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Embodied carbon (EC) changes of bridges using PC and RC, were analyzed using BIM and One-Click LCA.
Identically shaped, concrete bridges (RC, PC, superstructure-only PC, and substructure-only PC) were modeled;
the bills of quantity were extracted and input into the LCA software for EC comparison. As a result, it was found
that applying PC instead of RC is not necessarily a guaranteed method to reduce the EC of bridges. Sensitivity
analysis on the EC according to concrete waste and material transportation distances of all models were con-
ducted. References from a carbon perspective were presented for applying PC separately to superstructure and

substructure. As a result, solutions for the application of PC were derived considering the changes in concrete
waste and transportation distance of concrete inputs. Conclusively, it was analyzed that substructure-only PC is
effective in reducing EC overall, regardless of the amount of concrete waste and transportation distance of inputs.

1. Introduction

The construction industry contributes hugely to carbon emissions;
therefore, it is necessary to develop technologies can reduce emissions
(Wang et al., 2023) and provide a better understanding of carbon
emissions from a lifecycle perspective. Off-site construction (OSC) is
drawing attention as a crucial construction technology owing to its
multiple benefits (Wang et al., 2019; Arslan et al., 2023; Jayawardana
et al., 2023; Lee et al., 2024). Prefabrication technologies like OSC are
gaining importance in the construction sector owing to their sustain-
ability, energy efficiency, embodied carbon (EC) (greenhouse gas
emissions associated with the whole life cycle, cradle to grave, of a
product or building), and waste reduction, and productivity improve-
ment (Wang et al., 2019; Arslan et al., 2023; Jayawardana et al., 2023;
Lee et al., 2024; Teng et al., 2018; Kim et al., 2023a). However, from a
structure lifecycle perspective, OSC technology cannot universally
guarantee EC reduction (Teng et al., 2018; Kim et al., 2023a). Unlike
reinforced concrete (RC) which is fabricated on-site, precast concrete
(PC) is prefabricated in a factory and moved to the construction site —
facilitating the consideration of embodied global warming potential
(GWP) of the manufacturing process (Kim et al., 2023a). From an entire
lifecycle perspective, such an approach could potentially result in higher
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EC emissions than even on-site construction.

Lifecycle assessment (LCA) has been used to evaluate and analyze
environmental performance from this perspective. Several industry
sectors have selected the LCA methodology to assess their carbon foot-
prints. Carbon footprint is a measure that converts all the emitted
greenhouse gases (GHGs) into CO5 equivalents and is expressed in of
weight (Li and Zheng, 2020); it has also been used to include carbon
dioxide emissions from all the materials or energy consumed in a process
(Li and Zheng, 2020; Liu et al., 2011; Yu et al., 2011). Thus, carbon
footprints make it possible to evaluate the EC of entire structures
including material and energy consumption in all lifecycle processes of
construction structures.

Recent studies have combined LCA techniques with building infor-
mation modelling (BIM) technology because BIM of its additional ben-
efits relative to traditional, structural modeling methods (Ranathungage
et al., 2018; Bueno et al., 2018; Migilinskas et al., 2013; Al-Ashmori
et al., 2020; Musa et al., 2018); therefore, the construction sector has
explored various methods for LCA-BIM combined utilization. The uti-
lization of LCA-BIM methodologies at initial stages of construction
projects can become critical for decision making even at later stages of
the project. Designs with the lowest carbon impact must be selected for
structure, materials, and design methods (Guignone et al., 2023).

This study utilized a BIM bridge model as a representative structure
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Abbreviations

BIM building information modelling
BoQ bill of quantity

EC embodied carbon

EPD environmental product declaration
GHG greenhouse gases

GWP global warming potential

LCA life cycle assessment

LCI lifecycle inventory

LCIA lifecycle impact assessment

PC precast concrete

RC reinforced concrete

RMC ready mixed concrete

in civil engineering, for carbon footprint assessment and analysis, to
identify the conditions under which the lifecycle EC of PC structures can
be reduced. This study extracted the bill of quantity (BoQ) of each of
four models of identically shaped, concrete bridge structures (i.e., all RC,
all PC, PC for superstructure, and PC for substructure) and input them to
the LCA tool for comparing the lifecycle global warming potential
(GWP) of each model. Additionally, based on the sensitivity analysis of
the change in the concrete waste and material transportation distance
from the fabrication to bridge construction site, this study compared the
GWPs of bridges entirely constructed using RC with those using com-
plete or partial PC. In conclusion, this study suggests the conditions that
should be considered when replacing RC with PC bridge structures to
reduce EC. This study is significant in the extension of LCA-BIM, from
buildings to bridges; it is expected to provide solutions for alternative PC
and RC applications beyond a simple comparison of GWP of PC and RC
structures, in the early stages of bridge projects. In particular, this study
is the first to present references for the sustainable application of pre-
fabricated concrete in bridges by demonstrating changes in EC when PC
is separately applied to bridge superstructure and substructure. Addi-
tionally, this study features a distinctive approach from previous LCA
studies on PC bridges by considering the changes in concrete waste
generated during the construction stage and the transportation distance
of inputs when applying PC and RC to the bridge superstructure and
substructure.

2. Literature review
2.1. Lifecycle carbon footprint

LCA is one of the internationally standardized, environmental
assessment methods and is defined by ISO 14040 as the compilation and
evaluation of all inputs, outputs, and potential environmental impacts of
a product system throughout its lifecycle (Kloepffer, 2008; Iso, 2006;
Vasishta et al., 2023). LCA has been widely utilized, globally, to analyze
the cradle-to-grave environmental impacts of various products or ser-
vices, that is, from raw material acquisition to end-of-life (Finnveden
et al., 2009; Joshi, 1999). LCA is generally conducted in four phases: (1)
goal and scope definition, (2) lifecycle inventory (LCI), (3) lifecycle
impact assessment (LCIA), and (4) interpretation. As for goal and scope
definition, it is possible to establish all research prerequisites including
functional units, system boundaries, life periods, data requirements,
assumptions, and limitations, as well as setting the application of the
research, and the intended audience. At the LCI phase, it is possible to
quantitatively measure the inputs and outputs of the established system,
and it is a crucial process that is repeatedly supplemented to meet
research objectives (Joshi, 1999). The LCIA phase is to consider poten-
tially relevant environmental impacts and select appropriate impact
assessment methods and relevant impact categories depending on the
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goal and scope definition (Vasishta et al., 2023; Finnveden et al., 2009).
The impact categories are highly diverse including global warming po-
tential, eutrophication potential, ozone layer depletion, acidification
potential, photochemical oxidation, land use, and water use effects. LCA
studies often focus on GWP due to worsening global warming.

Green building certificate systems mandate GWP evaluation in LCAs
related to the construction sector. There are various green building
certificate systems such as: leadership in energy and environmental
design in the U.S.; building research establishment environmental
assessment method in the U.K.; green standard for energy and envi-
ronmental design in South Korea (Pai and Elzarka, 2021; Ferreira et al.,
2023; Kim et al., 2023b, 2023c). LCAs have been conducted on con-
struction materials like ready mixed concrete and concrete structural
products such as PC, pre-stressed concrete, and piles, as per the envi-
ronmental product declarations of several countries; similarly, GWP has
been adopted as the main impact category of carbon footprint assess-
ment of each construction product (AzariJafari et al., 2023; Witte and
Garg, 2024; Rangelov et al., 2021; Novakova et al., 2023). This is the
standard practice in various studies on the environmental impacts of
bridge structures, and GWP impact analysis has been conducted in
diverse bridge LCA studies, as shown in Table 1 (Hammervold et al.,
2013; Du and Karoumi, 2013; Penadés-Pla et al., 2018; Du et al., 2014,
2018; O’Born, 2018; Khorgade et al., 2022). Therefore, it is crucial to
consider carbon footprint in construction, and more studies are war-
ranted with precise insights from the GWP perspective.

2.2. LCA-BIM integration

BIM has been integrated with LCA and utilized to optimize con-
struction planning and design and to improve the environmental per-
formance of construction structures. Several types of LCA-BIM
integrations have been studied with an analysis of their advantages and
disadvantages (Ranathungage et al., 2018; Bueno et al., 2018). Ac-
cording to some reviews, LCA-BIM integrations can be categorized into
five types: (1) exporting BoQ from the BIM environment to LCA tools; (2)
exporting to the LCA tool using the industry foundation classes (IFC)
format; (3) processing in a BIM viewer tool before being sent to the LCA
tool; (4) using BIM plugins in BIM software, such as Tally; (5) developing
secondary tools in BIM environment, in which the information is added
to the BIM model (Obrecht et al., 2020; Cheng et al., 2022; Wastiels and
Decuypere). Braholli classified the LCA-BIM integrations into three
types: (1) the conventional method; (2) the static method with BIM
tools; and (3) the dynamic BIM integrated method (Braholli, 2020). In
particular, among several LCA-BIM types, the conventional method

Table 1
Impact categories considered in previous, bridge LCA studies.

Reference % Environmental impact Study focus
categories
Hammervold ADP, AP, EP, GWP, ODP, LCA study of three superstructure

et al. (2013) POCP types
Du and Karoumi ADP, AP, EP, GWP, ODP, LCA of two railway bridges with

(2013) POCP different superstructure designs
Penadés-Pla 18 categories including LCA of a prestressed concrete

et al. (2018) GWP, ODP, POCP precast bridge
Du et al. (2018) 13 categories including LCA comparison between

GWP, ODP, POCP concrete frame and soil steel short

span bridges
LCA of five types of bridges with
different superstructure designs
LCA study of a large-scale timber
bridge

Du et al. (2014) 12 categories including
GWP, ODP, POCP

ADP, ADP (fossil fuels),
AP, EP, GWP, ODP, POCP
11 categories including LCA comparison between carbon
ADP, AP, EP, GWP, ODP, fiber reinforced polymer and steel
POCP reinforced bridges

O’Born, 2018

Khorgade et al.
(2022)

% Notes: abbreviations of major impact categories.
ADP: Abiotic depletion, AP: Acidification, EP: Eutrophication, GWP: Global
warming, ODP: Ozone layer depletion, POCP: Photochemical oxidation.
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(exporting the BoQ from the BIM environment to LCA tools) is the most
commonly utilized (Guignone et al., 2023; Obrecht et al., 2020; Cheng
et al., 2022; Wastiels and Decuypere; Braholli, 2020).

The conventional method, as shown in Fig. 1, can be broadly divided
into two steps: (Step 1) automatically or manually extracting BoQ from
the BIM model; (Step 2) Inputting the extracted values into the LCA tool
to generate LCA results by connecting these values with the environ-
mental impact indicators.

This type of LCA-BIM has several disadvantages compared to other
types owing to the separated steps. First, the assessment is time
consuming, and the manual data input is error prone. LCA results are not
directly linked to the model, which can make the decision-making
process difficult and complicated. Also, specialized knowledge is
needed to perform separate LCA procedures and calculations (Guignone
et al., 2023).

But the conventional method has the following advantages: there is
no need to purchase plug-ins to the modeling platform to perform LCA or
to have in-depth knowledge of specific BIM segments such as visual
programming and IFC data processing (Guignone et al., 2023). There are
a few limitations in utilizing other LCA-BIM methodologies. Areas to be
improved include tool complexity, the data linkage difficulties in these
programs, data interoperability concerns between different software
programs, and the data exchange and implementation problems of LCA
tools and BIM software (Ajayi et al., 2015). The LCA process sometimes
requires professional interpretation and judgment; if other LCA-BIM
methodologies are utilized, it may be difficult to compare the results of
similar designs (Diaz and Anton, 2014; Iris et al., 2011). Therefore, most
studies implement LCA-BIM using the conventional method (Guignone
et al., 2023; Cheng et al., 2022). Although there are several options for
LCA-BIM, there is no consensus on which type is the most appropriate
(Ajayi et al., 2015). In the end, it is assumed that a method should be
selected in line with the purpose and target of LCA.

2.3. LCA of concrete structures prefabricated off-site

Off-site prefabrication of construction structures is more advanta-
geous in carbon reduction than traditional construction methods are.
However, according to a review study by Teng et al., prefabrication does
not always guarantee EC reduction in construction structures (Teng
etal., 2018). In steel, prefabricated structures, high EC saving is possible
through steel reuse; concrete based prefabricated structures are difficult
to reuse, so there may not be a dramatical advantage in terms of EC
reduction (Teng et al., 2018; Aye et al.,, 2012). Kim et al. calculated

BoQ
_—
extraction

BIM model

(Step 1)

Developments in the Built Environment 20 (2024) 100550

embodied lifecycle GWP of PC and concrete pile factory production,
which are representative prefabricated concrete products; both concrete
products were found to have values similar to high strength RC for
general on-site placement (Kim et al., 2023a). Therefore, it is necessary
to examine prefabricated concrete structure conditions to achieve EC
reduction.

Meanwhile, previous carbon footprint studies focusing on buildings
have conducted in-depth research on the carbon emission impacts
associated with the use of factory-made prefabricated concrete products.
In the case of Li et al. (2021a), the carbon footprint during the materi-
alization stage of PC stairs was assessed (Li et al., 2021a). A detailed
assessment was conducted on the production, transportation, and con-
struction substages of PC stairs within the system boundary of the study.
Moreover, by conducting a case study on prefabricated stairs in five
buildings in China, the study revealed a linear relationship between
carbon emissions and building height, cubic quantity, and unit cost.
Thus, by analyzing not only the EC from the production of prefabricated
concrete products but also their application from a whole building
structure perspective, it is possible to identify factors that influence the
carbon emissions resulting from the use of prefabricated concrete.
Several studies have analyzed the carbon footprint of whole building
structures based on prefabricated components or prefabrication rates
across multiple buildings to provide valuable references for the appli-
cation of prefabricated concrete in buildings (Li et al., 2021b, 2022). In
particular, by utilizing BIM in the research process, it was possible to
efficiently assess the carbon footprint of various building models and
compare them across different models. Li et al. (2023) also utilized BIM
models of five buildings to analyze carbon emissions associated with the
application of prefabricated concrete composite plates (Li et al., 2023).
Furthermore, Geographic Information System (GIS) technology was
additionally employed for analyzing the spatial distribution of carbon
emissions along transport routes from the factory to the construction
site. Thus, research on the carbon footprint of prefabricated concrete has
primarily been conducted in depth with a focus on buildings. In contrast,
research on the carbon emissions associated with the application of
prefabrication in concrete bridges is still lacking. It is necessary to
analyze the impacts of prefabrication across various bridge models to
sustainably apply prefabricated concrete to bridges. Additionally, cases
where technologies such as BIM are utilized to efficiently conduct bridge
LCA analyses will provide valuable references for future research on
various bridge environmental assessments.

- LCA
E'L: = database
S|E
L
=<I> =
Input .E a I [ | I
— — (,‘,} —
jem—

LCA software tool LCA results

(Step 2)

Fig. 1. The conventional method of LCA using BIM (Guignone et al., 2023).
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2.4. Research direction according to literature review

In the construction sector, it is essential to estimate and analyze the
GWP of structures through life cycle carbon assessments. Therefore,
research on the whole life cycle embodied carbon of bridge structures is
also necessary. However, while numerous studies have been conducted
on the carbon emissions associated with off-site prefabrication in
buildings, research focused on concrete bridges remains insufficient.
Therefore, this study aims to address this research gap by utilizing the
LCA methodology to investigate the changes in life cycle EC resulting
from the application of prefabrication in concrete bridges. In performing
LCA for structures, extracting the BoQ information is crucial, and with
the increased use of BIM in structural designs, various methods for
integrating BoQ information into LCA tools have been proposed. Among
these methods, when professional interpretation and judgment from an
LCA perspective are required, the conventional method for extracting
BoQ is considered the most suitable approach. Therefore, this study
intends to use the conventional method to analyze trends in EC across
various bridge models.

3. Materials and methods

This study first used a BIM tool to model four RC and PC bridge
structures, extract BoQ information for each model, input the informa-
tion into the LCA tool, and assess their EC by carbon footprint assess-
ment. Then, the GWP indices of each model were compared, and
sensitivity analysis was performed with respect to changes in concrete
waste and transportation distance. The brief framework of this study can
be found in Fig. 2.

3.1. Modeling and BoQ information extraction

3.1.1. BIM bridge model

This study targeted concrete bridge structures as shown in Fig. 3.
Autodesk’s Revit program was utilized for modeling concrete structures,
and the modeling process was performed after dividing structures into
superstructure and substructure.

The concrete structure of the superstructure comprises a box girder,
whereas that of the substructure comprises two piers and abutments.
Here, the pier is composed of pier foundation (F_pier), pier column
(pier_column), and pier cap (pier_cap), whereas the abutment consists of
the main abutment structure (abutment_main), wingwalls (abutment _-
wing), and abutment foundation (F_abutment) including the abutment
stem and backwall.

3.1.2. BoQ extraction

To perform a multifaceted analysis of the BoQ and LCA results of
such a structure, a conventional LCA-BIM method was used. As shown in
Fig. 4, four cases were modeled and BoQ was extracted to analyze ECs
for the cases where RC or PC were applied to the entire concrete

~

Comparative

Developments in the Built Environment 20 (2024) 100550

structure of the bridge and RC or PC were separately applied to the
superstructure and substructure, respectively. In Case 1 (RC-RC), su-
perstructure and substructure were all constructed on-site. In Case 2
(PC-PCQ), the superstructure and substructure were all prefabricated off-
site. In Case 3 (PC-RC), only the superstructure was prefabricated off-
site. In Case 4 (RC-PC), only the substructure was prefabricated off-
site. However, in all cases, the foundation of the pier and abutment
was modeled as RC fabricated on-site.

The RC quantity should include waste; this study used the concrete
waste review (eight studies) by Kazaz et al. (2015) — concrete waste
generation ranges from 1% to 13.2% of the designed quantity in con-
struction projects. Thus, this study set the premium rate of RC to the
median - 7.1%, and the RC input reflecting the extra amount was
calculated using Equation (01). Here, V_input (m) is the input volume
of concrete, V_model (m?) is the measured volume of concrete (from the
project model), and W_model (%) is the ratio of concrete waste to
V_model. BoQ for the four cases is summarized in Table 2.

W_model = (V_input — V_model) / V_model

V_input = V_model x (1 + W_model) (Equation 01)

3.2. Carbon footprint assessment

This study used the One-Click LCA software, which enables the uti-
lization of environmental product declaration (EPD) data to perform
LCA of structures. One-click LCA classifies lifecycle stages into produc-
tion, transportation, construction, and end-of-life stages to evaluate the
EC and GWP of the bridge per stage. The system boundary for the carbon
footprint assessment in this study can be found in Fig. 5.

3.2.1. Production stage

The production stage in this study evaluates the EC emissions from
the process of collecting natural resources to the process of
manufacturing construction materials. In this stage, as for RC, the pro-
cess of producing reinforcement steel (rebar) and ready mixed concrete
(RMC) is evaluated; for PC, the process is assessed from the input of
reinforcement and RMC to the production of PC structures in a factory.
This study utilized the EPD database of Norway, which provides EPD
data for various concrete products, as unit GWP values for the produc-
tion of RC materials used on-site and unit GWP values for the production
of PC products (The Norwegian EPD Foundation). Unlike RC, the EPD
data for PC products already reflect construction waste in the prefabri-
cation process and do not need adjustment. The EPD data utilized in this
study to calculate GWP in the production stage is shown in Table 3.

3.2.2. Transportation stage

The transportation stage in this study evaluates the carbon emissions
of transporting construction materials manufactured in the production

Sensitivity analysis

BoQ
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Fig. 2. Brief framework of this study.
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Cross section of A-A"

. : Substructure (foundation)

Fig. 3. Composition of the research target — concrete structures of the bridge.

—I I Y1 I 7

(a) Case 1

(b) Case 2

—I I Y1 I 7

(c) Case 3

(d) Case 4

W:PC M:RC W :Foundation (RC)

Fig. 4. Modelling cases.

stage to the construction site. In this stage, for RC, the process of
transporting reinforcement steel (rebar) and RMC to the construction
site is evaluated, and for PC, the process of transporting prefabricated
structures from the factory to the site is assessed. This study assumes that
a concrete mixer truck is utilized to transport RMC and a trailer is used to
transport rebar and PC for the assessments, as shown in Table 4
(Ecoinvent. Ecoinvent v3, 2016). The transportation distance of each
material is set to 60 km for RMC and PC, and 370 km for rebar, reflecting
the default value set in the One-Click LCA program. As the GWP changes
are expected to be considerable owing to the transportation distances of
RMC and PC, the main materials used in concrete structures; more
analysis was conducted through sensitivity analysis.

3.2.3. Construction stage

In the construction stage, carbon emissions from on-site construc-
tion, installation processes, and transportation and disposal of con-
struction waste were evaluated. For construction waste, the GWP value
in the construction stage was calculated through One-Click LCA by
assuming that most of the extra amount of RC was waste. One-Click LCA
is set to input the extra amount of concrete compared to V_input, not the
extra amount of concrete compared to V_model, when entering the ratio
of construction waste; as shown in Equation (02), W_input (%), which
represents the ratio of concrete waste to V_input, was calculated and
input.

W_input = (V_input — V_model) / V_input (Equation 02)

3.2.4. End-of-life stage

In the end-of-life stage in this study, carbon emissions from the
transport and disposal of waste generated after the end of the bridge’s
lifespan were evaluated. However, for PC, waste is generated during
prefabrication, and for RC, the waste generated is added into the
equation. Since carbon emissions from the waste of PC and RC were
already included at the production stage and construction stage,
respectively, they were excluded at the end-of-life stage to avoid
duplication of GWP values.

3.3. Sensitivity analysis

This study analyzed changes in EC in Cases 1, 2, 3, and 4 through two
sensitivity analyses: GWP according to changes in concrete waste
(Analysis 1); GWP according to changes in transportation distance
(Analysis 2). Here, Analysis 1 was performed to confirm the decreasing
tendency of EC with less on-site concrete waste when applying PC to the
bridge. To this end, the percentage of concrete waste (W_model) was
changed from 0 to 15% in 1% increments to calculate GWP of all cases.
Meanwhile, Analysis 2 was conducted to examine the change in total EC
according to the differences in the RMC and PC transportation distances
to the construction site. To this end, the transportation distance was
changed from 0 to 100 km in 10 km increments to calculate the total
GWP of all cases.
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Table 2
Quantity of all cases.
Case Concrete structure classification Material type Input quantity Unit
Group Family name

Case 1 Superstructure box girder RMC 2734.09 m®

Reinforcement 326,841.20 kg

Substructure pier_column 1 RMC 103.46 m?

Reinforcement 25,118.64 kg

pier_column 2 RMC 103.46 m?

Reinforcement 25,118.64 kg

pier_cap 1 RMC 272.60 m®

Reinforcement 66,182.66 kg

pier_cap 2 RMC 272.60 m?

Reinforcement 66,182.66 kg

abutment_main 1 RMC 398.28 m?

Reinforcement 96,696.30 kg

abutment_main 2 RMC 398.28 m?

Reinforcement 96,696.30 kg

abutment_wing 1 RMC 46.71 m?

Reinforcement 11,339.83 kg

abutment_wing 2 RMC 46.71 m?

Reinforcement 11,339.83 kg

Case 2 Superstructure box girder PC 2591.71 m®

Substructure pier_column 1 PC 99.59 m?

pier_column 2 PC 99.59 m®

pier_cap 1 PC 262.40 m?

pier_cap 2 PC 262.40 m?

abutment_main 1 PC 383.38 m?

abutment_main 2 PC 383.38 m?

abutment_wing 1 PC 44.96 m®

abutment_wing 2 PC 44.96 m®

Case 3 Superstructure box girder PC 2591.71 m®

Substructure pier_column 1 RMC 103.46 m?

Reinforcement 25,118.64 kg

pier_column 2 RMC 103.46 m®

Reinforcement 25,118.64 kg

pier_cap 1 RMC 272.60 m?

Reinforcement 66,182.66 kg

pier_cap 2 RMC 272.60 m®

Reinforcement 66,182.66 kg

abutment_main 1 RMC 398.28 m?

Reinforcement 96,696.30 kg

abutment_main 2 RMC 398.28 m?

Reinforcement 96,696.30 kg

abutment_wing 1 RMC 46.71 m®

Reinforcement 11,339.83 kg

abutment_wing 2 RMC 46.71 m?

Reinforcement 11,339.83 kg

Case 4 Superstructure box girder RMC 2734.09 m®

Reinforcement 326,841.20 kg

Substructure pier_column 1 PC 99.59 m®

pier_column 2 PC 99.59 m®

pier_cap 1 PC 262.40 m?

pier_cap 2 PC 262.40 m?

abutment_main 1 PC 383.38 m?

abutment_main 2 PC 383.38 m?

abutment_wing 1 PC 44,96 m?

abutment_wing 2 PC 44.96 m®

Cases Substructure (Foundation) F_pier 1 RMC 514.71 m?

1,2,3,4 Reinforcement 29,509.80 kg

F_pier 2 RMC 514.71 m®

Reinforcement 29,509.80 kg

F_abutment 1 RMC 397.34 m®

Reinforcement 22,403.49 kg

F_abutment 2 RMC 397.34 m®

Reinforcement 22,403.49 kg

4. Results and discussions

4.1. Carbon footprint assessment and analysis

Fig. 6 shows the result of the carbon footprint assessment for the four
bridge model cases. The total GWP of Cases 1 and 2 was 2606.64
tonCO2-eq and 2631.46 tonCO2-eq, respectively. However, GWP in the
production stage in Cases 1 and 2 was 2240.21 tonCO2-eq and 2482.16

tonCO2-eq, respectively, indicating that the value of Case 2 was found to
be 241.95 tonCO2-eq larger than Case 1 (9.28% compared to the total
GWP of Case 1). This outcome originates from the GWP reflected in the
production stage in the off-site production process of PC. Unlike Case 1
in which RMC and reinforcement are directly used in the construction
site, it was found that Case 2, where concrete materials and reinforce-
ment are transported to the factory before use for prefabricating, had
higher GWP. The GWP of Case 2 was lower than that of Case 1 in the
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Fig. 5. System boundary of assessment.

Table 3
Data utilized for calculating GWP at the production stage (The Norwegian EPD
Foundation).

Structure =~ Material type Extra data information Unit

RC Ready mix concrete (for Excluding rebar, C45/55 kgCO2-
structure) eq/m>
Ready mix concrete (for Excluding rebar, C20/25 kgCO2-
foundation) eq/m®
Reinforcement steel 7850 kg/m3 kgCO2-
(Rebar) eq/kg

PC Precast concrete (for PC beam, reinforced, C45/ kgCO2-
superstructure) 55, 2,500 kg/m> eq/kg
Precast concrete (for PC column, C45/55, 2,400 kgCO2-
substructure) kg/m® eq/kg

Table 4

Data utilized for calculating GWP at the transportation stage (Ecoinvent.
Ecoinvent v3, 2016).

Transportation type Extra data Unit
information
Concrete mixer truck (for RMC) 8 m®, 100% fill rate kgCO2-eq/
ton-km
Trailer combination (for reinforcement, 40 ton, 100% fill rate ~ kgCO2-eq/
PC) ton-km

transportation and construction stages by 68.60 tonCO2-eq (2.63%
compared to the total GWP of Case 1), and 123.69 tonCO2-eq (4.75%
compared to the total GWP of Case 1), respectively. Such results indicate
that the EC reduction in prefabrication is highly influenced by trans-
portation and construction stages. Additionally, although the difference
in GWP values between the two cases was not large in the end-of-life
stage, GWP of Case 2 was found to be 24.82 tonCO2-eq lower than
that of Case 1 (0.95% compared to the total GWP of Case 1). This result
demonstrates that applying PC instead of RC is not necessarily a guar-
anteed method to reduce carbon emissions. Meanwhile, the total GWP in
Case 3 was 2736.53 tonCO2-eq, which was 129.89 tonCO2-eq higher
than in Case 1 (4.98% compared to the total GWP of Case 1), whereas
that of Case 4 was 2501.57 tonCO2-eq, which was 105.07 tonCO2-eq
lower than Case 1 (4.03% compared to the total GWP of Case 1). This
means that when a prefabricated PC structure is applied to the sub-
structure of the bridge analyzed in this study, the EC is the lowest; when
applying PC only to the superstructure, the EC may be higher than when
constructing the entire concrete structure of the bridge on-site. As such,
this study found that replacing concrete structures with prefabricated
concrete does not always guarantee advantages in terms of carbon
emission.

In addition, Fig. 7 indicates the outcomes of calculating the GWP
contribution rate per lifecycle stage of four cases. The GWP contribution
rate in all cases was found to be highest at the production stage, and the
more PC was applied, the higher the rate (85.94%, 94.33%, 91.07%, and
89.16%, respectively, from Cases 1-4). This is the result that reflects
GWP generated in the process of producing PC in a factory; it was
confirmed that GWP reduction through the efficiency of the production

process is crucial in reducing EC of the bridge in line with the application
of PC structures.

4.2. Sensitivity analysis of changes in construction concrete waste
(analysis 1)

Fig. 8 shows the changes in GWP in Cases 1, 2, 3, and 4 according to
changes in concrete waste generated on-site through Analysis 1. The
increase in the total GWP in line with the higher percentage of concrete
waste was confirmed to be significantly larger in Case 1 than in Case 2;
the change particularly came from the production stage or the con-
struction stage. Additionally, the increase in the total GWP resulting
from the rise in the percentage of concrete waste in Case 3 and Case 4
was smaller compared to Case 1, but larger compared to Case 2. As for
Case 1, as the concrete waste increased from 0 to 15%, the total GWP
increased by 663.32 tonCO2-eq (28.93% compared to when concrete
waste was 0%); as for Case 2, it increased by 140.75 tonCO2-eq (5.49%
compared to when concrete waste was 0%). Additionally, as for Case 3
and 4, the total GWP increased by 364.61 tonCO2-eq (14.23% compared
to when concrete waste was 0%) and 439.12 tonCO2-eq (19.15%
compared to when concrete waste was 0%), respectively. In particular,
the combined GWP increase from the production and construction
stages was 645.42 tonCO2-eq (97.30% of the total GWP increase) for
Case 1, 135.76 tonCO2-eq (96.45% of the total GWP increase) for Case 2,
354.53 tonCO2-eq (97.24% of the total GWP increase) for Case 3, and
426.32 tonCO2-eq (97.09% of the total GWP increase) for Case 4,
respectively, confirming that there was an enormous influence of con-
crete waste in the two stages. This finding is attributable to the greater
production of concrete and reinforcement at the production stage in
proportion to the extra amounts, and larger quantities of construction
waste to be transported. In Case 1, the increase in GWP becomes larger
as the concrete waste increases throughout the bridge as compared to
Case 2, 3, and 4. As for the bridge model utilized in this study, it was
confirmed that the percentage of concrete waste exceeded 7.81% and
the EC in Case 2 became lower than that in Case 1. Additionally, it was
observed that the EC of Case 1 surpasses that of Case 3 when the per-
centage of concrete waste exceeds 13.56%, and similarly, the EC of Case
4 surpasses that of Case 2 when the percentage of concrete waste exceeds
13.67%. Thus, when the percentage of concrete waste reaches 15%, the
EC is highest in the following order: Case 1, Case 3, Case 4, and Case 2.

Furthermore, to examine the trend of carbon reduction achieved by
using PC compared to RC structures, the percentage of GWP reduction
for Case 2, Case 3, and Case 4 relative to Case 1 was calculated based on
the increase in concrete waste (as in Fig. 9). As a result, the change in the
percentage of GWP reduction was analyzed as per the higher percent of
concrete waste and found to increase in a negative quadratic curve.
Especially, when the concrete waste generated from the construction
site is 0%, GWP in Cases 2 and 3 was found to increase by 11.87% and
11.78%, respectively, compared to Case 1; when the concrete waste is
15%, GWP can be reduced up to 8.47%, 0.97%, respectively. When
constructing an RC structure on-site, waste generated at the site can be
reduced, thereby reducing the EC emissions of the bridge, when
compared to the case of using a PC structure. The EC of the bridge can be
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Fig. 7. GWP contribution rate per lifecycle stage.

reduced by applying PC structures to the overall bridge or superstructure amount of concrete waste generated.

construction where a great amount of waste is expected to be generated.

Meanwhile, the EC in Case 4 was only 0.01% higher compared to Case 1 4.3. Sensitivity analysis of changes in transportation distance (analysis 2)
when concrete waste was 0% while the EC in Case 4 was 7.58% lower

compared to Case 1 when concrete waste increased to 15%. This in- Furthermore, based on Analysis 2, which was performed to examine
dicates that Case 4 is generally effective in reducing EC, regardless of the the change in total EC between Cases 1, 2, 3, and 4 in line with the
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Fig. 8. Changes in GWP of Cases 1, 2, 3, and 4 in line with changes in concrete waste on-site (Analysis 1).

change in the distance of transporting the RMC and PC to the con-
struction site, the changes in total GWP in all four cases according to
transportation distance were derived as shown in Fig. 10. As a result, the
increase in GWP in line with the longer transportation distance was
found to be significantly larger in Case 1 than in Case 2, which is similar
to the trend in Analysis 1. As for Case 1, as the transportation distance
increased from 0 to 100 km, the total GWP increased by 193.45 tonCO2-
eq (7.77% compared to when the transportation distance was 0 km); in
terms of Case 2, it increased by 39.35 tonCO2-eq (1.51% compared to
when the transportation distance was 0 km). This result was derived
from the fact that the GWP per ton-km of the concrete mixer truck used
to transport RMC was larger than that of the trailer. However, consid-
ering that concrete should transported by a concrete mixer truck within
a maximum of 2 h, and generally within 1 h or 1 h and 30 min, it is
expected that the actual transport distance of RMC is unlikely to exceed
100 km (British standard institution (BSI), 2023; Vruno, 2011). This
implies that there is a certain limit to the increase in GWP as the
transportation distance of RMC increases. Considering the nature of PC
structures that have nearly constant GWP with transportation distance,
the reduction of EC through the reduced distance is negligible. RC
structures that are constructed on-site can benefit in carbon reduction

from the reduction of RMC transportation distance. Meanwhile, in Cases
3 and 4, the total GWP increased by 132.96 tonCO2-eq (5.00%
compared to when the transportation distance was 0 km) and 156.74
tonCO2-eq (6.51% compared to when the transportation distance was 0
km), respectively, as the transportation distance increased from 0 km to
100 km. Since the increasing rates of both cases are similar to Case 1, the
result shows that the EC remains highest in the following order within a
100 km transportation distance: Case 3, Case 1, and Case 4. This in-
dicates that there is no significant impact on the ranking of EC among
Cases 1, 3, and 4 due to changes in the transportation distance of major
structural materials. Case 4 is generally the most effective model in
reducing EC.

4.4. Discussions

This study utilized BIM generated models and an LCA tool to examine
how RC structures, constructed on-site, and PC structures, prefabricated
off-site, affected the EC of concrete bridges. As shown in Table 5, PC
structures have been generally considered more environmentally
friendly than RC structures, but this study found that RC structures can
also contribute to EC reduction under diverse conditions. In construction
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Table 5
RC and PC application conditions for embodied carbon reduction in concrete
bridge structures.

Structure ~ Summary of embodied carbon reduction conditions
RC - Reduce the transportation distance of materials
- Apply RC to the superstructure
- Reduce the extra amount of input concrete, and construction concrete
waste
PC - Increase off-site prefabrication process efficiency

Apply PC to substructure
Utilize PC for projects with high concrete excess and waste

projects that are expected to generate a great amount of construction
waste (7.81% in this study), PC-structure application combined with
efficient PC-production processes may reduce carbon in bridge con-
struction and production stages. This study found that the application of
PC only to substructure can derive the most environmentally friendly
results. As the OSC technology utilization in the construction field is set
to increase in the future (Jang et al., 2019; Jung and Yu, 2021), the
findings of this study are expected to play an important role in estab-
lishing sustainable OSC application methods. Particularly, by simulta-
neously considering the application of prefabrication to both the
superstructure and substructure of bridges, it is expected that this
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approach can support sustainable design and construction from a
comprehensive perspective for bridges.

The limitations of this study are that only one type of bridge model
was selected and analyzed as a sample and the EPD data of a specific
concrete product was applied to the production stage. There are diverse
types of bridges, composed of irregular structures, and the characteris-
tics of each structure can influence its EC. In addition, for the EPD data
of each material, GWP values can change depending on changes in
production volume, regional features, composition of raw materials, and
factory equipment. Therefore, follow-up studies should define bridge
types, assess ECs in consideration of structural features per type, and
generalize the unit GWP values of RMC, reinforcement steel, and PC to
be used in the carbon footprint assessment process. However, this study
has significance in that it targeted concrete bridge structures, suggested
carbon footprint assessment methods using BIM and an LCA tool, and
analyzed changes in the EC of bridges in line with the application of PC
and RC structures. The methodology and findings of this study are ex-
pected to serve as the basis for follow-up studies.

5. Conclusions
This study targeted concrete bridge structures, and utilized the BIM

model with LCA software to suggest solutions for how the conditions
under which PC structures should be applied to reduce the EC of bridges.
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Accordingly, it conducted carbon footprint assessment and analysis on
four bridge model cases (Case 1: the entire RC, Case 2: the entire PC,
Case 3: PC for superstructure, Case 4: PC for substructure), and arrived
at the following conclusions:

1. The total GWP of Cases 1, 2, 3, and 4 was 2606.64 tonCO2-eq,
2631.46 tonCO2-eq, 2736.53 tonCO2-eq, and 2501.57 tonCO2-eq,
respectively. This result demonstrated that applying PC instead of
RC is not necessarily a guarantee for reducing EC of bridges. The EC
was found to be the lowest when PC was applied only to the
substructure.

2. In particular, when applying PC, GWP was found to be the highest at
the production stage among the lifecycle stages of a bridge, whereas
the EC reduction is mainly influenced by transportation and con-
struction stages; therefore, the reduction of GWP through efficient
off-site prefabrication processes was analyzed to be crucial for
reducing EC of bridges for the application of PC structures.

3. Sensitivity analysis was conducted on the change in GWP with
construction concrete waste for Cases 1, 2, 3, and 4. As concrete
waste increased from 0 to 15%, the total GWP was found to increase
by 28.93% in Case 1, 5.49% in Case 2, 14.23% in Case 3, and 19.15%
in Case 4. For the bridge model used in this study, it was confirmed
that the EC in Case 2 became significantly lower than that in Case 1
when the percentage of concrete waste exceeded 7.81%. It was
analyzed that Case 4 is effective in reducing EC overall, regardless of
the amount of concrete waste generated.

4. A sensitivity analysis was conducted on the change in GWP with
transportation distance (RMC and PC input distance) for Cases 1, 2,
3, and 4. When the transportation distance increased from 0 to 100
km, the total GWP was found to increase by 7.77% for Case 1 and
1.51% for Case 2. However, in general, it is expected that the
transportation distance of RMC is unlikely to exceed 100 km;
considering the nature of PC structures with negligible changes in
GWP with transportation distance, it is difficult to secure EC reduc-
tion benefits through shortening the distance, when compared to RC.
Meanwhile, there was no significant impact on the ranking of EC
among Case 1, 3, and 4 due to changes in the transportation distance
of major structural materials. Case 4 was generally the most effective
in reducing EC overall.

5. Summarizing the EC reduction conditions of bridges with the
application of RC and PC structures based on the analysis, shortening
the transportation distance of materials, application of RC to the
superstructure, and reducing the extra amount of input concrete and
construction concrete waste were found to be important for RC. The
efficiency of off-site prefabrication processes, application of PC to the
substructure, and utilization of PC in projects with a high amount of
extra concrete and construction concrete waste were the main con-
ditions for PC.

The findings of this study are expected to be widely applied in the
future to establish sustainable application methods for OSC. However,
this study has limitations in that it selected and analyzed only one type
of bridge model as a sample and applied EPD data of a specific concrete
product to the production stage. The methodology and results of this
study are expected to be utilized as an important foundation for follow-
up studies to overcome these limitations.
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