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Abstract: Rebar, the core resource of reinforced concrete structures, generates more carbon dioxide
per unit weight than any other construction resource. Therefore, reducing rebar cutting wastes greatly
contributes to the reduction of greenhouse gas (GHG). Over the past decades, many studies have been
conducted to minimize cutting wastes, and various optimization algorithms have been proposed.
However, the reality is that about 3 to 5% of cutting wastes are still generated. In this paper, the trends
in the research on cutting waste minimization (CWM) of rebar for sustainable work are reviewed in a
systematic method with meta-analysis. So far, the literature related to cutting waste minimization
or optimization of rebar published has been identified, screened, and selected for eligibility by
Preferred Reporting Items for Systematic Reviews and Meta-Analyses, and the final 52 records have
been included in quantitative and qualitative syntheses. Review by meta-analysis was conducted
on selected literatures, and the results were discussed. The findings identified after reviewing the
literature are: (1) many studies have performed optimization for the market length, making it difficult
to realize near-zero cutting wastes; (2) to achieve near-zero cutting wastes, rebars must be matched to
a specific length by partially adjusting the lap splice position (LSP); (3) CWM is not a one-dimensional
problem but an n-dimensional cutting stock problem when considering several rebar combination
conditions; and (4) CWM should be dealt with in terms of sustainable value chain management in
terms of GHG contributions.

Keywords: rebar cutting waste; minimization; optimization; structural work; systematic literature review

1. Introduction

Reinforced concrete (RC) structures, such as buildings and infrastructure, use enor-
mous amounts of concrete and rebar during the construction phase. In 2012, global concrete
and concrete constituent consumption reached about 10 billion m3 [1], and the amount is
rapidly increasing every year due to increased demand for RC structures along with global
economic development. Rebar, the core resource of RC structures, generates more CO2 per
unit weight than any other construction resource. For example, C25/30 concrete generates
embodied CO2 (ECO2) of 95 kg-ECO2/t, but reinforcement bar (rebar) generates ECO2 of
872 kg-ECO2/t, which is equivalent to about 9.2 times of the concrete [2]. Therefore, reduc-
ing the cutting waste of rebars greatly contributes to the reduction of GHG [3]. Over the
past few decades, numerous studies have been conducted on minimizing cutting wastes,
and various optimization algorithms have been proposed. However, in reality, cutting
wastes are still generated in the process of cutting and bending of rebars, which are at least
3% to 5% [3–7], and as much as 5% [4,6–11] to 8% [12], compared to the volume shown in
the structural drawings.

Estimating how much rebar cutting wastes contribute to global GHG is a very difficult
task, but to confirm the need for sustainable structural work, the authors follow a three-step
estimation process after surveying literature and actual data: (1) analyzing the concrete and
rebar ratio after surveying actual project data for concrete and rebar in Korea; (2) estimating
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the global annual use of concrete and rebar, and CO2 emissions by rebar using global
concrete consumption in 2012, world GDP growth rate [13], and analyzed concrete and
rebar ratio; and (3) estimating the global annual rebar cutting wastes and the resulting CO2
emissions, applying the relatively conservative waste rates of 3 to 5% rates identified in the
literature mentioned above.

Although the construction environment varies from country to country, in case of
high-rise residential buildings in Korea, the analysis of 30 projects, as shown in Table 1,
showed that the rebar quantity compared to concrete was found to be about 0.070 ton/m3,
and commercial buildings have long-span heavily loaded attributes compared to residential
buildings. The analysis of 12 projects showed a result of about 0.119 ton/m3. The average
of these amounts is calculated at about 0.077 ton/m3. If this average value is applied to
10.058 billion m3 [1], as of 2012 as shown in Table 2, about 778.9 million ton of rebar usage is
calculated. Applying the world GDP growth rate as shown in Table 2, rebar usage increases
every year, which is estimated to be about 947 million tons in 2019.

Table 1. Estimation of rebar quantity compared to concrete in reinforced concrete structures.

Description No. of Projects Concrete (m3) Rebar (Ton) Rebar/Concrete (Ton/m3)

Residential buildings 30 4,680,573 327,489 0.070
Commercial buildings 12 835,514 99,698 0.119

Sum 42 5,516,087 427,187 0.077

Source: authors’ research results.

Table 2. Estimated global annual use of concrete and rebar, and CO2 emissions of rebar.

Year World GDP Growth Rate (%) Concrete
(Billion m3)

Rebar
(Ton)

CO2 Emission
(Ton·CO2)

2012 2.52 10.058 778,930,801 266,082,762
2013 2.66 10.326 799,650,360 273,160,563
2014 2.85 10.620 822,440,395 280,945,639
2015 2.88 10.926 846,126,679 289,036,873
2016 2.59 11.209 868,041,360 296,522,929
2017 3.26 11.574 896,339,508 306,189,576
2018 3.10 11.933 924,126,033 315,681,453
2019 2.48 12.229 947,044,359 323,510,353

Source: authors’ research results.

For reference, it is impossible to investigate all RC structures around the world to
estimate global rebar usage by year. Therefore, despite some errors, it is meaningful to
have applied some data of high-rise residential and commercial buildings in Korea. Later,
when the data of investigation into various RC structures are added, the range of error will
gradually decrease. The application of the world GDP growth in 2012 was also estimated
in the same context, as shown in Table 2, because data on global concrete and concrete
constituent consumption by year could not be obtained.

Using an estimated global annual use of rebar, if about 0.3416 ton·CO2/ton [14],
which is the unit value of rebar CO2 in Korea, is applied, the generation of about 323.5 mil-
lion tons of CO2 in 2019 is estimated, starting with 266.1 million ton·CO2 in 2012. For ref-
erence, the unit value of CO2 is different according to industrial structure by country, so
it is not possible to obtain a unified value. Therefore, in this study, the calculation was
performed based on data analyzed in Korea.

If a rebar cutting waste rate of about 3 to 5% is applied based on this value, about 23.368
to 38.947 million tons of wastes are generated as of 2012, as shown in Table 3, and the
amount keeps increasing every year to reach about 28.411 to 47.352 million tons in 2019.
When calculating the corresponding CO2 emission, the amount increases annually from
about 7.982 to 13.304 million ton·CO2 in 2012 to reach about 9.705 to 16.176 million ton·CO2
in 2019, as shown in Table 3. If the near-zero cutting waste of rebars is realized, the effect of
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CO2 emission reduction of up to 16.176 million tons can be achieved, and the corresponding
GHG is reduced. For reference, since the rebars placed into structures vary in length,
diameter, and number, it is impossible to combine them without cutting wastes, called zero
cutting wastes, by the length of rebars supplied by the steel mill. However, by combining
rebars with special lengths supplied by the steel mill, cutting wastes can be reduced to
close to zero, which is called near-zero cutting wastes.

Table 3. Estimation of global annual rebar cutting wastes and CO2 emissions.

Year
Rebar
(Ton)

Cutting Wastes of Rebar
(Ton)

CO2 Emissions from Cutting
Wastes (Ton·CO2)

3% 5% 3% 5%

2012 778,930,801 23,367,924 38,946,540 7,982,483 13,304,138
2013 799,650,360 23,989,511 39,982,518 8,194,817 13,658,028
2014 822,440,395 24,673,212 41,122,020 8,428,369 14,047,282
2015 846,126,679 25,383,800 42,306,334 8,671,106 14,451,844
2016 868,041,360 26,041,241 43,402,068 8,895,688 14,826,146
2017 896,339,508 26,890,185 44,816,975 9,185,687 15,309,479
2018 924,126,033 27,723,781 46,206,302 9,470,444 15,784,073
2019 947,044,359 28,411,331 47,352,218 9,705,311 16,175,518

Source: authors’ research results.

As shown in Table 2, demand for buildings and infrastructure increases in line with
global economy growth and corresponding demand for RC structures increases every year.
The increase in RC structures leads to demand chains that increase demand for concrete and
rebars, as shown in Table 2, resulting in an annual increase in rebars cutting waste and CO2
emissions such as Table 3. In particular, it is expected in the future to be more concentrated
in developing countries where the population is concentrated [15,16]. The increase in
global cutting waste of rebars not only causes unnecessary cost losses but also problems of
generating large amounts of CO2 in the production, transportation, and processing phases.
Therefore, research to realize near-zero cutting waste is critical to implement sustainable
rebar work.

So far, many studies have been conducted to optimize the use of rebars or to reduce the
cutting waste. However, the near-zero cutting waste has not yet been realized. However,
the near-zero cutting waste has not yet been implemented. The study on cutting stock
problem (CSP), which is considered to be the beginning of cutting waste minimization
(CWM), was first mentioned by Kantorovich in 1939 and was first published in Manage-
ment Science in 1960 [17]. Therefore, CSP-related literature has been searched for since
1960 in this study. The literature on the optimization of rebar cutting waste was basically
targeted from 1990 to 2020, because the CSP-related research in rebar work started in
earnest from 1991. In this paper, we performed a search and review of studies related to
optimization or cutting waste minimization of rebars that have been conducted so far and
identified the status and problems of existing studies. We then proposed the direction of
future research to implement near-zero cutting waste and identify its potential.

2. Data Sources and Methodology
2.1. Data Sources

There are literature databases of various fields around the world, but for the search of
articles related to minimal cutting waste of rebars, Scopus, Science Direct, Web of Sciences
(WoS), Taylor and Francis Online, Springer Link, American Society of Civil Engineers
(ASCE) Library, and Willey Online Library were used. Some dissertations or literature
published in internationally uncertified journals were searched for using Google or Google
Scholar databases.
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2.2. Systematic Literature Review

SLR is an exact and reproducible method for identification, evaluation, and interpre-
tation of predefined fields of study [18]. Kitchenham and Charters defined “a systematic
literature review is a means of identifying, evaluating, and interpreting all available re-
search relevant to a particular research question, topic area, or phenomenon of interest.
Individual studies contributing to a systematic review are called primary studies; a sys-
tematic review is a form of secondary study” [19]. Since similar SLR methodologies have
been proposed by several scholars [20,21], MDPI publisher based in Basel, Switzerland
recommends that the authors follow Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [22], checklist, and flow diagram for reporting systematic
reviews and meta-analyses.

In construction field, numerous literature review articles have been published, not based
on SRL [23–28], before 2010. The reason for this is that the perception of SLR in the
construction field was not high. Since 2010, with the exception of some articles [29–34],
most review articles have been written based on SLR [18,35–49]. After 2018, many review
articles have been written according to PRISMA [18,46–49], and this study also follows the
PRISMA statement for systematic reviews and meta-analysis.

2.3. Methodology

The previously mentioned literature database was sequentially searched using Boolean
operator “AND” by keywords, such as rebar, rebar work, rebar optimization, and rebar
cutting waste. As a result, Google Scholar found about 79,100 search results for literature
related to rebar work, about 16,000 cases of rebar optimization, about 14,000 cases of
rebar cutting waste, and about 4410 cases of rebar cutting waste optimization, as shown
in Table 4. Google Scholar has confirmed that it includes various reports such as books,
content, and dissertations along with academic papers in most databases, as shown in
Table 4. In addition to construction, literature of almost all fields, such as medicine and
chemistry, is searched by keywords. Additionally, it is confirmed that the search works
even if there is a rebar or work in the name. Therefore, searching and reviewing all relevant
literature in Google Scholar is an inefficient approach. Since the minimum cutting waste
of rebars to be dealt with in this review article is a very specific topic, most of literature is
searched in databases such as ScienceDirect, WoS, and ASCE Library. However, Google
Scholar was used to search for books, magazines, and documents such as dissertations,
which are not well searched for in databases such as WoS and ASCE, and when original
text could be downloaded from these databases.

Table 4. Search by keyword in literature database (as of 1 December 2020).

Literature Database
Literature Keywords

Rebar Work Rebar Optimization Rebar Cutting Waste Rebar Cutting Waste Optimization

Google Scholar 79,100 16,000 14,000 4410
ScienceDirect 9041 3191 409 211
Springer Link 4292 672 384 88
ASCE Library 3896 962 233 73

Willey Online Library 2796 776 265 116
Taylor and Francis Online 2002 628 176 60

Scopus 892 163 13 9
Web of Science 572 89 10 6

As shown in Table 4, a search for literature was performed on Google Scholar, Sci-
enceDirect, Springer Link, and ASCE Library. It has been confirmed through the literature
search process that the number of literatures searched for varies depending on the char-
acteristics of each database. For example, topics such as rebar cutting waste correspond
to construction engineering; therefore, literature is frequently searched for in databases
of engineering fields. In particular, the ASCE Library is a database dedicated to the con-
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struction field; hence, many literatures related to this review paper have been searched
for. When searching the literature with a keyword of rebar work, which includes all rebar-
related work, many articles are retrieved as shown in Table 4. However, many literatures
include corrosion of rebar, rebar tying tool, rebar cutting and bending machine, and rebar
work schedule, and are not related to CWM. When search range is narrowed to rebar
optimization and rebar cutting waste, the number of records is reduced dramatically. For
reference, rebar optimization is the general word of rebar minimization, and rebar cutting
waste literally means the waste remaining after cutting the rebar. Finally, in most databases,
searching with rebar cutting waste optimization that has the same definition as CWM
results in fewer records. In the case of Scopus and WoS, it is reduced to 9 and 6 records,
respectively, but all records are valid. In other databases, many records are identified as
RC design optimization.

Based on literature searched for on 1 December 2020, 1811 records were finally identi-
fied, as shown in Figure 1, excluding duplicated literature or literature not related to the
subject of this study. Among them, duplicated 384 records were screened and 638 and
386 records that were not relevant to the rebar cutting work and rebar cutting optimization
were excluded, respectively, to finally select 403 full-text articles. Then, 351 literatures
related to design optimization of the RC components or frames were excluded. The reason
is that design optimization of RC corresponds to pre-processing research of rebars optimiza-
tion, while CWM of rebars covered in this study corresponds to post-processing research.
As a result of reviewing some of the literature [50–81] related to design optimizations of
rebars, it was confirmed that they are related to design optimization of RC components
such as slab [50–57], beam [58–61], column [62–65], foundation [64], and wall [66–68],
and design optimization of RC frames such as bridges [69–71] and building [72]. In addi-
tion, many studies related to design optimization have been well-organized in the review
article [37].

Figure 1. Flow diagram of the literature review and the analysis process. Source: authors’ research re-
sults.



Sustainability 2021, 13, 5929 6 of 21

2.4. Descriptive Analysis

Studies in the field of construction project management vary widely, including time,
cost, quality, and safety. In the Project Management Body of Knowledge, there are 13 knowl-
edge areas [82], and there is countless management research connected with engineering
technology, and post-processing research such as minimum cutting wastes of rebars is a
very narrow and special topic. Therefore, it is confirmed that there are not many articles
directly dealing with this topic. As shown in Table 5, 37 articles were published in the
journal [3,4,6,8–12,63,83–110] and 11 articles were published in peer reviewed conference
publication [7,55,62,71,111–117]. The rest have three dissertations [5,118,119] and one book
chapter [120].

Table 5. Number of literatures by publication type.

Publication Type Number of Literatures Percent

Journal 37 71.2%
Proceedings 11 21.1%
Dissertation 3 5.8%
Book chapter 1 1.9%

Total 52 100.0%
Source: authors’ research results.

When examining papers published in internationally certified SCI or SCIE journals,
as shown in Table 6, the biggest number of papers, seven, were published in Journal of
Construction Engineering and Management (JCEM) [6,84,87,95,97,101,102]. As of 2019, Journal
Impact Factor (JIF) of JCEM is not as high as 2.347, but it is one of the most popular ASCE
journals. In addition, two papers were published in Automation in Construction [63,94,105],
and Journal of Computing in Civil Engineering [86,103], and one was published each in
the remaining journals. It is notable that each paper was also published in high JIF
journals, such as the International Journal of Engineering Science [85], Computer-Aided Civil and
Infrastructure Engineering [110], and the Journal of Advanced Research [100]. It is assumed as
such because the problem of minimizing the rebar cutting waste is important and difficult.
Construction Management and Economics is not an SCI journal classified by JCR but was
included in the list because it is internationally popular [99].

Table 6. List of the most popular journals.

Journal Title Papers Published Year JIF 2019

Journal of Construction Engineering and Management 7 1993, 1994, 1996, 2000 (2 papers), 2007, and 2012 2.347
Automation in Construction 3 1995, 2019, and 2021 5.669

Journal of Computing in Civil Engineering 2 1995, 2013 2.979
International Journal of Engineering Science 1 2016 9.219

Computer-Aided Civil and Infrastructure Engineering 1 2014 8.552
Journal of Advanced Research 1 2016 6.992

Construction and Building Materials 1 2018 4.419
International Journal of Computer-Integrated

Manufacturing 1 1998 2.861

Sustainability 1 2020 2.576
KSCE Journal of Civil Engineering 1 2014 1.515

Canadian Journal of Civil Engineering 1 2004 0.985
Construction Management and Economics 1 2014 -

Others 16 - -

Sum 37

Source: authors’ research results.
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Table 7 shows 37 articles that are classified by countries based on lead authors. Accord-
ing to Table 7, Korea has the largest number of publications, which is 16 articles, followed by
Canada with 5, Israel with 4, and Turkey with 3; 5 countries, including Bangladesh, pub-
lished 2 papers each. Eight countries, including Albania, published 1 paper each. In Korea,
the number of rebars per unit area of RC structure has more than doubled due to the
strengthening of seismic design standards in 1988 [121], the strengthening of noise stan-
dards between floors in 2000 [122], and the rapid increase in the number of high-rise
buildings over 20 stories. Therefore, by continuously conducting studies on rebars design
optimization and CWM of RC structures since 1999, the reduction in the use amount of
rebar was confirmed.

Table 7. Number of literatures by country.

Country Number of Articles Remarks

Korea 16
USA 6

Canada 5
Israel 4

Turkey 3

Bangladesh, India, UK, Taiwan, and Thailand 2 Five countries presented 2 papers each
Albania, Australia, Ethiopia, Germany, Iraq,

Malaysia, Spain, and Ukraine 1 Eight countries presented 1 paper each

Total 37

Source: authors’ research results.

Figure 2 shows the number of articles published by year. One or two articles were
published every year until 2004, but after 2012, the number of articles increased until 2016
with the development of various techniques, including computer-aided design (CAD) and
building information models (BIM). It is confirmed that the number of articles dropped
sharply to one in 2017 and increased again. In the past, cutting wastes were approached
from an economic perspective; however, recently, research has been conducted from a
sustainable construction perspective.

Figure 2. Number of published articles by year (Source: research results).

3. Review Results and Discussion
3.1. Selection of the Papers

As shown in Figure 1, the number of literatures corresponding to rebar cutting opti-
mization through the identification, screening, and eligibility process was a total of 403,
and 52 literatures related to RC design optimization were selected, excluding 351 literatures
that fall under the category of pre-processing research of rebar optimization. They ad-
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dress the problems of rebars cutting waste, corresponding to post-processing research of
rebars optimization after RC design. These literatures will be reviewed by factors such
as application of optimization techniques and graphic solutions for CWM, range of rebar
work process, consideration of lap space position, reflection of length in a special order,
consideration of bending margin, and consideration of schedule. The review of selected
literature will not only measure characteristics and trends of the research for CWM of
rebars but also present a direction of future research. In addition to the selected literature,
there is rebar modeling [123], using BIM solutions for optimized rebar work, and software
that creates rebar details using the information generated after the structural design [124].
However, these were excluded in this paper as they are articles written for the promotion
of commercial software and are not described mainly on CWM.

3.2. Identification of Cutting Waste Minimization-Related Factors

One-dimensional CSP has been studied not only in rebars but also in all areas of
cutting linear stock material such as pipe and timber. Since the publication of Kan-
torovich’s article [17], many articles have been published in various fields related to
CSP [8,125–148]. In the case of rebar, research has been vigorously conducted after 1991
with the development of computer science, since it was first introduced as an example
of CSP by Kantorovich [3]. This is mainly because the need for CSP in the construction
field to build a single building on site was not highlighted much, unlike general manufac-
turing, which mass-produces large quantities of the same or similar products in factories.
Moreover, it was not easy to develop algorithms to deal with varying variables, such as
length, diameter, number of required, and point of use of rebar, which are subject to CSP,
and algorithms to consider variables, such as bending margin, various market length, and
special length.

In this study, factors that influence the analysis of attributes of the literature should be
identified for quantitative and quantitative analysis of the final selected literature. The fol-
lowing is a summary of the variables identified during screening and eligibility assessment
of full-text articles related to rebar optimization along with the authors’ research experience.

• Applied optimization techniques: integer programming (IP), linear programming
(LP), genetic algorithm (GA), simulated annealing (SA), binary search algorithm (BSA),
heuristic algorithm (HA), and harmony search (HS) algorithm.

• Rebar work process: preparation of a drawing, quantity take-off, rebar production
such as cutting and bending, and in-site rebar placement.

In addition, literature can be reviewed by lap splice position (LSP), use of special
length (SpL) or stock length (StL) rebars, and schedule.

3.3. Results of Quantitative and Qualitative Review
3.3.1. Description by Optimization Techniques

Table 8 summarizes the optimization techniques adopted by the literature selected
for rebar’s CWM. Afzal et al. [37] introduces the definitions, advantages, disadvantages,
and application cases of various algorithms in the study of RC structural design optimiza-
tion. However, the problem of rebar cutting waste is relatively limited in the scope of study
compared to RC design, so the literature is summarized by seven optimization techniques,
as shown in Table 8. The advantages and disadvantages associated with rebar CWM are
described by optimization techniques, and the classification of literature that adopted these
techniques is presented in Table 8.
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Table 8. Summary of the adopted optimization techniques.

Optimization Techniques Advantage Disadvantage References

Linear programming (LP)
Flexibility to be paired up with

other approximation to
improve convergence

Slower in finding
special-length-priority or

waste-rate-priority solutions
under multiple search conditions

[3–5,7,9,12,63,86,93,96,109,114]

Integer programming (IP) Rapid generation of solutions
under limited search conditions

Difficulty in search of solutions
under complex conditions or in
search of float number solutions

[7,12,63,100,101,104–106]

Genetic algorithm (GA)

Simplicity in programming, proof
in finding the global optimum,
applicable to diverse problem

domains, computing performance,
and diversity of solutions

Time consuming for formulating a
CSP problem under complex

combination conditions
[8,11,71,83,101,113,118]

Binary search algorithm (BSA)
Quick search for rebars of a
specific length to be used

in combination

Long CPU run-time for global
search as the increase of rebar

combination conditions
[10,116]

Simulated annealing (SA)

Use for combinatorial
optimization problems in a
discrete search space and

simplicity in implementation

Large computing time and cost if
boundary conditions are

not provided
[6]

Heuristic algorithm (HA) Low computing cost to obtain
near-zero cutting waste solution

Large computing time and cost to
obtain an optimized solution for

all conditions
[62]

Harmony search (HS)

Easy to build and fast
convergence for the optimal

solution in a reasonable amount
of computational time

Randomness, instability, and
uncertainty of search direction [117]

Source: authors’ research results.

In the case of LP, it has an advantage in terms of flexibility to be paired up with other
approximations to improve convergence, but there is a disadvantage in terms of being
slower in finding special-length-priority or waste-rate-priority solutions under multiple
search conditions. In studies of rebar’s CWM, 12 articles were selected as optimization tech-
niques [3–5,7,9,12,63,86,93,96,109,114]. The reason for this is that CSP or CWM problems
have been adopted most often in modeling and have become more common.

Integral programming (IP) has the advantage of quickly generating solutions under
limited search conditions, while many search conditions or requiring a float number
solution are challenging. In rebar’s CWM study, the second largest number of research
articles is adopted in eight research articles [7,12,63,100,101,104–106], despite the fact that
it takes considerable time to formulate the problem [101]. IP is one of the long-standing
optimization techniques used as one-dimensional cutting stock problems like LP and is
said to be the most common in modeling CWM problems.

GA has advantages such as simplicity in programming, proof in finding the global
optimum, applicability to diverse problem domains, computational performance, and
diversity of solutions, but it also has disadvantages such as being time consuming for for-
mulating a CSP problem under complex combination conditions. As a result of reviewing
the literature, seven articles have started to adopt GA since 2004 [8,11,71,83,101,113,118],
and most of them have adopted LPs and IPs before. Salem, Shahin, and Khalifa [101]
conducted a study comparing CWM using GA and IP models and then verified that GA
further reduces the cutting waste of the rebar through a case study. Computational time
of GA models is practical for everyday use and, in some cases, the GA model was able to
lump the wastes in bigger lengths, thus achieving more savings.

Binary search algorithm (BSA) has an advantage in terms of providing quick-iterated
local search for rebars of a specific length to be used in combination but has a disadvantage
of long CPU run-time for global search as the increase of rebar combination conditions.
BSA has the advantage of quickly performing iterated local search, so the CWM problem
should be divided according to the supply schedule of rebars. In this case, there is a
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problem that the CWM effect is not greater than global search. BSA has been confirmed to
have been adopted by two articles, as shown in Table 8 [10,116].

SA has advantages such as use for combinatorial optimization problems in a dis-
crete search space and simplicity in implementation, while it has disadvantages of large
computing time and cost if not providing boundary conditions. Porwal and Hewage
asked “which conditions are more suitable?” when LP, IP, GA, BSA, sequential heuristic
procedure, and SA are applied to a combination of rebar cutting patterns [6], and Porwal
and Hewage proposed integration with BIM and combination with special-ordered length,
available market lengths, and SpL of rebars by SA. In addition, the case study suggested
that SA models are successful in complex combinatorial optimization programs through
controlled randomization.

Heuristic algorithms are algorithms that solve problems in a more efficient way than
conventional methods at the expense of optimality, completeness, and accuracy to obtain
rapid solutions. Heuristic algorithms are expensive for accurate calculations and are
frequently used if approximate solutions are sufficient. Bekdas and Nigdeli [62] optimized
RC columns using a metaheuristic algorithm, called a bat algorithm.

HS is a metaheuristic search algorithm that tries to mimic the improvisation pro-
cess of musicians in finding a pleasing harmony [149,150]. Although HS algorithm has
better global optimization capability, its disadvantages are randomness and instability.
Nonetheless, search direction of the algorithm is uncertain [150], and HS requires higher
number of iterations [37]. HS was applied to optimize costs of materials, including concrete
and rebars, by implementing design variables such as width and height of RC column,
including diameters and number of reinforcements, and loading condition variables are
implemented as harmony vectors [117].

HA is divided into local search-based metaheuristic algorithms, such as SA, and global
search-based metaheuristic algorithms, such as GA and HS, to find better solutions. There-
fore, HA or SA is more efficient if the target of rebar CWM is a local-search-based problem,
and GA or HS is more effective if the target is a global-search-based problem.

Reference numbers written in Table 8 indicate that the corresponding optimization
techniques are used in combination, for example, references [7,12,63], used a combination
of IP and LP, and reference [101], performed rebar CWM using IP and GA.

3.3.2. Description by Rebar Work Process

Rebar work process consists of structural design, drawing work, quantity take-off
(QTO), rebar production, and rebar placement. The literature related to structural design
optimization of the RC component or frame has been sufficiently reviewed in other articles,
and this paper reviews the literature that performed post-processing CWM from draw-
ing creation to rebar placement. Table 9 shows literature review by rebar work process.
Strategies to reduce rebar cutting waste are effective only when implemented from the
drawing work stage. Accordingly, the top 20 literature, as shown in Table 9 references,
suggested reducing cutting wastes in conjunction with drawings, and some literature
included a mathematical algorithm that automatically writes rebar drawings using CWM
algorithm [6,84,91,105,108,111].
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Table 9. Summary by rebar work process.

Work Stage Contents References

Drawing work

Using the information provided in the
drawing, rebar CWM-related tasks are

performed. Alternatively, a rebar drawing is
created by applying CWM algorithm.

[3,6,55,84,86–
89,91,95,97,98,103,105,108,110,111,114,119,120]

Quantity take-off Rebar CWM algorithm is connected to the
QTO task and progress. [3,5,6,85–87,90,91,98,103,107,108,111,113,115,116]

Rebar production
After completing the bar bending schedule,
the work is performed to combine cutting

patterns using CWM algorithm.
[6,8,87,88,91,92,94–96,99,107,111,112,116]

Rebar placement

For CWM, the cutting wastes are reduced by
adjusting the lap splice position or length of

the rebars in the range of satisfying the
structural code.

[84,85,89,97,98,102,103,105,110,112,118,120]

Unlike ordinary materials, quite many variables should be considered in the case of the
exact QTO work of rebars. It is a complex task that should reflect the size of stock material,
concrete cover, and lap splice length, as well as variables not shown in the drawing, such as
bending margin. Thus, studies have been conducted to develop algorithms to automate
QTO in several studies [3,6,90,91,107,108,115], where variables such as the length and
number of rebars applied could be directly utilized for rebar CWM algorithm. Thus,
the second largest number of articles, as shown in Table 8, for reducing rebar cutting waste
at the QTO stage is 16.

CWM algorithm has been widely applied to rebar production stages, including cutting
and bending [6,8,87,88,91,92,94–96,99,107,111,112,116]. This is because the bar-bending
schedule is prepared first before supplying rebars to the site, the cutting list is prepared,
and the bar combination is performed by cutting patterns using the list. Several studies have
indicated that the cutting wastes of rebars start from the purchase order stage [6,90,91,104].
This is because ordering by market length without analysis of optimal cutting patterns is a
major factor in increasing cutting waste.

As for the study on reducing cutting waste in rebar replacement, 12 articles were
published, as shown in Table 9 references. In the rebar placement stage, studies are
divided into two—one is to prevent loss or waste caused by a mismatch in field installation
after cutting, bending, and fabrication of rebars [84,89,97,105,112,118], and the other is to
perform a detailing design and installation planning as an optimization method considering
the productivity of the rebar placement [2,10].

The reference numbers written multiple times in Table 9 indicate that the correspond-
ing article was performed on several stages of rebar works. For example, references [98]
and [103] were performed for drawing work, QTO, and rebars placement stages, and refer-
ences [84,89,97,105,110,120] were performed for drawing work and rebars placement stages.

3.3.3. Description by Other Factors

Because the location, size, and structural performance of RC components such as
column, beam, foundation, slab, and wall are different, the length of the rebar generated
after structural design is very diverse. Since rebar has the characteristic of being repeat-
edly installed, if the rebar is determined to have a certain length after structural design,
the cutting patterns appear simple and the effect of CWM is also significant. LSP should be
partially adjusted to satisfy the structural design codes to arrange the length of rebar in RC
components constant. Several studies, as shown in Table 10, have revealed that the effect
of CWM is significant when LSP was adjusted [6,7,12,86,105,108,112,119].
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Table 10. Summary by other factors.

Factor Contents References

LSP Adjusting lap splice position to satisfy structural code to
make the length of rebars used for cutting patterns constant [6,7,12,86,105,108,112,119]

StL Performing CWM on rebar in stock or market length [3,4,6,9–11,86,90,104,105]

SpL Performing CWM on rebars with special ordered length [3,4,6,10,90]

As shown in Table 10, 10 rebar CWM-related articles are described for rebars of stock
length (StL) or market length. This is because the CSP study on the optimization of the
material of one-dimensional stock length stored in the factory is the beginning of rebar
CWM. In particular, in the case of factory production, materials sold at a fixed length in
the market are stored, and the combination of cutting pattern optimization is performed
for mass production. However, in the case of a construction project, various lengths and
number of rebars must be combined, so it is difficult to reduce cutting wastes using stock
length. Therefore, rebar combination is needed by SpL [3,4,6,10,90].

The use of SpL can further reduce cutting wastes, in contrast to the use of StL [3,6,10].
However, the minimum quantity and pre-order time must be satisfied to order rebars with
SpL. The length of rebars should be adjusted so that it is combined with SpL. Eventually,
additional algorithms should be developed to adjust LSPs easily and quickly. The references
in Table 10 are written several times, because the corresponding articles considered multiple
factors for CWM. For example, Porwal and Hewage [6] incorporated StL and SpL as well
as LSP into the study for CWM.

3.4. Discussion

If near-zero cutting waste of rebar, one of the most ECO2 generating resources in
construction materials, is realized, environment-friendly sustainable construction is imple-
mented and the waste of high-cost resources is prevented. The results of SLR analysis on
studies that attempted to reduce rebar cutting wastes showed that there were relatively
many design optimizations of RC literature corresponding to pre-processing research,
while the rebar CWM-related literature corresponding to post-processing research was
52 articles. The results of systematic critical review on CWM of rebar are summarized
as follows:

• Applied optimization techniques: LP, IP, and GA were the most frequently adopted
27 articles, 84.4% of the total, and the remaining BSA, SA, HA, and HS were selected
in 5 articles. Initially, optimization algorithms were adopted based on LP and IP,
but recently, the adoption of HS and GA has been confirmed to increase. This is
because HS and GA, which are operated based on expertise, can perform the task of
realigning reinforcing bars with special lengths more easily and faster than mathemati-
cal algorithms. HS and GA can realign rebars that are repeatedly installed with special
lengths more efficiently than IP, LP, and BSA, while satisfying structural requirements.

• Rebar work process: CWM studies have been conducted in many literatures link-
ing four stages of work processes such as drawing work, QTO, rebar production,
and rebar placement. The reason is that rebar CWM is linked to all four stages from
drawing work to rebar placement. In addition, since the importance of information is
determined according to the order of the rebar work process, it was confirmed that
20 papers, 16 papers, 14 papers, and 12 papers were associated with each work stage.
In consideration of the characteristics that the initial information affects the informa-
tion generated later, it was confirmed that performing CWM in the drawing work
stage is most effective. If CWM is performed in the drawing work stage, the results
are sequentially reflected in the QTO, rebar production, and rebar placement stages to
minimize cutting wastes.

• Other factors: partially adjusted LSPs, while satisfying structural design codes, ex-
pect the related research to increase [12], due to the large effectiveness of CWM.
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Although there have been many CWM studies on StL so far, it has been confirmed
that the research focusing on SpL will be expanded in the future.

In general, rebars are sold as linear rods in the market. Therefore, most studies on
minimum cutting waste have focused on algorithms to solve one-dimensional cutting stock
problems because contractors purchase, cut, and bend them. With the development of
software and hardware solutions for engineering programs, techniques such as GA, BIM,
AR, VR, and integrated project delivery have been added. It is assumed that there is a
fundamental problem that the cutting waste rate is not yet reduced to near-zero despite
those studies.

In this study, we have confirmed that cutting wastes can be significantly reduced in the
following two cases. First, the use of coiled rebars can reduce cutting wastes to near-zero.
The coiled rebar, which has been used since the 1990s, automatically performs rebar cutting
and bending by machine. Initially, coiled rebars with a diameter of 10 mm to 16 mm
were processed, but recently, coiled rebars with a diameter of 50 mm are automatically cut
and bent by machine [151]. Global near-zero cutting waste can be achieved if machines
are available that automatically perform straightening, cutting, and bending after coiled
rebars are produced and supplied in all countries. However, not many countries have
an industrial structure that satisfies such a supply chain. Except for some countries in
Europe and North America, most countries do not yet supply coiled rebars. Therefore,
CWM research should be continued until the rebar supply chain is globally established.

Second, if mechanical rebar couplers are used, steel quantities are reduced compared
to lap spaces and ECO2 is also reduced proportionally. This study summarizes the compar-
isons between lap splices and mechanical couplers, as shown in Table 11. Lapping length
and weight are different from high-tensile deformed bars 10 mm (D10) to 32 mm (D32)
in diameter. The weight of couplers of each diameter is different, but the overall effect of
reducing ECO2 is significant when couplers are used. In the small case of D10, a weight
of 0.166 kg/EA and an ECO2 difference of 0.145 kg-ECO2/EA are generated. In the large
case of D32, a weight of 14.237 kg/EA and an ECO2 difference of 12.415 kg-ECO2/EA are
generated, respectively. In particular, with mechanical rebar couplers, ECO2 reduction
effect can be achieved from at least 84.7% to up to 96.4% compared to splice lap.

Table 11. ECO2 comparison between splice lap and coupler.

Size Building
Element

Unit
Weight
(KG/M)

Splice
Length
(M/EA)

Splice
Weight

(KG/EA)

Coupler
Weight

(KG/EA)

Weight
Difference
(KG/EA)

ECO2
Difference

(kg-ECO2/EA)

Reduction
Rate
(%)

D10 Wall 0.560 0.350 0.196 0.030 0.166 0.145 84.7
D13 Wall 0.995 0.450 0.448 0.042 0.406 0.354 90.6
D16 Wall 1.560 0.660 1.030 0.060 0.970 0.845 94.2
D19 Wall 2.250 0.730 1.643 0.109 1.534 1.337 93.4
D22 Column 3.040 1.450 4.408 0.160 4.248 3.704 96.4
D25 Column 3.980 1.650 6.567 0.260 6.307 5.500 96.0
D29 Column 5.040 2.150 10.836 0.390 10.446 9.109 96.4
D32 Column 6.230 2.370 14.765 0.528 14.237 12.415 96.4

Source: authors’ research results.

However, when comparing the cost of rebar splice and mechanical couplers, couplers
cost is higher up to D25, as shown in Table 12, but couplers are cheaper in rebars of above
D29. For reference, splice cost is calculated by multiplying rebar cost per ton and splice
weight, and rebar cost includes material, shop drawing work, cutting and bending, and
installation cost. RC structures use various diameters of rebars. As shown in Table 11,
mechanical couplers for all sizes of rebar are more advantageous for ECO2 reduction than
splice laps. However, as shown in Table 12, the cost of rebar couplers from D10 to D25 is
more expensive than lap splice. However, the analysis results in Tables 11 and 12 may be
different in each country because the types of mechanical couplers are diverse in shape
and the rebar work cost is different. In Korea, the use of a mechanical coupler for rebars
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with D25 mm or larger in diameter has little cost reduction effect, but it has been confirmed
that the ECO2 reduction effect is remarkable. In the U.S., despite the fact that mechanical
butt splices provide a variety of benefits, it is realized that the cost is still higher than lap
splices [152]. If carbon tax is applied, the cost benefit is generated as much as the ECO2
reduction in Table 11, and related research should be added.

Table 12. Cost comparison between splice lap and coupler.

Size Rebar Cost (USD/Ton) Splice Cost (USD/EA) Coupler Cost (USD/EA) Difference (USD/EA)

D10 930.36 0.18 4.46 −4.28
D13 921.43 0.41 4.91 −4.50
D16 934.82 0.96 5.36 −4.39
D19 934.82 1.54 5.80 −4.27
D22 934.82 4.12 6.25 −2.13
D25 934.82 6.14 6.70 −0.56
D29 934.82 10.13 7.14 2.99
D32 934.82 13.80 7.59 6.21

Exchange rate: 1120 Won/USD as of 25 February 2021, Bank of Korea. (Source: authors’ research results).

4. Conclusions

During this review research, several facts have been identified in addition to findings
identified from meta-analysis, as described in the Section 3. Various CWM algorithms
have been developed and have contributed to reducing cutting wastes. However, it was
confirmed that many algorithms have two principal problems to be applied in the field.
First, although some algorithms can theoretically implement CWM, it is difficult to apply
in practice when various site conditions are reflected. Second, some algorithms can reduce
cutting wastes of some or major RC components, such as columns, beams, and slabs,
but cannot reduce the cutting wastes of the entire structure of a project to near-zero.
A description of identified findings after literature review is as follows:

1. Although cutting wastes can be reduced using SpLs of rebars rather than market
lengths, many studies conducted optimization on market lengths to minimize cutting
wastes of some rebars, but near-zero cutting waste of the entire construction project
was difficult to realize. This phenomenon has been clearly identified on rebars with a
diameter of above D19.

2. To achieve near-zero cutting waste by SpL, research should be conducted (a) by
determining an SpL that meets the minimum order quantity conditions during RC
structure design, or (b) by finding a SpL that meets the minimum order quantity
conditions after structural design. In both cases, partial adjustment of LSPs requires
a specific length of rebars, and it has been confirmed to be more efficient to apply it
during RC structure design.

3. Considering the conditions such as different use schedules of combined rebar, com-
binations by special length, and minimum quantity for special order, CWM is not
a one-dimensional problem but an n-dimensional CSP. Therefore, it is difficult to
realize near-zero cutting waste with algorithms for existing one-dimensional cutting
stock problems.

4. It should be dealt with from a sustainable value chain management perspective be-
yond supply chain management. In particular, if research has been developed to (1)
optimization by cutting or combination pattern, (2) optimization of rebar informa-
tion generated after structural design results are drawn, and (3) optimization of the
amount of rebars in the structural design stage, in the future, structural design and
construction-integrated management should be developed. Structural design should
be used to combine special lengths rather than market lengths or stock lengths. This re-
quires GA-based near-zero cutting waste algorithms for developing and integrating
them into the RC design process.



Sustainability 2021, 13, 5929 15 of 21

Author Contributions: Conceptualization, K.K. and S.K.; methodology, S.K.; validation, K.K., D.K.,
and S.K.; formal analysis, K.K. and S.K.; investigation, K.K. and D.K.; resources, K.K. and D.K.;
data curation, K.K. and D.K.; writing—original draft preparation, K.K. and S.K.; writing—review
and editing, K.K. and S.K.; supervision, S.K.; project administration, S.K.; funding acquisition, S.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MOE) (No. 2017R1D1A1B04033761).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AR Augmented Reality
ASCE American Society of Civil Engineers
BIM Building Information Model
BSA Binary Search Algorithm
C25/30 Compressive Strength of Concrete in N/mm2 when Tested with Cylinder/Cube
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