use of high-strength
materials, applying recycled materials and by-products from the demolition stage is also suggested as
an effective approach to alleviate the environmental burdens from construction work [32-35]. Moreover,
the optimal structural design of a building would be an important stage to determine the construction
methods and building materials that lower the environmental impacts from the study of Han et al. [24].

As discussed above, the mitigation of environmental impacts that occur from the construction
phase is mainly focused on the replacement of low environmental impact materials, the optimal
structural design of a building, and increasing the use of recycled materials or by-products. However,
studies on the improvement of construction techniques or the application of newly developed
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construction methods for reducing the environmental impact are relatively scant, compared to other
research topics. In particular, slabs are one of the significant elements for a building; they provide
flat surfaces for occupants, as well as transferring various loads through beams, girders, and columns
to the ground. While the main focus of research on slabs is to verify the structural performance,
including stability against flexural, shear, or seismic loads, and structural design optimisation [36-39],
there are few studies on the evaluation of the environmental impact of different slab systems [3,40,41].
For example, Ferreiro-Cabello et al. [42] evaluated the carbon dioxide emissions from slabs of different
thickness and suggested optimal structural design for environmental performance and structural
reliability. In order to fill the gap in research, the purpose of this study is to assess and compare the
environmental impact of the Ordinary Solid Slab (OSS), the Flat Plate Slab (FPS), and the Voided
Slab System (VDS) during the construction phase. The assessed environmental impact indicators in
this research cover Global Warming Potential (GWP), Acidification Potential (AP), Eutrophication
Potential (EP), Ozone Layer Depletion Potential (ODP), Photochemical Ozone Creation Potential
(POCP), and Abiotic Depletion Potential (ADP). In this study, the construction phase includes the
manufacture of building materials, transportation of the building materials to the construction site,
and the utilisation of construction equipment.

2. Research Methodology

In this study, Life Cycle Assessment (LCA) methodology was applied, in order to evaluate the
environmental impact of the OSS, the FPS, and the VDS. According to ISO 14044 [43], LCA is a practical
tool to assess and evaluate the environmental impacts of a product, process, or service throughout its
life cycle. Three methods are mainly adopted, namely process-based analysis, economic input-output
analysis, and a hybrid approach that would be utilised for environmental performance evaluation over
the life cycle [44-47].

Process-based analysis is a bottom-up approach to evaluate environmental performance in
consideration of all the processes and activities that are involved in producing a product or service that
is in compliance with ISO 14044 [48] and ISO 21930 [49]. This method would identify all materials and
energy used during the production to evaluate the environmental impacts. In addition, a process-based
method would require high quality data to produce a more conclusive assessment of environmental
impacts when economic input-output data are unavailable.

Economic input-output analysis is a top-down method that considers both direct and indirect
environmental impacts during the life cycle of a product or service. This approach evaluates the direct
environmental impacts of a project or service, as well as the indirect ones associated with the supply
chain of the product or service. Nassén et al. [50] applied an input-output analysis for the analysis of
both direct and indirect energy use and carbon emissions during the production phase of buildings.
Their study pointed out the difference between top-down and bottom-up analysis of the input-output
approach, which showed difference in transport and the service sector of the construction of buildings.
For economic input-output analysis, it is time consuming to accumulate extensive data from all of the
relevant areas to enhance the accuracy of the results. This approach is prevalent in studies from the
USA and Japan because of the accuracy of the data [11,14,45].

Hybrid analysis is a combination of above-mentioned approaches to calculate the environmental
impacts. It would make it possible to enhance the accuracy of the environmental performance evaluation
complementary to insufficient data from either process-based or economic input-output analysis.
There are two types of hybrid analysis: process-based hybrid analysis, and economic input-output-based
hybrid analysis, depending upon which method is applied, and the basis [44,46,51,52]. Process-based
hybrid analysis assesses the environmental performance based on the process-based analysis procedure,
and input—-output analysis would supplement insufficient data [35,44,46,51]. Likewise, economic
input-output hybrid analysis would perform LCA by mainly applying economic input-output analysis,
while process-based analysis would fill the lack of data.
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In this research, process-based analysis of LCA is applied to assess and evaluate the environmental
impacts of three slab systems during the construction phase for an apartment building in South Korea.
The procedure of this study was composed of goal and scope definition, life cycle inventory analysis,
and impact assessment in accordance with ISO 14044 (see Figure 1) [48].

Goal and scope
definition

Inventory analysis Interpretation

-

Impact assessment

Figure 1. Life cycle assessment.
2.1. Goal and Scope Definition

The goal of this study is to assess the environmental impacts of three different slab systems,
which are the OSS, the FPS and the VDS for apartment buildings in South Korea. Slabs are one
of the significant structural members for buildings. They not only transfer various loads through
beams, girders, and columns to the ground, but also provide flat surfaces for building occupants.
Since constructing high-rise commercial or residential buildings is common in urban areas around
the world, the role of slabs has grown to facilitate more storeys. When the construction of slabs is
carried out during the construction phase, a vast amount of concrete and reinforcing bars is required.
Conventionally, slabs would require a large number of beams and girders to secure the structural
stability of buildings or facilities. While the conventional method of constructing slabs would require
vast amounts of building materials, such as concrete and reinforcing bars, the self-weight of the
building itself would be increased as a result of the input amount of building materials. It is reported
that there are several disadvantages in terms of the conventional construction method of slabs, such as
extended construction period and costs, as apply to high-rise building construction. In order to sort
out such difficulties resulting from application of the conventional slab system, new methods for slab
systems have been introduced and applied to high-rise buildings. The FPS and the VDS are alternative
approaches for slab systems, which make it possible to reduce the amount of building materials as
well as the construction period and costs, compared to the ordinary solid slabs.

In this study, the system boundary for assessing the environmental impact is the construction
phase (i.e., cradle to pre-operation) for the three slab systems. This includes embodied emissions
from the production of building materials, emissions due to transportation of the manufactured
materials to the construction site, and emissions from the utilisation of machines and equipment
(see Figure 2). Six environmental impact indicators, which are Global Warming Potential (GWP),
Acidification Potential (AP), Eutrophication Potential (EP), Ozone Layer Depletion Potential (ODP),
Photochemical Ozone Creation Potential (POCP), and Abiotic Depletion Potential (ADP), were selected
for assessing the environmental impacts of three slab systems. GWP refers to the average temperature
rise level of the surface of the Earth, which is a parameter of the climate changes causing the ecosystem
changes in soil and water. AP indicates the fate and deposition caused by acidifying substances, such as
SO,, NHj3, and NOx on soil, water, organisms, ecosystems, and materials. This is mainly affected
by the circulation of pollutants and would threaten the survival of living organisms on the Earth.
EP is the polluted state of aquatic ecosystem, such as algal growth and red tides, since the biomass in
the water is grown by over-fertilisation of water and soil. ODP is a measure of the density decrease
in the ozone layer that is located in the stratosphere as a result of trichlorofluoromethane (R-11 or
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CFC-11). This would be harmful effects on human skin through the increased exposure to Ultraviolet
Ray (UV) radiation. POCP refers to the formation of ozone with photochemical oxidation of Volatile
Organic Compounds (VOCs) and Carbon Monoxide (CO) and would affect damage to ecosystems and
human health. ADP is the decreasing of natural resource availability, including fossil fuel resources
and minerals. This means the amount of non-renewable resources on the earth is being reduced.

Life cycle assessment system boundaries

Production of materials Construction Use End of life

Disposal of
building materials

Raw materials Oper.ati'on of
extraction building

Transportation of On site
building construction and
materials to the assembly of
construction site components

Demolition

Maintenance of

Manufacturing of T
building

building materials Recycling of

building materials

: System boundary of the study (Cradle to pre-operation)

Figure 2. System boundary of this study.
2.2. Life Cycle Inventory Analysis

Based on the system boundary, the life cycle inventory analysis was carried out to compare
the environmental impacts of three slab systems. In this study, the production stage evaluates the
embodied environmental impacts of the building materials required for the OSS, the FPS, and the VDS.
The evaluated building materials were ready-mixed concrete, reinforcing bars, steel decking, and void
formers for permanent materials, and plywood forms for temporary material. The quantities of
building materials were computed from the actual input data from the bill of quantities. Likewise,
the transportation stage was the required transportation methods for each material of the flat plate
slab and the voided slab system (see Table 1). The types of transportation methods of this study were
ready-mixed concrete trucks for conveying ready-mixed concrete, 4.5-ton lorries for plywood forms,
anchoring materials and void formers, and 11.5-ton lorries for reinforcing bars and steel decking.
The equipment and machines used during the construction stage were a mobile crane for loading
reinforcing bars, forms, anchoring materials, steel decking and void formers, vibrators for concrete
pouring and concrete pump cars for movement of concrete from the ground level to upper levels of the
studied building.

Table 1. Transportation methods of building materials.

Building Materials Transportation Methods Distance (km) Reference
Ready-mixed concrete Concrete mixer (5 m3) 25
Remforcmg.bars 11-ton lorry 63 Korea Life Cycle Inventory
Steel decking 11-ton lorry 318 Database (KLCI DB) [53]
Plywood forms 4.5-ton lorry 72
Void formers 4.5-ton lorry 210

Table 2 shows the Life Cycle Inventory Databases of this study for evaluating the environmental
impacts of the flat plate slab and the voided slab system. The life cycle inventory databases in this
study were mainly adopted from the National Life Cycle Inventory Database of South Korea by the
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Ministry of Environment [53]. Additionally, the Okobaudat standardised database from the Federal
Ministry of the Interior, Building and Community for Germany as indicated in Table 2 was applied

as a means of complementing the insufficient database of the Korean Life Cycle Inventory Database
(LCI DB) [54].

Table 2. Life cycle inventory database.

Process Materials Reference
Ready-mixed concrete Korea Life Cycle Inventory DB
Reinforcing bars Korea Life Cycle Inventory DB
. . Forms (plywood) Korea Life Cycle Inventory DB
Production of materials Steel (Itl)eZking Okobau}::lat clatabasey
Void formers (expanded polystyrene) Okobaudat database
Anchoring materials Korea Life Cycle Inventory DB
Concrete mixer (5 m3) Korea Life Cycle Inventory DB
Transportation 4.5-ton lorry Korea Life Cycle Inventory DB
11-ton lorry Korea Life Cycle Inventory DB
Vibrator Korea Life Cycle Inventory DB
Construction Mobile crane Korea Life Cycle Inventory DB
Concrete pump car Korea Life Cycle Inventory DB

2.3. Impact Assessment

The following equations are applied to quantitative evaluation of the environmental impacts from
the flat plate slab and the voided slab system. The total environmental impacts from six categories
would be measured from Equation (1) below:

Itotar = Ip +1I1 +Ic 1)

where Ity is the total environmental impact of each of the categories, which are the production of
building materials (Ip), transportation of building materials (I1), and use of construction equipment
and machines on site (I¢). In this study, each impact category is evaluated from Equation (2) as below:

6
In - Z EIFcat, iX Qs (2)
i=1

where In is the environmental impact from each stage, i is each category of the environmental impact
that is evaluated in this study (i.e., 1: GWDP, 2: AP, 3: EP, 4: ODP, 5: POCP, and 6: ADP), EIF; ; is the
emission facto of each category i, and Qs is the amount of building materials, vehicles, or machinery of
this study. Table 3 indicates the environmental impact factors of each source in this study.

2.4. Case Description

The analysed case of this study is a commercial building located in Seoul, South Korea, of which
the construction began in August 2014, and was completed in April 2016. The floor area of the typical
floor is 2427.57 m?, and the total floor area is 48,551.4 m?. Figure 3 shows the plan of a typical floor.
The thickness of a slab was designed to 300 mm, and beams and girders were varied, depending upon
the type of slab system applied in this study. The rebars for reinforcement of the concrete that were
applied were 12.70, 15.90, and 19.10 mm, with a yield stress of 400 MPa. The rebars for upper and
lower reinforcement were of diameter 12.70 and 15.90 mm, and 15.90 and 19.10 mm, respectively.
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Table 3. Factors of environmental impacts.

GWP (kg AP (kg EP ODP (kg POCP ADP
Sources (Unit) CO, SO, (kg PO43- CFC11 (kg-Co2Hy (kg:Sb
eq/m?) eq/m?) eq/m?) eq/m?) eq/my) eq/m?)
Ready-mixed 429%x 102 706x10"1  820x 102  459x 1075 116 x10° 2,55 x 10
concrete
Rebars 438x 107! 1.40x10° 1.79x 107 1.04 x 1078 341x107%  2.79%x 1073
Forms 8.18x 102  5.07 x 10° 7.23 x 100 343 x 1075 4.05 x 109 2.72 x 100
Steel decking 438x1071  140x1073  1.79x107*  1.04x108  341x10™* 279x1073
Anchoring 200%x10° 120x102  326x1073  1.01x10%  203x10*¢ 813x10°5
materials

Void formers 580x 100  1.02x102 1.74x1073 6.92 x 1078 335x1072  3.18 x 1072
Concrete mixer  6.74x 1071  650x 103  1.03x 1073 2.44 x 1077 112x10™°  447x1073
4.5-ton lorry 429%x1073 323x10° 575x107®  157x10°  9.61x10° 2.88x107
11.5-ton lorry 401x107% 3.07x1075 447x107®  741x10°  212x107° 2.88x107°
Diesel 6.82x1072 140%x10™* 955x10°¢ 123x10°10 1.18x107° 2.16x1072

72,900

8,100 ‘ 8,100 ‘ 8,100 : 8,100 . 8,100 : 8,100 ‘ 8,100 : 8,100 ‘ 8,100

12,600

LB |
n A

33,300
8,100

'+

12,600

Figure 3. Typical floor plan of the studied building.

The apartment building of this study was initially designed with the OSS, which is one of the
commonly applied slab systems in South Korea, in accordance with the Structural Concrete Design
Code and Commentary by the Korea Concrete Institute [55] and ACI 318-05 [56]. During the value
analysis stage before the construction documentation stage, the structural design team suggested
alternative slab systems, which would make it possible to achieve both economic and structural aspects.
In this process, the cost-effectiveness and maximisation of space utilisation were the most significant
factors to choose a substitution of the OSS. The FPS and the VDS were proposed as possible changes to
the OSS (see Figure 4).

(a) The ordinary solid slab (b) The flat plate slab system (c) The voided slab system

Figure 4. Schematics of the slab systems.
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The FPS is one of the reinforced concrete slab systems that directly connect slabs to columns,
without the use of beams and girders. Since this slab system does not use beams and girders,
there are several advantages, such as simple formworks during the construction phase, and enhanced
serviceability for occupants during the operation phase. Likewise, the VDS is a newly developed
slab system that reduces the self-weight of the slab, and this would make it possible to extend the
span between columns. According to Hong et al. [57], the nominal strength of the ORC and the VDS
showed 20.3 kN and 75.7 kN, respectively. This result indicated that the structural performance of the
VDS would be better than the ORC and potential replacement of the ORC to the VDS. The anchoring
mechanism of the voided slab system overcomes the problems of the existing hollow core slab systems,
which are the precision of positioning void formers and excessive application of anchoring devices
(see Figure 4).

3. Results and Discussion

3.1. Analysis of the Total Environmental Impacts

Table 4 shows the results of the environmental impacts of each environmental impact indicator
for the OSS, the FPS and the VDS during the construction phase (i.e.,, manufacturing building
materials, transportation of building materials, and construction machinery). The result shows that the
environmental impacts during the construction phase from OSS are the highest for all environmental
impact indicators, while the total environmental impacts of the VDS are the lowest environmental
impacts among the three slab systems for all environmental impact indicators.

Table 4. Total environmental impacts of flat plate slab.

Environmental i ildi i
Impact Manufaﬁlaltr;gl]:mldmg Bﬁ;ﬁ?ﬂ;ﬁ:& I;iglfs Construction Machinery Total
Indicators
(Unit) 0SS FPS VDS 0SS FPS VDS 0SS FPS VDS 0SS FPS VDS
GWP (kgCO, 172x 1.69x 138x 578x 555x 4.63x 199x 194x 143x 250x 244x 199 x
eq/m? 102 102 102 10! 10! 10! 10" 10" 10! 102 102 102
AP (kgSO,  483x 475x 415x 119x 1.14x 951x 409x 398x 294x 643x 629x 539x
eq/m?) 101 1071 1071 1071 1071 1071 102 102 102 1071 1071 101
EP (kg PO~  3.79x  3.74x 284x 878x 911x 698x 292x 277x 209x 496x 3.84x  2.95x
eq/m?) 1071 1071 1071 1072 1072 1072 1072 1072 1072 1071 1071 1071

ODP (kg 628x 616x 510x 176x 169x 135x 518x 4.83x 3.88x 855x 616x 510x
CFCl11eg/m?)  107% 1074 1074 1074 1074 1074 105 1075 1075 1074 1074 1074

POCP (kg 354x  291x 287x 953X 699x 6.60x 283x 231x 224x 478x 304x 297 x
CyHyeg/m?) 107! 107! 107! 1072 1072 1072 1072 1072 1072 1071 107! 107!

ADP (kgSb  924x 9.05x 689x 1.80x 172x 116x 753x 776x 605x 118x 116X 8.66x
eq/m?) 1071 1071 1071 1071 1071 1071 102 102 102 10! 10! 1071

According to Table 4, the stage of manufacturing building materials demonstrates the greatest
environmental impact factors in all indicators for all three slab systems of this study. The transportation
of building materials from manufacturers to the construction site is the second greatest environmental
impact source in all cases. The usage of construction machinery and equipment have the lowest value,
compared to other stages, for the OSS, the FPS and the VDS. For the GWP in OSS, the FPS, and the VDS,
the effects of the manufacture of building materials, transportation of building materials, and usage of
construction machinery were approximately 69%, 23%, and 8%, respectively. Moreover, the results of
other environmental impact indicators (i.e., Acidification Potential, Eutrophication Potential, Ozone
Layer Depletion Potential, Photochemical Ozone Creation Potential, and Abiotic Depletion Potential)
show similar results to the GWP, which for manufacturing building materials, transportation of building
materials, and usage of construction machinery are about 75%, 18%, and 7%, respectively (see Figure 5).
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Figure 5. Reduction in environmental impacts.

Table 5 summarises the reduction in environmental impacts by the application of alternative
slab systems compared to the OSS. It was found that all the environmental impact indicators showed
decreasing tendency as the selection of the slab system of the building changed from the OSS to the FPS
to the VDS. In this research, the application of the FPS and the VDS would lower the environmental
impacts from all the indicators, compared to the OSS. In particular, replacing the OSS by the VDS
shows the highest reduction ratio of all the environmental impact indicators.

In addition, the reduction ratio between the FPS and the VDS indicates the second largest value in
all environmental impact indicators. While the change of slab system from the OSS to the FPS would
lead to lower environmental impact, the reduction ratio of this variation is relatively smaller than for
the other cases of this study (i.e., substituting the ordinary reinforced concrete slab by the flat plate
slab or the voided slab system).

Although the environmental impacts from the OSS to the FPS show a decreased tendency, the ratio
is the smallest, as shown in column 3 in Table 5. Based on the results of the environmental impact
reduction from the three slab systems, the VDS would incur the least environmental impacts in all
indicators and is one of the effective replacements of slab systems to mitigate the environmental burdens.



Appl. Sci. 2020, 10, 7278 10 of 15

Table 5. Reduction in environmental impact indicators.

Environmental Impact Reduction Reduction Reduction
Indicators (Unit) FPS-0SS Ratio VDS-0SS Ratio VDS-FPS Ratio
GWP (kg-CO,-eq/m?) 6'125())‘ 2.55 > 'fglx 25.57 4.14071>< 2245
1.38 x 1.03 x 8.93 x
2
AP (kg SO, eq/m?) 02 2.20 o 19.12 02 16.56
3.30 x 121 x 1.18 x
. 3—. 2
EP (kg-PO,3"-eq/m2) e 0.67 by 32.42 -t 31.53
ODP (kg:CFC11 eq/m?) 21'%)31? 2.55 11'31_5 25.16 11'31_4X 22,04
POCP (kg-CFC11 eq/m?) 91"(1)95 24.7 11'?)311x 27.32 81%2( 2.28
2.51 x 314 x 2.89 x
Sb-eq/m?
ADP (kg-Sb-eq/m?) 102 2.17 s 36.24 o1 33.34

3.2. The Environmental Impact Analysis of Each Phase

Figure 5 shows the proportion and variation of environmental impacts from each stage during
the construction of slab systems. This study shows the similar contribution of environmental impact
from all of the indicators for the OSS, the FPS, and the VDS. Materials production is the highest
environmental impact contributor in all indicators during the construction of the three slab systems.
There are a number of studies to assess carbon dioxide emissions in terms of strengthening the building
materials, utilisation of by-products and recycled materials during the construction stage [24,25,28-31].
Although few studies have evaluated the environmental indicators of building materials, this study
assessed GWP, AP, EP, ODP, POCP and ADP of three different slab systems. The results of this study
would be expected to be helpful in evaluating GWP, AP, EP, ODP, POCP and ADP for other construction
methods and building materials. Transporting building materials to the construction site is the second
largest environmental impact source amongst the three slab systems. In this study, transporting
the building materials was influenced by the distance and the fuel efficiency of the transporting
method. The three environmental impacts from transporting building materials show similar results,
which are that the ordinary reinforced concrete is the highest, while the VDS is the lowest. In particular,
the environmental impacts for transportation stage are lower than other systems, even though it was
noticeable that the VDS required more building materials than other slab systems. The reason that the
environmental impacts of transporting building materials are lower is that the number of required
vehicles was small since the weight of steel decking and void formers is lighter than other building
materials in this study. Although the construction period is relatively longer than the other stages,
the reason for the low environmental impact in all three cases might seem to be closely related to the
unique characteristics of the construction and building industry. It is commonly recognised that one of
the distinctive features of modern industries is automation. However, the construction and building
industry is comparatively behind such trend. In this study, in all three cases, the consumption of fuel
from construction machinery was low, and the environmental impact was considered to be lower
than for the other stages, since the number of utilised items of construction equipment was small and
limited. In the case of the VDS, the environmental impact from utilising the construction equipment
was lower than that of the other two slab systems, although two more building materials were applied
to construct the VDS.

3.3. The Environmental Impact Analysis of Building Materials

Tables 6 and 7 summarise the environmental impact assessment results from each building
material for the three different slab systems. In this study, the major building materials were considered
to assess the environmental impact during the construction of slab systems. The major building
materials were ready-mixed concrete, rebars, forms for the OSS and the FPS. In the case of the VDS,
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three additional building materials, namely, anchoring steel materials, steel decking, and void formers,
were applied to construct the VDS, compared to the OSS and the FPS.

Table 6. The environmental impact of building materials.

GWP (kg CO, eq/m?) AP (kg SO, eq/m?) EP (kg PO43~ eq/m?)
0SS FPS VDS 0SS FPS VDS 0SS FPS VDS
Ready-mixed  126x  118x  807x  208x  193x  133x  24Ix  225x 154X
concrete 102 102 10! 101 1071 1071 1072 1072 1072
Rebars 128x  119x  1.09x  408x  379x  349x  522x  485x  446x
10! 10! 10! 1072 1072 1072 1073 1073 1073
Form 417x  393x  278x  259x  243x  172x  3.69x  347x 246
orms 10! 10! 10! 1071 1071 1071 1071 1071 1071
Steel 565 x 1.80 x 231 x
tosials N.A. N.A. o N.A. N.A. 1023 N.A. N.A. 04
Steel decking ~ N.A. N.A. 1'1031X N.A. N.A. 51'(9)3_5 NA. N.A. 11'31_2X
Void formers ~ N.A. NA SBX N Na B2X NaA NA 273X
10 10 10
Table 7. The environmental impacts of building materials (continued).
ODP (kg CFC11 eq/m?) POCP (kg C,H4 eq/m?) ADP (kg Sb eq/m?)
0SS FPS VDS 0SS FPS VDS 0SS FPS VDS
Ready-mixed  135x 126X  863x  341x  598x 2.1 % 750 x  699x 479 x
concrete 1075 1075 107 101 1072 1071 1071 101 1071
Rebar 303x  282x  259x  994x  230x  850x  813x 756X  6.96x
ebars 1077 1077 1077 1073 1071 1073 1072 1072 1072
Form 175x  165x  117x  207x  66lx  138x  139x  131x  925x
orms 1076 1076 1076 1072 104 1072 1071 1071 1072
Steel 1.34 x 4.40 x 3.60 x
tosials N.A. N.A. 108 N.A. N.A. 104 N.A. N.A. 103
Steel decking ~ N.A. N.A. 51-39; N.A. N.A. 11'%93X N.A. NA. 41'%2_4X
Void formers ~ N.A. N.A. 91"(1)‘f8>< N.A. N.A. 91'#5 NA. NA. 41%‘{5

The environmental impact of ready-mixed concrete is the highest factor for all of the environmental
impact indicators in the three slab systems. While rebars were the lowest environmental impact
element in the case of the OSS and the FPS, void formers were the smallest impact factor of all
environmental indicators in the VDS. In this study, the VDS indicates less environmental impact
from building materials, even though it would require additional building materials for construction.
Differences in environmental impacts between the OSS and the FPS were relatively small, since a
significant amount of building materials would be required for drop panels, which prevent punching
shear in the FPS. In addition, the environmental impacts from the building materials for the VDS were
considerably reduced, because the self-weight of the slab was lowered, and the number of beams and
girders decreased.

3.4. Discussion

This study provides a significant contribution towards reducing the environmental impact of
different slab systems by adopting the qualitative assessment method. In this study, the stage of
manufacturing of building materials significantly impacts the environmental impact during the
construction of slab systems. In particular, ready-mixed concrete is one of the main contributors
to environmental impact. Reducing the environmental impact for the construction of slab systems
requires the design of structural materials that balance the environmental impact and structural stability.
Several studies have maintained that applying by-products and high-strength building materials would
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be one of the useful methods to reduce the environmental impact from concrete. In further research,
a comparison of the normal and by-products added to ready-mixed concrete, as well as application of
high-strength concrete and rebars should be carried out to enhance the reduction in environmental
impacts during the manufacture of building materials.

In this study, the transportation of building materials is the second largest environmental impact
source for all three slab systems. Mitigation of the environmental impacts from transportation requires
selection of the proximate manufactures to the construction site, in order to reduce the fuel consumption
during the procurement management process. Furthermore, it is necessary to minimise the lead time
during the transportation of building materials to minimise the environmental impacts caused by fuel
consumption. A number of studies have claimed that imported building materials would be beneficial
to the economic perspective of building projects. However, imported materials would have a negative
impact on the environment, since the transportation distance would be increased, as well as the use
of additional transportation methods. Further research should be conducted to verify the relation
between the environmental performance and economic effectiveness.

This study was carried out only for the construction of different slab systems and did not address
the environmental impacts from various types of building, as well as entire construction projects.
In order to fill such research gaps, further research that considers various types of buildings, such as
commercial buildings and apartments, as well as the entire life cycle of buildings, should be carried
out. Moreover, the numbers of examples in this study that were chosen were only one case for each
slab system. In order to verify the environmental performance and sustainability of the voided slab
systems against the ordinary reinforced concrete slab or flat plate slab, the number of samples for each
slab system should be increased in future studies to enhance the results of this study.

4. Conclusions

The purpose of this study was to assess the various environmental impacts from the construction
stage of the ordinary solid slab (OSS), the flat plate slab (FPS) and the voided slab system (VDS).
The assessed environmental impact indicators were the Global Warming Potential (GWP), Acidification
Potential (AP), Eutrophication Potential (EP), Ozone Layer Depletion Potential (ODP), Photochemical
Ozone Creation Potential (POCP), and Abiotic Depletion Potential (ADP). In this study, the construction
phase was confined to the manufacture of building materials, transportation of the building materials to
the construction site, and the utilisation of construction equipment. A process-based quantitative model
was adopted to calculate the six environmental impact indicators, and the comparative results were
analysed to demonstrate the significant characteristics of the environmental impacts at the construction
of slab in an apartment building in South Korea. The quantitative environmental assessment results
during the construction phase of slab systems would provide a significant contribution to the reduction
in environmental impacts. The conclusions of this study may be summarised as follows:

(1) In this study, the construction phase was divided into the manufacture of building materials,
transportation of the building materials, and usage of construction machinery. The total
environmental impacts from all the environmental indicators were the highest in the manufacture
of building materials, followed by the transportation of building materials, and the use of
construction machinery.

(2) The assessment results show that among the three slab systems, the environmental impacts from
the OSS are the highest, while those of the VDS are the lowest. Along with the assessment of total
environmental impacts, the variation of the environmental impacts by replacing the OSS with the
FPS and the VDS was examined.

(3) As the slab system of the studied building was replaced, the environmental impact indicators
showed a decreasing tendency.

(4) Replacing the OSS with the VDS showed the highest reduction ratio for all of the environmental
impact indicators. This study also considered the environmental impact assessment results from
each building material for the three different slab systems.
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(5) Based on the results of the environmental impact reductions from the three slab systems, the VDS
would show the least environmental impact in all indicators.

The assessment results of this study should be used to conduct further research regarding the
comparison of the environmental impacts of the whole life stage of a building, including construction,
operation and maintenance, and demolition. Moreover, only major building materials for the
construction of slab systems were dealt with in this study. Further research that takes into account all
of the building materials would be useful to assess and compare the potential benefits from selecting
among the alternative slab systems.
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