o ege z
<@ sustainability ﬂw\p\py

Article

Special-Length-Priority Algorithm to Minimize
Reinforcing Bar-Cutting Waste for

Sustainable Construction

Dongho Lee, Seunghyun Son, Doyeong Kim and Sunkuk Kim *

Department of Architectural Engineering, Kyung Hee University, Yongin-si, Gyeonggi-do 17104, Korea;
DUL1212@khu.ac.kr (D.L.); seunghyun@khu.ac.kr (S.S.); dream1968@khu.ac.kr (D.K.)
* Correspondence: kimskuk@khu.ac.kr; Tel.: +82-31-201-2922

check for

Received: 30 June 2020; Accepted: 21 July 2020; Published: 23 July 2020 updates

Abstract: Reinforcing bars (rebar), which have the most embodied carbon dioxide (CO,) per unit
weight in built environments, generate a significant amount of cutting waste during the construction
phase. Excessive cutting waste not only increases the construction cost but also contributes to a
significant amount of CO, emissions. The objective of this paper is to propose a special-length-priority
cutting waste minimization (CWM) algorithm for rebar, for sustainable construction. In the proposed
algorithms, the minimization method by special and stock lengths was applied. The minimization by
special length was performed first, and then the combination by stock length was performed for the
remaining rebar. As a result of verifying the proposed algorithms through a case application, it was
confirmed that the quantity of rebar was reduced by 6.04% compared with the actual quantity used.
In the case building, a CO, emissions reduction of 406.6 ton-CO, and a cost savings of USD 119,306
were confirmed. When the results of this paper are applied in practice, they will be used as a tool for
sustainable construction management as well as for construction cost reduction.

Keywords: rebar work; cutting waste; minimization; sustainable construction; CO, emission; cutting
stock problem

1. Introduction

Building construction and operations accounted for 36% of global final energy use and nearly
40% of energy-related carbon dioxide (CO,) emissions in 2017 [1]. Concrete and reinforcing steel
contribute about 65% of building greenhouse gases (GHG), 40% of which are CO, emissions generated
by concrete [2]. Clark and Bradley described that the mean embodied carbon dioxide (ECO5) for
office buildings is 340 kg—COz/m2, of which the structure accounts for approximately 60% [3]. In their
research report, they suggest 95 kg-ECO,/ton for C25/30 concrete and 872 kg-ECO,/ton for reinforcing
bar (rebar). This suggests that reducing the ECO; in the structural frame directly produces a GHG
reduction. In addition, in terms of the carbon footprint, efforts to reduce the rebar, which has an ECO,
of about 9.2 times that of concrete per unit weight [4], are very important.

In general, rebar cutting waste is estimated in the planning stage to be 3-5% [5-8] but more than
5% occurs in the actual construction stage [5,7-13]. This is because there is a lack of optimization
technology on construction sites [14]. In order to solve this problem, many studies have been conducted
to minimize rebar cutting waste [5-25]. Most studies use a stock length called a standard, or market
length to make combinations that minimizes cutting waste [8-16,19-25]. In other words, they combine
the rebar indicated in the structural drawings using stock lengths held in the rebar shop or plant
in order to minimize cutting waste. If the rebar to be ordered by special length is used in the rebar
combinations, cutting waste can be further reduced [5,7,14,17]. Rebar combinations using special
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lengths and stock lengths can further reduce the cutting waste and CO, emissions. However, research
on the use of special lengths for cutting waste minimization (CWM) in the construction industry is
lacking. The study of Porwal and Hewage introduces the concept of special length combination [7],
but constraints for minimization by special length (MSpL) are not clearly described. In addition,
several studies have suggested the concept of MSpL but lack a detailed explanation of algorithm
operation [7,14,17]. Additionally, from the viewpoint of sustainable construction, the effect of reducing
CO;, emissions through minimization algorithms has not been suggested. Therefore, the objective of
this paper is to propose a special-length-priority CWM algorithm for rebar, for sustainable construction.

The study proceeds as shown in Figure 1. First, we describe the originality of this paper and the
lessons obtained after reviewing the references on CWM and the cutting stock problem (CSP). Then,
we introduce the CWM algorithms, the core content of this paper. We describe in detail the concept
of stock and special lengths, the CWM process and algorithms, and MSpL. Next, after applying the
proposed algorithms to the case project, we analyze the rebar savings details. In addition, we confirm
the CO, emission and cost reduction effects associated with the rebar quantity reduction. Finally,
we discuss the problems, lessons learned, and opportunities for further studies, and we describe the
results of this present study.

Literature review |<—~ CWM and CSP problems

'

Cutting waste minimization { CWM Process
(CWM) algorithms CWM algorithms

'

Verification of CWM Confirmation of CO, emission
algorithms and cost reduction effects

'

Discussion and Conclusion

Figure 1. Research process and methodology.
2. Literature Review of CWM Problems

Research on CWM began with a study to solve the CSP. The study of the CSP was first mentioned
by Kantorovich in 1939 and first published in Management Science in 1960 [26]. The problem consists of
determining the best way of cutting a set of large objects into smaller items [27]. In operations research,
the CSP is the problem to cut standard-sized pieces of stock material, such as rebar, paper rolls, or
sheet metal, into pieces of specified sizes while minimizing the material wasted [28]. Kantorovich
provides two examples in his paper to make the CSP easier to understand [26]. Since then, many
scholars have conducted research to obtain a solution to the CSP using linear programming [29-42],
genetic, or heuristic approaches [43-48].

In the case of rebar CWM, studies using linear programming and/or heuristic algorithms have been
conducted [5,7,8,10,12-17,19-25]. In most cases, however, research has been conducted to minimize
scrap or cutting waste using stock lengths, and the opportunity to further reduce cutting waste using
special lengths has been lost. From the previous studies [5,14], we have confirmed that MSpL reduces
cutting waste more than minimization by stock length (MStL). There have been several studies on
minimization by special length (MSpL) [5,7,14,17], but various conditions required in practice have not
been reflected in algorithms. Furthermore, the application process of MSpL reflecting these conditions
was not specifically introduced. In the case of MSpL, variables such as minimum order quantity, rebar
lengths for special order, minimum loss rate, and minimum and maximum combination length should
be considered in practice. However, in most studies, these conditions were not reflected or sufficiently
explained. In the paper of Porwal and Hewage [7], they proposed an algorithm for minimization by
market and special lengths using rebar data extracted from building information modeling (BIM).
However, detailed descriptions of constraints such as the rebar loss rate and minimum order quantity
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are not clearly described. In other papers [5,14,17], the MSpL concept was introduced, but detailed
application processes were not described in their manuscripts.

In this paper, we propose algorithms that perform minimization by stock length on the rebar that
is left after MSpL. However, since many scholars are familiar with MStL, MStL is first introduced, and
MSpL is discussed later in the manuscript.

3. Cutting Waste Minimization Algorithms

3.1. Definition of Stock and Special Lengths

Based on the examination of the studies to date, the CWM methods for rebar are largely divided
into two types. Minimization by stock length (MStL) [5,7,8,10,12-17,20-25] and MSpL [5,7,14,17]. In
these two methods, the target loss ratio and minimum quantity can be added as constraints [5,14,17].
Figure 2 is an example of combinations of stock lengths and special lengths. In the case of cutting
pattern 1 in Figure 2a, two reinforcing bars are combined using a stock length of 12 m, and 0.6 m of
cutting waste or loss occurs, which corresponds to a loss rate of 5%. In the case of cutting pattern i,
three reinforcing bars are combined and 0.3 m of cutting waste is generated, which corresponds to a
loss rate of 2.5%. If the special length of 11.7 m is used as shown in Figure 2b, in the same cases there is
0.3 m of cutting waste, a 2.6% loss rate, and a loss of zero, respectively. As shown in the examples,
when using special lengths, the cutting waste is generally reduced more than with stock lengths.

[cutting pattern 1] [cutting pattern 1]
rebar;: 4.9m rebar,: 6.5m. rebar;: 4.9m rebar,: 6.5m.
Demand length = 11.4m | 0.6m loss Demand length = 11.4m | 0.3m loss
| Stock length = 12m Vr : (5% loss) ) Stock length = 11.7m Vr : (2.6% loss)
Number of combined sets = 125 Number of combined sets = 125
. .
[cutting patterni] [cutting pattern ]
rebar;: 4.9m rebarg: 4.1m rebarg: 2.7m rebar;: 4.9m rebarg: 4.1m rebarg: 2.7m
Demand length = 11.7m | 0.3m loss ‘ Demand length = 11.7m Loss
Stock length = 12m | (2.5% loss) Special length = 11.7m R zero
Number of combined sets = 85 i Number of combined sets = 85 i
(a) (b)

Figure 2. Combination examples of stock and special lengths: (a) Combination cases of stock lengths;
(b) Combination cases of special lengths.

For reference, “special length” means the length determined by the customer’s order, not the
rebar length sold on the market. For example, stock or market length means the length determined by
the producer in regular interval values such as 9, 10, 11, and 12 m, whereas special length includes
irregular values such as 8.4, 9.7, and 10.1 m. Although there are differences by country, stock lengths of
7,8, and up to 12 m are common in many countries, and when ordering rebar with special lengths,
conditions for length, minimum quantity, and delivery time must be satisfied. In the case of Korea,
orders must be made in 0.1-m intervals with a minimum quantity of 50 tons and a delivery time of two
months or more. For example, rebar with a diameter of 25 mm and a length of 8.4 m can be obtained
by special order in a quantity of 60 tons and a delivery time of two months.

3.2. Cutting Waste Minimization Process

As mentioned earlier, rebar combination by special length provides an opportunity to reduce
cutting waste or trim loss more than by stock length. Therefore, unlike the previous studies, which
performed CWM by stock length only, the CWM algorithms proposed in this paper perform an MStL
on the rebar that is left after performing an MSpL, as shown in Figure 3.
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| Read rebar cutting list |

|

Input minimization options |<—

| Do minimization by special length |

Change options?

| Loss and CO, emission analysis |

Figure 3. Cutting waste minimization process.

Figure 3 is described briefly as follows: (1) Read the rebar cutting list from the BIM [7] or
computerized IPD system [17]; (2) Input options such as minimum and maximum lengths of rebar to
be ordered, target loss rate, and minimum rebar quantity to be combined; (3) Execute the MSpL that
satisfies the input options; (4) If the desired solution is not derived, decide whether to perform the
MSpL again after mitigating options or perform an MStL; (5) If the desired solution cannot be derived
from the MStL, decide whether to perform the optimization again by changing options. Otherwise,
the process is terminated after analyzing the cutting waste and CO, emissions.

3.3. Cutting Waste Minimization Algorithm

In general, CWM is performed for stock lengths using the objective function shown in Equation
(1) as introduced in several studies [5,14,17]. This is a mathematical formulation that minimizes
the difference between the length of the cutting pattern (/;) and the stock length (Lst;) obtained by
combining multiple rebars. In this case, the constraints of Equations (2) to (4) must be satisfied. For
reference, in Equation (2), /; corresponds to the demand length in Figure 2a, and r, 3, .., #; correspond
to rebary, rebar,, rebar,,. Equation (3) is not necessary if a single stock length is used, but it must be
satisfied if several stock lengths are used. In the case of construction sites, the conditions of Equation
(3) are generally valid because rebar of multiple market lengths can be purchased.

N
Minimize f(X;) = Zi*l (Lstin; — Lin;) / Lstin; (1)
Subject to l; < Lst;, I; = ri+ro+...+ 1, (2)
Lypin < Lst; < Liygx0 3)
<nmny; integer,i=1,2,..., N 4)

Here,

Lst; = Stock length of cutting pattern i (m)

I; = Length of cutting pattern i obtained by combining multiple rebars, demand lengths (m)
n; = Number of rebar combinations with the same cutting pattern i

r; = Length of combined rebar (m)

Lyin = Minimum length of rebar to be ordered (m)

Lyjax = Maximum length of rebar to be ordered (m).

So far, most rebar optimization studies in the construction sector have been conducted for
MStL. This is because materials such as rebar, structural steel, pipes, and timber are supplied by the
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manufacturer in market lengths. If the target loss rate is added as a constraint to the CWM, Equation
(5) should be used. In this case, the combination is executed only when the loss rate (¢) caused by the
cutting pattern is less than or equal to the target loss rate (&;). When MSpL is performed, the loss rate
can be further reduced but many algorithms have focused on MStL because of the complexity of the

optimization algorithms.
Lst; — ;
> — < > 5
Lst; — ot ®)

Here,

¢t = Target cutting waste or loss rate (%)
¢ = Cutting waste or loss rate (%).

3.4. Minimization by Special Length

The mathematical formulation of CWM by special length is described in Equations (7)—(11), which
is similar with previous studies [5,7,14]. Special lengths (Lsp;) that satisfy constraints such as the target
loss (scrap or waste) rate (&) and minimum quantity for special order (Qs,) must be searched. In this
case, the special length must be within the range of minimum (L,,;;,) and maximum (L) lengths
where special orders are possible.

N
Minimize f(X;) = Zi:l (Lspin; — lin;) / Lspin; (6)
Subjectto [; < Lsp;, l; = ri+r+...+ 14 7)
Liin < Lsp; < Ly, 8)
Lspi —1;

= — <
€ Loy = et, )
Qso < Qtotul/o (10)
<mn; integer,i=1,2, ..., N (11)

Here,

I; = Length of cutting pattern i obtained by combining multiple rebars, demand lengths (m)
Lsp; = Special length of cutting pattern i that satisfies the target loss rate (m)

Lyin = Minimum length of rebar to be ordered (m)

Lypax = Maximum length of rebar to be ordered (m)

n; = Number of rebar combinations with the same cutting pattern i

r; = Length of combined rebar (m)

¢ = Cutting waste or loss rate (%)

¢t = Target cutting waste or loss rate (%)

Qrotal = Total combined rebar quantity (ton)

Qso = Minimum rebar quantity to be special ordered (ton).

For example, in the case where the loss rate is less than 2%, the length is between 8 and 12 m
at intervals of 0.1 m, but the total quantity (Qy.,) of the same length that will be more than 50 tons
is searched. The MSpL that satisfies these conditions proceeds with the process shown in Figure 4.
The minimization process in that figure is described in pseudocode, as follows:

(1)  After the rebar cutting list is read, in which the number of reinforcing bars by diameter and length
is counted, it is sorted in descending order with length and number priority. This is for efficient
performance of the quantity—priority combination.

(2) Options such as the maximum (Lyq¢) and minimum (L,,;,, ) lengths of rebar to be ordered, target
loss rate (&;), and minimum rebar quantity (Qs,) to be special ordered are entered. If the target
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®)

4)

)

loss rate is not entered, the combination that satisfies the condition of Qs, with a special length
priority is executed by default.

The rebar combination (/;) that satisfies L,;;;, < Lsp; < Ly for rebar of the same diameter
is executed in descending order from the maximum length (L) of rebar to be ordered. If
(Lsp; — 1)/ Lsp; < ¢; is satisfied, the next combination (i = i + 1) is executed until the end of the
list after saving the result of combination, or the combination is performed until the loss rate
condition is satisfied. This is because executing the combination in descending order from the
maximum length is effective in performing the quantity—priority combination, as described in
step (1).

Next, the total quantity of combined rebar is calculated by Equation (12).

N
Qrotal = W Z iy Lspini (12)

here, w = unit weight of combined rebar per meter (ton/m).

If Qso < Qporar is not satisfied, MSpL is repeated while Lsp; is decreased by 0.1 m until Lsp; < Ly
is satisfied. If a solution that satisfies the constraints is not found in the process so far, it should be
decided whether to perform the minimization again after alleviating the combination conditions.
Otherwise, MStL must be subsequently performed.

| Read rebar cutting list |
|

| Input minimization options [

EEEET
v
Combine rebars |47

Confirm the quantity by
special length

Do minimization by stock
length

Figure 4. Minimization process by special length.

If Qso < Qpotar is satisfied, the quantity of special length is determined and MStL is executed for

the remaining rebar. As all of the rebar is not combined by special length, minimization is performed
with stock lengths for the remaining ones.

4. Verification of CWM Algorithms

4.1. Brief Description of the Case Project

The effectiveness of CWM algorithms by stock and special lengths described so far should be

verified through case application. To this end, the case project shown in Table 1 was selected in this
study. This is a commercial building project constructed in Seoul, Korea, with a total floor area of
66,644 m2, three basement levels, and 20 floors above ground. The site area of the case project is not
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large enough for rebar work on site. Moreover, considering the quality, time, and safety, the rebar was
supplied from the plant.

Table 1. Description of the case project.

Description Contents
Location Seoul, Korea
Site area 8832 m?2
Building area 3970 m?2
Total floor area 66,644 m?
No. of floors B3 to F20

Basement: SRC

Structure Superstructure: RC

Reviewing the structure of the case building, the underground structure is steel reinforced concrete
(SRC) and the superstructure is reinforced concrete (RC). In addition, the first and second floors are
designed as a column-and-beam structure, and as shown in Figure 5, from the 3rd floor to the 20th
floor, it is designed as a flat slab structure. That is, the case building includes three types of structures.
For effective verification of the proposed CWM algorithms, as shown in Figure 5, the case application
is performed on the flat slab structure from the 3rd floor to the 20th floor, which is the largest part of
the building.
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Panel”

Figure 5. Structural frame of the case building.

The flat slab structure of the case project is composed of columns, slabs, and drop panels. Therefore,
as shown in Figures 5 and 6, the top of each column is reinforced by drop panels. Figure 6a is the
sectional detail of the drop panel that is most frequently applied to the case structure, and below the
drop panel, 11-D16s are reinforced at 300-mm intervals as shown in Figure 6b. In the case of the slab
part, D13 is installed at 300-mm intervals in both directions on the upper and lower sides as shown in
Figure 6¢. Furthermore, at the top of the drop panel, D16 is additionally reinforced at 300-mm intervals
over the width of the column strip. As shown in Figure 6a, the slab thickness is 250 mm, and the drop
panel thickness is 450 mm (200 mm thicker than the slab). For reference, the cross-section of deformed
bars is variously marked in many countries as Y, H, D, etc. In the case of this paper, it is denoted by D
(Deformed bar), which is commonly used in Korea.
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DI3@300
(bars in both ways at the
top and bottom of slab)
D16@300
[ (bars added in both ways at
the slab section of drop panel)
DI16@300 ¢
(bars added in both ways at
D16@300 the bottom of drop panel) &~

D13@300 (bars added in both ways at y

(bars in both ways at the top the slab section ofdropypanel) v

& bottom of slab) ] DI13@300

(bars in both ways at the top
and bottom of sjab)
d =4 i=3 § < S
A‘!!["""';'!K'("“"]!! A & 8 o
-
R4 L ———— ) S ——— | '§
D16@300
| (bars added in both ways at the v
bottom of drop panel) —
3.000 | -
[ | | 3,000

3,000
(a) (b) (©)
Figure 6. Detail of drop panel reinforcement: (a) Sectional detail of drop panel; (b) Section A-A; (c)
Detail at the slab part of drop panel.

For the columns of the case project, as shown in Figures 5 and 7, all of them, including C3, have
four sections with different reinforcements, such as 900 x 1200, 800 x 1000, and 600 x 1000, from F3
to F20. This is because the design was optimized according to the change in the load condition of
each floor. As shown in Figure 7, the main bars are designed to have 26, 16, and 14 deformed bars
with a diameter of 25 mm, gradually decreasing in number. Additionally, the sizes and combinations
of tie bars and hoops designed for buckling vary from 5-D10 at F3 to F10, to 2-D10 at F14 to F20, as
shown in Figure 7. For reference, the 5-D10 tie bars and hoops consist of five deformed tie bars and one
hoop with a diameter of 10 mm. The columns shown in Figures 5 and 7 are connected by mechanical
couplers, so there is no splice lapping. Therefore, according to the cross-sectional change, the rebar
that is installed continuously in the upper and lower columns is connected by couplers, but the rest of
it is anchored to the upper column. The case building has less rebar than the structure size because, in
order to reduce the cross-sections of the structural members, super-high-tensile deformed (SHD) bars
with a yield strength of 500 MPa were used for D10 and D13, and ultra-high-tensile deformed (UHD)
bars with a yield strength of 600 MPa were used for D16, D19, and D25.

Floor F3toF8 F9to F10 Fll toF13 F14 to F20
900
450 450 800 500 600
400 , 400 400 , 400 300 300
- . ) i . g A L » =
Coh{mn 2 3 " : <3 -
section & 2 A 3
S 8 8 =3
E = F 112 &
(=3
% - o § r 1 b § 44— _8’ i: 41 J
ar il .- . o s o s o o o -
5-D10 Tie Bar — 5-D10 Tie Bar — 4-D10 Tie Bar — 2-D10 Tie Bar —
Main bars 26-D25 26-D25 16-D25 14-D25
Mid D10@250 D10@250 D10@250 D10@250
Hoop
End D10@200 D10@200 D10@200 D10@200

Figure 7. Rebar details of column C3.
4.2. Application of CWM Algorithms

In this study, for the verification of the proposed algorithm, rebar combinations were performed
on structural frames from F3 to F20. The rebar cutting list generated from the bar-bending schedule was
used for rebar information. At the case site, various diameters of rebar were used. For example, in the
case of the column in Figure 7, 25-mm-diameter rebar was used for the main bar, and 10-mm-diameter
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rebar was used for the hoop. Tables 2 and 3 show the combination results of the CWM algorithms for
the main bars of all of the columns.

Table 2. Combination report for special lengths of 25-mm diameter rebar.

Combination Report for Special Lengths

Diameter (mm) = 25 Reference files = proj101_bcl.dat
Combination Min. length (m) = 6.0 Max. length = 10.0
conditions Min. weight (ton) = 50 Max. loss rate (%) = 3.0
Cutting No. of  Combined Order . . Order Weight ~ Loss Rate
Pattern rebars  Length (m) Length (m) Combined Weight (ton) (ton) (%)
S1 6121 7400 7400 176.20 176.20 0.00
52 1196 9200 9200 42.80 42.80 0.00
S3 526 8.530 9200 17.45 18.82 7.85
Sum 236.45 237.82 0.58

Table 3. Combination report for stock lengths of 25-mm-diameter rebar.

Combination Report for Stock Lengths

Diameter (mm) = 25 Reference files = proj101_bcl.dat
. . Min. length (m) = 6.0 Max. length = 10.0
Combination conditions Min. weight (ton) = Max. loss (%) = 3.0
Cutting No. of Combined Stock . . Stock Weight ~ Loss Rate
Pattern Rebars Length (m) Length (m) Combined Weight (ton) (ton) (%)
N1 48 8.860 9.000 1.65 1.68 1.58
Sum 1.65 1.68 1.58

Table 2 shows the results of minimization by MSpL according to Equations (6) to (11), and the
final loss rate, i.e., cutting waste rate, was calculated to be 0.58%. A detailed description of Table 2
is as follows: (a) Combination is performed on the 25-mm rebar in the bar-cutting list file named
“proj101_bcl.dat”: (b) The minimum quantity of special length is 50 tons after combination for rebar
with a minimum length of 6.0 m and a maximum length of 10.0 m, and the maximum loss rate is not
specified as 3.0%; (c) Cutting pattern S1 has the same combined and order lengths of 7.4 m, so the loss
rate is zero for the order quantity of 176.2 tons; (d) The combined and order lengths of the cutting
pattern S2 are equal to 9.2 m, so the loss rate is zero for the order quantity of 42.8 tons; (e) Finally, in
cutting pattern S3, the combined length is 8.53 m, but in order to satisfy the minimum order weight of
50 tons, 18.82 tons must be ordered with a length of 9.2 m, in which case the loss rate is increased to
7.85%. However, as shown in Table 2, the quantity of S3 is relatively small compared with S1 and S2.
Therefore, the loss rate of the final MSpL is 0.58%, which corresponds to 1.37 tons of cutting waste.

For reference, in the case structural frame, 25-mm-diameter rebar was used for the columns only.
Additionally, there were not many cutting patterns because there were many main rebars of the same
length. In other words, as shown in Figure 5, the lengths of the main rebars of all of the columns on
the same floor were the same and the length was changed according to the change in floor height.
The total number of main rebars in the case frame was 15,734, which were identified in five lengths.

Table 3 shows the results of MStL by Equations (1) to (4), and the final loss rate was calculated as
1.58%. In Table 2, the cutting pattern is combined into one because it is performed on the remaining
rebar after combination by special length. For cutting pattern N1, the combined length is 8.86 m and
the stock length is 9.0 m. The combined and stock weight are 1.65 and 1.68 tons, respectively, and the
loss rate is 1.58%. For reference, in the case of MStL, the combination conditions are the same as for
MSpL but the minimum weight is not specified. This is because it is assumed that there is a sufficient
quantity in stock.
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Comparing the results of Tables 2 and 3, the minimization results by special length have a lower
loss rate than by stock length. This is because combination by special length is performed to further
reduce the loss rate.

Table 4 shows the results of applying CWM algorithms to all types of rebar used in the case
structural frame in Figures 5-7. Five diameters of rebar were used, and a total loss rate of 0.96% was
calculated. The total quantity of rebar required for construction is 1.807.45 tons, and the quantity to be
supplied in special and stock lengths is 1.824.75 tons. The loss rate is different for each diameter of
rebar depending on the design characteristics of the structural member in which each rebar is used.
The details are as follows.

Table 4. Combination report by rebar size.

Description Unit D10 D13 D16 D19 D25 Sum
Combined weight (C) ton 335.62 899.93 259.94 73.86 238.10 1.807.45
Supply weight (S) ton 338.29 906.03 264.01 76.92 239.50 1.824.75

Loss rate (S-C)/S % 0.80 0.68 1.57 4.14 0.59 0.96

D10, D13, and D16 are mostly rebars that are repeatedly used in various structural members such
as slabs, staircase walls, stairs, hoops, and drop panels. In those applications, many rebars of the
same length are placed in the same type of structural members. In addition to these characteristics,
small-diameter rebar left after cutting for primary use can be used for various other purposes. For
example, they can be used as diagonal bars for crack reinforcement, reinforcement of openings, etc.
Therefore, the cutting waste rate is lower than that of large-diameter rebar. Moreover, the combined
weight was sulfficient to cover the various cutting patterns, so MSpL and MStL using the CWM
algorithms were performed smoothly.

In the case of D19, MStL was performed because there was no combination that met the minimum
weight for a special order (50 tons). As a result, the cutting waste rate increased. Lastly, in the case of
D25, most of the rebar was combined with the MSpL algorithm, as described in Tables 2 and 3, so the
cutting waste rate was the lowest.

4.3. Comparison of Actual and Optimized Rebar Quantities

In order to verify the effectiveness of CWM algorithms, actual and optimized rebar quantities
must be compared. As shown in Table 5, the actual quantity of rebar in the case structural frame is
1.942.05 tons and the quantity optimized by the CWM algorithms is 1.824.75 tons. As a result, 117.30
tons were saved, which is 6.04% of the actual quantity. It can be seen from this table that the reduction
rate differs significantly for each diameter of rebar.

Table 5. Comparison of actual and optimized rebar quantities.

Description Unit D10 D13 D16 D19 D25 Sum
Actual (A) ton 377.00 952.43 276.00 87.80 248.82 1.942.05
Optimized (O) ton 338.29 906.03 264.01 76.92 239.50 1.824.75
Quantity reduction (A-O) ton 38.71 46.40 11.99 10.88 9.32 117.30
Reduction rate (A-O)/A Y% 10.27 4.87 4.34 12.39 3.75 6.04

As described above, small-diameter rebar had more secondary use after cutting. Therefore, it is
common that less cutting waste is generated with small-diameter rebar. However, in Table 5, the 10.27%
reduction rate for D10 is higher than that of D13 and D16, which means that the loss rate of the
actual quantity of rebar is higher than the optimized one. The high quantity reduction rate calculated
after optimization by the CWM algorithms means that the loss rate of the actual rebar quantity is
high. The reason is presumed to be a problem with the rebar work management. In addition, Table 5
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confirms a relatively small loss rate for D13 and D16. This is because there are many rebars with the
same lengths repeatedly used in structural members such as slabs, staircase walls, and drop panels.

In the case of D19, it is confirmed that the cutting waste is increased because the quantity required
for the work is relatively small and there are not many rebars of the same length placed repeatedly.
However, it is confirmed that a cutting waste reduction of 12.39% can be obtained using the CWM
algorithms proposed in this study. Lastly, in the case of D25, it is used for the main rebar of the columns,
and it is relatively easy to manage the rebar to reduce cutting waste because there are not many changes
in length. Therefore, it is confirmed that the quantity reduction of this rebar by optimization is 3.75%,
which is smaller than that of the other types of rebar, as shown in Table 5. For reference, when the
reduced rebar quantity of 117.3 tons is converted into money;, it is about USD 98,976 including material,
cutting and bending, and placement costs.

4.4. CO;, Emission Reduction Effects

When using the CWM algorithms proposed in this study, the contribution to sustainable
construction should be confirmed. For this, Table 6 shows the quantitative calculation of the CO,
emissions for rebar saved by the algorithms. Substituting 3.466 ton-CO,/ton [49], the unit CO, emissions
of high-tensile deformed bar published by the Korea Institute of Construction Technology (KICT), show
that the CO, emissions from the actual rebar work and the optimized result are calculated to be 6.731.15
and 6.324.58 tons, respectively. For reference, the LCI DB (Life Cycle Inventory Database) varies by
country, and this study cited the data presented in the research report of the government-funded
research institute, KICT. In addition, because the LCI DB for SHD and UHD used in the case project
has not been officially provided, the unit CO; emission data for high-tensile deformed bar are cited in
this paper.

Table 6. Calculation of CO, emission reduction effect.

Description Quantity (ton) Unit CO, Emission (ton-CQO5/ton) Amount (ton-CO3)
Actual (A) 1.942.05 3.466 6.731.15
Optimized (O) 1.824.75 3.466 6.324.58
Reduction effect (A-O) 117.30 406.60

As shown in Table 6, when the CWM algorithms are applied, it can be seen that the case project has
a CO;, emission reduction of 406.60 tons which is equivalent to 6.04% of the structure. As mentioned in
the introduction, in the case of buildings, the structure accounts for about 65% of building GHGs [3].
Considering this reference, there is a CO, emission reduction of 3.93% based on the whole building.
From a carbon footprint point of view, the embodied CO, per unit weight or volume of rebar is about
9.02 times that of concrete [4]; therefore, the CO, emission reduction produced by the CWM algorithms
has a great effect on sustainable construction.

It is necessary to confirm the cost reduction effect by converting the CO, emission reduction effect
to the carbon price. To this end, the cost savings of USD 20,330 can be confirmed when applying the
Korean carbon transaction price of USD 50/ton-CO;, [50] announced by the Carbon Disclosure Project
(CDP). When this amount is added to the previously calculated savings of USD 98,976 in construction
cost, a total savings of USD 119,306 is confirmed. Similar to LCI DB, the annual price of carbon traded
by CDP varies by country. According to CDP data, in the case of Korea, the price was USD 64/ton-CO,
in 2016 and USD 50/ton-CO, in 2017, which is USD 14/ton-CO, lower than the previous year.

The proposed algorithms were applied to the 3rd to 20th floors, designed as a flat slab structure,
which is part of the case project. The amount of rebar used in the entire structural frame of the case
project was found to be 3.444.06 tons. Therefore, if the CWM algorithms proposed in this study are
applied to the entire structural frame, greater CO, emission and cost reductions are expected.
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5. Discussion

In this study, as shown in Figure 3, we proposed an algorithm that performs MStL on the rebar
that remains after special length minimization. With this algorithm, cutting waste or trim loss is further
reduced because, as illustrated in Figure 2, the special length is combined at 0.1-m intervals, unlike the
stock length, which is generally combined at 1-m intervals. This is also confirmed by the results shown
in Tables 2 and 3.

Through this study, we confirmed that additional in-depth studies are needed on these two issues.
First, it is possible to combine all of the rebar for one project at the same time, but the results may
not be practical. For example, rebar placed on the first and 20th floors can be combined. In this case,
the inventory management cost may be high because there is a significant time difference between
the use of rebar on the 1st floor and the use of the remaining rebar on the 20th floor. Therefore,
the combination condition for rebar to be used within a certain time must be added. For example,
the condition for performing a combination of rebar to be used within two weeks should be added. So
far, most of the papers related to CSP do not consider the time factor. If the required rebar information
can be obtained automatically from the BIM [7] or from an integrated project delivery system [17]
linked to the schedule, this problem can be easily solved.

Existing CSP-related studies, including this paper, use original rebar information generated after
the structural design. In this case, there are different amounts of rebar of various lengths, and numerous
combinations are repeated to search for solutions. Additionally, as mentioned above, rebar scattered in
various locations are combined. In addition to cutting patterns that are difficult to apply practically,
cutting waste rates cannot be reduced below a certain level [5]. However, it was confirmed that
near-zero cutting waste could be achieved by realigning the rebar in the drawings created after the
structural design in special lengths using heuristic algorithms. It was also confirmed that heuristic
algorithms would be more efficient than mathematical algorithms in performing rebar realignment.
Therefore, further studies on the rebar alignment algorithm for near-zero cutting waste should be
performed for sustainable construction.

During the case study, it was confirmed that significant efforts have been made from the structural
design stage to increase the productivity of rebar work and reduce the rebar loss rate. For example, it
is common for some Korean companies to use 500- or 600-MPa super- or ultra-tensile bars instead of
400-MPa high-tensile deformed bar, and to use couplers to connect rebar more than 20 mm in diameter.
The goal of near-zero cutting waste for sustainable construction is expected to be achieved if heuristic
rebar alignment algorithms are applied along with these efforts.

6. Conclusions

Efforts to reduce carbon and climate change risk are being carried out globally and in all industries.
In particular, rebar, which has the most ECO, per unit weight in built environments, generates a
significant amount of cutting waste in the construction phase. Therefore, there is not only the cost of
rebar construction but also a considerable amount of CO, emissions to be expected. To solve this issue,
we proposed rebar CWM algorithms for sustainable construction. The effectiveness of the proposed
algorithms was verified through a case project, and the following results were obtained.

First, in the case of the optimization of D25 rebar, the cutting waste rate for special lengths was
0.58%, whereas that for stock lengths was 1.58%. This proved the assumption that combination by
special length reduced the loss rate more than combination by stock length.

Furthermore, although the actual quantity of rebar put into the case project was 1942.05 tons,
the quantity optimized by the proposed algorithms was 1824.75 tons, which represented a quantity
reduction of 117.3 tons. This corresponds to 6.04% of the actual quantity and a savings of USD 98,976
in construction costs.

In addition, CO, emissions by the proposed optimization algorithms compared with actual
emissions had a reduction of 406.6 ton-CO,. This corresponds to a CO, emission reduction of 3.93%
based on the whole building, reflecting that the structure accounts for about 65% of building GHGs [3].
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This is a savings of USD 20,330 based on the carbon trade price in Korea, and a total savings of USD
119,306, including a reduction in construction costs. The quantity of rebar used in the entire building
of the case project, including the flat slab structure on the 3rd to 20th floors, was found to be 3444.06
tons. If the proposed algorithms had been applied to the entire building, further CO, and cost savings
would have been expected.

These results confirmed that the proposed CWM algorithms worked as an effective tool for
sustainable construction. During this study, it was observed that near-zero cutting waste could be
achieved by realigning the rebar in the structural drawings to special lengths. In other words, it was
observed that repositioning rebar of a certain length while satisfying the structural design criteria might
significantly reduce cutting waste. In order to do this efficiently, heuristic algorithms of a new concept
rather than the mathematical algorithms proposed in this study should be developed in the future.
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