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Abstract: Global economic fluctuations as exemplified by the recent COVID-19 financial crisis
significantly impact the construction industry, particularly steel rebar supply chain and procurement.
This impedes engineers’ efforts toward achieving near-zero rebar-cutting waste due to dynamic rebar
minimum order quantities and maximum lengths imposed by steel mills. This study addresses the
challenge of achieving near-zero rebar-cutting waste by proposing a model that simulates the level of
optimization in minimizing rebar-cutting waste amidst such dynamics. The model was implemented
in a case study involving reinforced concrete columns in a high-rise building. While achieving near-
zero waste consistently proved challenging, particularly for greater than 50 tons of minimum quantity,
the study identified a maximum 12 m rebar variant that attained this target regardless of minimum
order quantity. Nonetheless, this study introduces a real-time decision-support system for rebar
procurement, empowering engineers to optimize usage and minimize waste. This system facilitates
near-zero rebar-cutting waste levels in response to rebar procurement requirement dynamics.

Keywords: dynamic simulation; near zero; rebar-cutting waste; special length

1. Introduction

The construction industry (CI) plays a pivotal role in the national economic devel-
opment of a country [1,2]. Acting as both a foundational element and a connector be-
tween other industries, it drives economic growth averaging 5-10% [3] and facilitates
inter-industrial connections [4]. The CI contributes 13% of the global Gross Domestic
Product (GDP) [5,6]. However, the construction industry is susceptible to market dynamics
and fluctuations, including those affecting the construction materials market like steel
reinforcement bars.

The construction market is highly susceptible to volatility due to a complex interplay of
global economic, geopolitical, and technological factors, as well as unforeseen events such
as the pandemic. Economic fluctuations, as evidenced by the 1998 Asian financial turmoil,
the 2007 /2008 global financial crises, and the recent COVID-19 pandemic economic effect,
have significantly impacted and reshaped the industry. In Hong Kong, the combined effect
of the Asian financial crisis and the SARS outbreak demonstrably reduced construction
volume [4]. Similarly, the 2007/2008 global economic crisis, which started in the United
States, triggered a sharp decline in annual world GDP growth from 2% in 2007 to —2.6%
in 2009 [7], with cascading negative impacts on the construction sector worldwide. The
recent COVID-19 pandemic, deemed the most severe economic threat since the Great
Recession [8], further underscores the sector’s susceptibility, impacting operations and
performance across various industries, including construction. These events highlight the
close relationship between the construction industry with the global economic dynamic
changes. Furthermore, the pandemic-driven surge in technological development [9-11]
coupled with the growing emphasis on the circular economy [12-15], and green and
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sustainable construction practices [16], is further transforming the industry’s landscapes.
These dynamic trends pose challenges for engineers seeking near-zero rebar waste, as they
influence rebar procurement, particularly special lengths, and necessitate adaptation to
dynamic steel mill requirements regarding minimum quantities and maximum lengths that
can be provided.

To achieve near-zero rebar-cutting waste under dynamic rebar procurement require-
ments, real-time analysis of available special-length rebar is crucial. Changes in the eco-
nomic condition significantly impact the steel and rebar supply chain, necessitating adap-
tive strategies to minimize waste. Despite the established concept of special-length rebar,
a dynamic model for optimizing its use in a volatile construction market appears to be
absent in the existing literature. This gap reveals an insufficient focus on the development
of frameworks and models that can dynamically adapt to changing construction market
conditions, thus failing to fully capitalize on the potential for minimizing waste and rebar
costs. The absence of such adaptive models accentuates the critical need for solutions
that can effectively integrate real-time situations and adjust procurement strategies accord-
ingly. This study introduces a pioneering model aimed at filling this gap, serving as a
pilot investigation into the feasibility of prioritizing special-length rebar optimization in
response to dynamic market changes. It seeks to develop a model that simulates the level
of optimization in minimizing rebar-cutting waste, targeting near-zero levels considering
the changing of minimum requirements in special-length rebar procurement in response
to the dynamic construction market and corresponding reductions in carbon emissions
and costs. Furthermore, the novelty of this study lies in examining the disruption in the
construction market during an economic crisis, particularly concerning special-length rebar.
Unlike standard market-length rebar, which is regularly manufactured and less affected
due to its consistent availability from steelworks, special-length rebar is produced on a
per-request basis and is more susceptible to supply disruptions. Although special-length
rebar generates less waste compared to standard-length rebar, its effectiveness depends on
meeting minimal purchase requirements to maximize its benefits. Nonetheless, through
subsequent simulations, the study will enable engineers to identify optimal cutting patterns
(solutions) that satisfy project requirements and achieve near-zero waste under any given
rebar availability conditions, providing them with a decision-support system for those who
prioritize sustainable and green construction practices.

This study will be presented following this structure: 1. introduction, 2. methodology,
3. preliminary study, 4. causal loop diagram, 5. dynamic simulation model development,
6. case application and verification, 7. discussion, 8. conclusions.

2. Methodology

Figure 1 represents the methodology taken in this study to achieve the mentioned
objectives. A comprehensive literature review investigated waste factors in rebar cutting,
dynamic changes in the construction market, and the dynamic simulation model concept.
Key findings from relevant studies were also incorporated. Based on this review, a causal
loop diagram was developed to represent the system dynamics related to rebar-cutting
waste. Subsequently, a dynamic simulation model was constructed using system dynamics
principles, guided by the developed causal loop diagram. This model allowed engineers
and researchers to observe whether near-zero rebar-cutting waste was achieved. If the
initial simulation resulted in non-optimal waste levels, the researchers iteratively adjusted
the minimum rebar quantity and available rebar length, re-ran the simulation, and analyzed
the impact on waste generation. This iterative process ensured that the cutting waste was
maintained at near-zero rebar-cutting waste conditions.
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Figure 1. Methodology.

3. Preliminary Study
3.1. Waste Factors in Rebar Cutting

Rebar-cutting waste is an inevitable byproduct, with estimates ranging from 3 to 5%
during the planning phase and potentially rising to 8% during the construction phase [17].
Traditionally, rebar-cutting waste has been treated as a one-dimensional cutting stock
problem (1D-CSP), assuming rebars are cut from fixed stock lengths to meet specific
requirements. Diverse methodologies have been devised to tackle this issue, with some
researchers expanding it to a one-dimensional assortment problem involving multiple
stock lengths. Salem et al. [18] argued that rebar-cutting waste is influenced by factors such
as required length, stock length, and cutting pattern. Zheng et al. [19] supported these
considerations and introduced rebar layout as an additional factor. Another study [17]
emphasized the impact of stock length, cutting pattern, rebar lengths, and the number of
rebars on cutting waste. Li et al. [20] suggested that waste is affected by stock length, rebar
lengths, rebar usage, and cutting pattern. These factors remain relevant when utilizing
special length rebars, which offer increased flexibility through orders in 0.1 m intervals. This
flexibility has been demonstrated to significantly reduce waste in various investigations.
Nevertheless, the steel mills’ minimum requirements restrict the use of special length
rebars, encompassing minimum quantities and available length ranges (minimum and
maximum) [21]. A prior study [21] has extensively explored the combined application of
the special-length-priority approach and lap splices on continuous and remaining rebars
to achieve near-zero rebar-cutting waste. These studies recognize the reduction in lap
splice number as a key factor influencing rebar waste generation. Given the adoption of
the special-length rebar approach, this study limits the cutting waste factors to the rebar
lengths including total continuous rebar length (denoted as total length) and required rebar
piece length (denoted as required length), number of rebars, number of lap splices, cutting
patterns, and minimum requirements consisting minimum quantity and available length.

3.2. Dynamic Changes in the Construction Market

The effectiveness of the special-length rebar approach is constrained by the steel
mills” procurement minimums, which depend on the construction market’s conditions.
This market is influenced by global economic, geopolitical, and technological factors,
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as well as unforeseen events like the recent COVID-19 pandemic, which significantly
altered the economic landscape. Policies and regulations implemented to control the
movement of people and goods have had adverse effects on the economy and critically
disrupted the global supply chain [22-27]. This disruption is not a novel occurrence, as
the 2007/2008 financial crisis also precipitated similar global supply chain disruption, as
observed in Australia [28]. This can lead to material shortages, as evidenced by a report of
scarcity in India [29]. The ensuing economic downturn and fragile finances exacerbated
the condition, resulting in recessions in several countries [30]. Severe recessions were
also observed during the 2007 /2008 global financial crisis. Evidence from both Malaysia
and Singapore, where project numbers have decreased and owners postponed initiatives
due to the pandemic [27,31,32], led to the demand decrease for construction materials. In
response to economic challenges and movement restrictions, enterprises, including steel
mills, implemented strategies such as reducing production, cost optimization, and adjusting
minimum requirements based on the disruption’s severity. As the economy recovers, these
requirements may change. With advancing technology and growing interest in sustainable
construction, the demand for green buildings may lead steel mills to ease their minimum
requirements. Therefore, engineers must account for these market changes in real time to
achieve near-zero cutting waste effectively.

3.3. Dynamic Simulation Model Concept

A simulation model developed in this study could be used to determine the level
of near-zero rebar-cutting waste using multiple cases by considering the dynamic rela-
tionship among the waste factors previously identified: rebar lengths, number of rebars,
number of lap splices, cutting patterns, and minimum requirements (minimum quantity
and available length).

A modeling concept was used to construct the dynamic simulation model [33] encom-
passing generation, simulation, and optimization models. These were initially established
concerning the near-zero rebar-cutting waste minimization. The generation model focused
on establishing mathematical equations that captured the relationship between identified
factors influencing waste generation. The simulation model incorporated the defined
range of rebar-cutting waste factors into the model, and the optimization model itera-
tively ran the simulation model to obtain the optimal values of rebar-cutting waste within
established constraints.

Figure 2 depicts the generation model, which assesses the rebar-cutting waste con-
sidering the identified factors. Recognizing that the near-zero rebar-cutting waste strat-
egy consists of two parts (special-length-priority without cutting pattern for continuous
reinforcements and special-length-priority with the cutting pattern for remaining rein-
forcements), the model considers these factors: total rebar length, required rebar length,
reference (available) length, number of splices, number of rebar, and unit weight of rebar.
These factors denoted as f1, f», . . ., and f¢, are then incorporated into formulas to calculate
rebar-cutting waste. Thus, the model effectively maps the relationship between each factor
and the resulting rebar-cutting waste.

Once a generation model is established, a simulation model can be constructed ac-
cordingly, as illustrated in Figure 3. This model defines the range of factors, in this case,
the reference (available) length of rebar. Subsequently, an optimization model is devised.
The optimization model iteratively ran the simulation model under established constraints
related to special-length rebar procurement, aiming to obtain the optimal values of rebar-
cutting waste, as elaborated in Figure 4.



Buildings 2024, 14, 2350 50f23

f1 : Total length

f> : Required length

SpL. = Fi(fu. f3 far f5) Rebar cutting waste
f5 + Reference (available) >
tength Rebar usage

SpL, = Fr(fy fa fs)
fa : Number of splices

Q = F3(F1'F2'f5ﬂf6)
f5: Number of rebar

SpL. : Special-length rebar without cutting pattern (m)
SpL, : Special-length rebar with the cutting pattern (m)
Q : Rebar quantity (ton)

Figure 2. Generation model (adapted and modified from [34]).
fi1 : Total length

f> + Required length
SpL. = Fi(fy, fa far f5) Rebar cutting waste
f3 + Reference (available)
length _ Reb
SpL, = Fo(fy f3.fs) ebar usage
f1 : Number of splices
Q= F3(F,Fy fs, fs)
f5: Number of rebar

Subject to:
fe: Unit weight of rebar 6<f;<12m
SpL. : Special-length rebar without cutting pattern (m)
SpL, : Special-length rebar with the cutting pattern (m)
Q : Rebar quantity (ton)

Figure 3. Simulation model (adapted and modified from [34]).

f1 : Total length

f> : Required length
SpL. = Fi(fi. f3 fa fs) Rebar cutting waste
f3 : Reference (available)

length SpL, = F, (fz' farfs) Rebar usage
fa : Number of splices

Q= F3(F1:F2'f5'f6)

fs: Number of rebar

Subject to:

fe: Unit weight of rebar 6<f;<12m
6<F <12m
6<F,<12m
0 < F3 <75tons

SpL. : Special-length rebar without cutting pattern (m)
SpL, : Special-length rebar with the cutting pattern (m)
Q : Rebar quantity (ton)

Figure 4. Optimization model (adapted and modified from [34]).
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4. Causal Loop Diagram

The adoption of system dynamics allows for the integration of both internal and exter-
nal factors that impact a certain condition [35]. One key tool employed is the causal loop
diagram, which visually depicts the interconnectedness and causal relationship between
the key factors [36]. Within this diagram, two types of relationships are employed: mathe-
matical equations for hard relationships and linear regression for soft relationships [35].
Each causal link is assigned a positive or negative polarity to indicate the changes in the
dependent variable corresponding to those in the interdependent variable. In addition,
the diagram aids in identifying positive feedback loops (reinforcing) or negative loops
(balancing) [37,38].

As shown in Figure 5, the near-zero rebar-cutting waste upon the reduction of waste
and purchased rebar quantity is shown through a special-length-priority algorithm with
and without the cutting pattern. However, its effectiveness is significantly constrained by
these minimum requirements applied by the steel mills: (1) reference (available) rebar length
and (2) minimum rebar quantity. As noted earlier, these requirements can dynamically
change due to construction market volatility, which is closely linked to global economic
conditions. A recent example illustrating this dynamic is the global economic crisis induced
by the COVID-19 pandemic. Policies and regulations implemented to control movement
and goods during the pandemic severely disrupted the global supply chain, negatively
affecting the economy [22-27]. In response to these challenges, enterprises, such as steel
mills, adopted mitigation strategies including production reduction, cost optimization
efforts, and adjustments to minimum order requirements (either tightening or lessening),
considering the level of disruption. As the economy recovers, these minimum requirements
may be adjusted. The previous Section identified several key factors affecting rebar-cutting
waste, including total rebar length, required length, available length, number of splices,
number of rebars, and unit weight. This study focuses on employing special-length rebar
minimization for continuous (without cutting pattern) and remaining rebars (with cutting
pattern) to achieve near-zero cutting waste. Consequently, in Figure 5, both total rebar
length and required rebar length are represented by rebar lengths to reflect the application
of special-length rebar minimization. Furthermore, most of the links are assigned to positive
polarity except for the required rebar quantity and total cost.

‘ Rebar-carbon conversion unit

¥ ‘ Carbon unit price ‘

F

‘ Rebar lengths |

+
-{ Carbon emission ‘
S+
// ) +
-{ Carbon cost ‘
‘ Rebar unit price } + \\\
- + +-{ Material cost |
-{ Near Zero Rebar Cutting Waste |- - o+
+-< Installation cost s
/ .
v /*
Total cost
| Required rebar quantity ‘ ‘ Purchased rebar quantity | ‘ Installation cost unit price ‘ ‘
—F +
~{ Reduced rebar usage
J/ s /
Special-length rebar with and | / /- /

‘ Unit weight of rebar |

1

without the cutting pattern Original purchased rebar | ‘

Construction market }- v

PRI ‘ quantity

/o /

| Minimum rebar quantity

‘ Reference (available) length | ‘ Stock length rebar |

T

\

Lt
Number of rebars and lap ~
splices

Figure 5. Causal loop diagram (‘+” sign indicates a positive relationship while ‘—" shows a nega-
tive relationship).

This study identifies two reinforcing feedback loops within the construction market
(Figure 5). The first loop centers on reference (available) bar lengths. When special-length
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rebars with and without designated cutting patterns are readily available, construction
projects can purchase the exact quantity needed, minimizing rebar waste. This minimized
waste then feeds back into the market, potentially increasing demand for special-length
rebar. The second loop focuses on minimum rebar quantity. Special-length rebar with and
without cutting patterns can also help projects meet minimum rebar requirements while
purchasing the exact quantity needed, again minimizing waste. This minimized waste can
then influence the market towards increased adoption of special-length rebar.

These identified loops will be incorporated into the simulation model for further
analysis. Construction waste minimization is rewarding for construction companies within
the present cost structure for waste disposal in Malaysia [39]. It is well understood that
construction companies aim to maximize profit, as their profitability is at risk due to the
complexity of their projects. Therefore, cost savings from waste minimization can be
seen as a positive factor impacting the construction market, particularly the near-zero
rebar-cutting waste strategy since it facilitates the generation of less than 1% rebar waste.
Moreover, this procedure enables companies to increase their profits and simplifies the
disposal and handling process of such wastes. The quantity of rebar purchased forms the
foundation for calculating carbon emissions, its associated costs, installation costs, and
material costs, collectively shaping the total cost. This total cost exerts a negative influence
on the construction market, with higher costs potentially dissuading further construction
phases as owners seek more favorable economic opportunities.

5. Results

This Section presents the development of the dynamic simulation model to accom-
modate the intended causal loop diagram above. The proposed model works in several
scenarios as shown in Figure 6.

CURRENT APPLIED REQUIREMENTS

Minimum rebar quantity: 50 tons
Maximum rebar length: 12 m

FLUCTUATIONS IN MAXIMUM REBAR
LENGTH AV AILABLE

Minimum rebar quantity: 50 tons
Maximum rebar length: 6 -12 m in 1 m intervals

Figure 6. Simulation scenarios regarding the special-length rebar order within the near-zero rebar.

As seen in Figure 6, this simulation model is divided into three scenarios: (1) baseline
with current minimum rebar quantity of 50 tons and maximum rebar (reference) length of
12 m, (3) fluctuating maximum rebar (reference) length in 6-12 m, 1 m intervals for special
order with a fixed minimum rebar quantity of 50 tons, and (3) combined fluctuations of both
minimum quantity and maximum rebar (reference) length for special order in 0-75 tons,
2.5-ton intervals and 6-12 m, 1 m intervals. Global rebar availability varies, with some
markets offering lengths exceeding the typical 12 m. The construction market and global
economic dynamics could influence the minimum rebar quantity and the maximum rebar
(reference) length provided by the steel mills for special orders. Recognizing this interplay,
the third scenario will simulate the achievement of near-zero rebar-cutting waste under this
premise. The dynamic simulation model under the system dynamics principle is designed
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to empower researchers and engineers with enhanced decision-making capabilities and
planning strategies in the face of complex scenarios. Building upon the identified rein-
forcing loops in the previous Section, Figure 7 presents the integrated simulation model
developed for this study. These loops are explicitly incorporated and reflected within the
model’s structure. Furthermore, Scenarios 2 and 3 leverage these reinforcing loops as their
central framework for the simulation. Besides the cutting waste, this model comprehen-
sively integrates all pertinent factors impacting near-zero rebar-cutting waste and their
associated implications, including carbon emissions and total reinforcement cost.

Rebar-carbon conversion
unit

Material cost Installation cost

Carbon emission

Stock length rebar
Installation cost

Carbon unit price Material cost

Original purchased rebar
quantity

Total cost

Reduced rebar usage Purchased rebar quantity

Minimum rebar quantity

Reference length Near zero rebar cutting waste

Special length rebar with and

without cutting pattern
Number of rebars and ! uting p

lap splices

© i ;
Required rebar quantity Simulation

Figure 7. Integrated simulation model.

5.1. Special-Length-Priority Minimization for Continuous Reinforcements Model

As previously mentioned, the near-zero rebar-cutting waste strategy aims to minimize
the cutting waste on continuous and remaining reinforcements, specifically the columns. A
previously established mathematical algorithm [21], detailed in Equations (1)—(7), addresses
this challenge. Prior to the model application, the reinforcements are divided into distinct
groups. The initial group encompasses the longest bars, spanning from the foundation to
the topmost girder. Subsequent groups comprise shorter segments, each extending from the
foundation to a specific point. Essential rebar information regarding splices (pjic.), spans
(Mspan), rebars (nyepqr), and the length of lapping (L) of the original design, is obtained
as input for the model. Equation (1) facilitates the calculation of the total length for each
rebar group.

n
f

Liotar = ZHfloor - Dgirder + Liowel + Lanchor—hook + ZLsplice - ZBdeduct (1)
1

where Ly, is the total length of continuous main rebar (mm), Hyjy,, is the height of each
floor (mm), 15 is the number of floors for each rebar group, Dg;y e, is the depth of the girder
(mm), Loy is the length of the dowel bar (mm), L;;c10r—hook 15 the hook anchorage length
(mm), Lspjice is the lap splice length (mm), 71, is the number of splices, and Bjegyc; is the
bending deduction.

The number of special-length rebars (1,¢4,r_sp) in the first group can be identified by
dividing the total length (L;,,;) by the maximum rebar length available or reference length
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(Lyef) in the market. This calculation, as shown in Equation (2), utilizes the ceiling function
to ensure an integer value representing the number of special-length rebars.

L
Myebar_sp = ceiling (ﬂ) 2)
re

The identified number of special-length rebar may be reduced compared to the original
design, corresponding to a reduction in the number of splices. Equation (3) was used to
calculate the new number of splices (71spjice_sp) by subtracting the number of special-length
rebar (1,epqr_sp) by one. The resulting reduction in the number of splices (Aspiice) is then
quantified as shown in Equation (4). Subsequently, the new total rebar length (Ly,t4_sp) due
to such reductions can be calculated using Equation (5).

Nsplice_sp = Mrebar_sp — 1 3)
Asplice = Msplice — Nsplice_sp (4)
Ltotal_sp = Liotar — (Asplice X Llap) ()

Following the calculation of the new total rebar length (Ly,ta _sp), this value is divided
by the number of special-length rebars (12,4, _sp) to determine the calculated length of each
special-length rebar (L.4.) as described in Equation (6). Due to procurement limitations
where special-length rebars can only be ordered in 0.1 m intervals, the calculated length is
rounded up using Equation (7) to obtain the final required length for each special-length
rebar (Lsp).

L
Lcalc _ total_sp (6)
Nyepar_sp
Lsp = roundup (Lcalc) (7)

The previously determined special-length rebar is then utilized to optimize other rebar
groups. However, directly dividing the total length of each group by the obtained special-
length rebar value typically results in non-integer numbers, indicating potential remaining
rebar after utilizing the special-length bars. Equation (8) facilitates the calculation of the
number of rebars (11,.p,,) by dividing the total rebar length (L;,;,) by the special-length
rebar length (Lsp). The ceiling function is employed within the equation to guarantee an
integer outcome. Subsequently, Equation (9) determines the number of special-length rebar
(Mrepar_sp—j) that can be effectively installed within each group. Yet not all rebars could
be installed with the obtained special-length rebar. Thus, Equation (10) calculates any
remaining rebar length by (Lemaining) subtracting the total installable special-length rebar
length from the total rebar length of the group (L;ot41)-

.. L
Nyepar = ceiling <W> (8)
Lsp
Nrebargy—j = Mrebar — 1 )
Lremaining = Liotal — (nrebur_spfj X Lsp) (10)

5.2. Special-Length-Priority Minimization with the Cutting Pattern for the Remaining
Reinforcements Model

The identified remaining rebars are then combined using a special-length-priority
minimization with the cutting pattern approach as utilized in a previous study
(Equations (11)—(16)) [21]. Equation (11) serves as the objective function, minimizing the
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cutting waste generated during the special-length rebar cutting process, involving the

special length.
N
Minimize f(X;) =}
i=1

Lsp;n; — Iin; 1)
Lsp;n
where Lsp;, is special length i (mm), /; is the length of cutting pattern i obtained by combin-
ing multiple demand lengths (mm), and #; is the number of rebar combinations with the
same cutting pattern.

The subsequent constraints (Equations (12)—(16)) ensure the objective function’s suc-
cessful fulfillment. Equation (12) requires that the length of the combined length (I;) of
any cutting pattern i obtained by rebar combinations does not exceed or is equal to the
designated special length (Lsp,). Equation (13) stipulates that each cutting pattern i must
be utilized by at least one rebar combination (#;), with i being a positive integer). Equation
(14) enforces the special length (Lsp;) to remain within the range of minimum (L,,;,,) and
maximum (L) of the rebar length that can be ordered. Equation (15) ensures the total
combined rebar quantity (Qy.¢,;) meets or surpasses the minimum rebar requirement set by
steel mills (Qs,). Finally, Equation (16) establishes the target cutting waste limit, ensuring
the generated waste (¢) falls below or equals this threshold (g¢).

li < Lsp;, li=ri+ra+ -+ (12)
O<mn, i=1,2...,N (13)
Lyin < Lsp; < Liax (14)

Qso < Qtotal (15)

e = Lsfsp‘l < & (16)

5.3. Rebar-Cutting Waste (RCW) Model

Prior to estimating rebar-cutting waste, this model necessitates the calculation of both
the required and ordered rebar quantities. The required quantity reflects the actual rebar
used during construction, while the ordered quantity represents the amount contractors
request from steel mills. Both quantities are calculated by multiplying the rebar quantity,
length, and unit weight of the rebar (w,,p,,). For continuous rebars, the required quantity
(Qreq—c) is determined by using the calculated rebar length (L) from Equation (6), as
shown in Equation (17), while for the remaining rebars (Qye;-r), the quantity is based on
the total length of the cutting pattern i (}_/;), as described in Equation (18). Regardless
of being continuous or remaining, the ordered quantity for both types of rebars can be
calculated using Equation (19), factoring in the identified special-length rebar (Lsp). Finally,
the RCW rate is determined by dividing the difference between the ordered and required
quantities by the ordered quantity, as described in Equation (20). These equations are all
sourced from prior research [21].

Qreg—c = Y _ Mrebar_sp ¥ Leate X Wrepar (17)

Qreqg—r = anebar_sp X Zli X Wrepar (18)

Qord = Y_ Mrebar_sp X Lsp X Wrepay (19)

RCW = ot = Qren 1000, (20)
Qord

5.4. Carbon Emissions and Costs Model

With the rebar quantities and cutting waste determined, Equations (21)-(26) can be
employed to calculate the carbon emissions and total reinforcement cost. The obtained
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rebar quantities can be converted into carbon emissions using the rebar-CO, conversion
unit. Furthermore, the total cost encompasses the material cost, processing cost, waste
disposal charge, and carbon cost. The material cost is obtained by multiplying the rebar
quantities with its unit costs. The processing cost, which is referred to as the processing cost
of employing the lap splice connection method is obtained by multiplying the lap splice
quantities with the processing unit cost. The generation of rebar-cutting waste necessitates
the consideration of a construction waste disposal charge (CWDC), which is calculated
considering the amount of waste generated. Meanwhile, the carbon cost is calculated using
the carbon price and the obtained carbon emissions.

CEstr = Qord X RCeono (21)

TCoststy = ), MCstr + PCstr + DCstr + CCsty (22)
MCstr = Qorg X UCrepar (23)

PCstr = Nypiice_sp X UChpro (24)

DCstr = RCWion x UCy; (25)

CCstr = CEgty x CP (26)

where CEgy, is the carbon emissions (ton CO5-e), RCyy5 is the rebar—carbon conversion unit
(ton CO,-e/ton), TCosts, is the total reinforcement cost of the column structures (USD),
MCsty is the material rebar cost (USD), PCg; is the rebar processing cost (USD), DCs; is
the waste disposal charge (USD), CCs;, is the carbon cost (USD), UC,,p,, is the unit price
of rebar (USD/ton), Nsjice_sp is the total number of splices, UCpy, is the rebar processing
unit cost (USD/pcs), RCWy,, is the amount of cutting waste generated considering the
difference in purchased and required rebar quantities (ton), UCy;, is the waste disposal unit
cost (USD/ton), and CP is the carbon price (USD/ton CO;-e).

6. Case Application and Verification

The effectiveness of the simulation model was validated through a case application.
The twenty-six continuous columns of a reinforced concrete (RC) high-rise small factory
that extended from the foundation to the roof floor were selected from a previous study [21].
Columns are chosen due to their vital role in bearing compressive axial loads and transfer-
ring the entire force from overlying beams and slabs to the foundation system. Columns
are indispensable for overall structural integrity, significantly contributing to the building’s
stiffness and strength. Ensuring ductile behavior and effective energy dissipation during
seismic events relies on adhering to the “strong column, weak beam” principle, which
necessitates reinforcing columns with larger diameter bars compared to beams to prevent
premature collapse. The building comprised a total of 22 floors, with 2 basement floors
and 20 floors above ground. The floor heights varied, ranging from 3700 mm to 6000 mm
(with the standard floor height being 3800 mm). More detailed information regarding the
columns is provided in Table 1. The columns’ rebar arrangements can be found in the
Appendix A. Each column was further divided into distinct rebar groups based on shared
rebar lengths as shown in Table 2 and also was illustrated in Figure 8. The optimization
model was then applied to these rebar groups.

Table 1. Information on columns and their reinforcements (adapted from [21]).

Description Contents
Number of columns 26
Foundation depth (Dy) 600 mm
Foundation concrete cover (Cy) 50 mm

Basement level (B2-B1) height 8300 mm
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Table 1. Cont.

Description Contents
Upper ground level (F1-roof) height 87,400 mm
Total floor height (¥ H /oo, ) 95,700 mm
Girder depth (Dgirger) 700 mm
Rebar diameter (d) UHD600 D29
Concrete strength (fc) B2-F20: 35 MPa
Girder depth (Dgirger) 700 mm
Lap splice length (Lgpyice) 1500 mm
Anchorage length (Lg;ch0r) 1050 mm
90 — degree hook length (Lj,y0x) 350 mm
Dowel bar length (L ;o) 2350 mm
Bend deduction (Byrgin) 79 mm

Table 2. Rebar groups with a similar total length in a continuous column (adapted from [21]).

Rebar Group Floors No. of Continuous Rebars (pcs) Total Height of Floor (m)
1st B2-roof 14 95.7
2nd B2-F13 2 64.1
3rd B2-F9 6 489
4th B2-F7 12 41.3
5th B2-F4 2 241
6th B2-F2 2 12.9
7th B2-F1 4 8.3
Cumulative
height
95,700 ROOf
Rebar
group
Rebar
64,100 FI3 _____88 ooup \/88 ____ & _____&=&» _____= ___=» ____=»
Rebar
48,900 F@ _____ B __ m gop\/E N B @ OO0 @ =
Rebar
41,300 F7 _____&S= _____ &= _____& &= goup\_/8 _____ &= = ____ =
Rebar
24,100 F4 I ®m m W gowp \&)
12,900 F2 _____&8 & &= & = ;feoi:;': __________
Rebar
8300 e A _gow L)
Foundation =3 = — —_— R —_
14*.029 2029 6D29 12029 2029 2029 4029

Notes:

* = number of rebars for each rebar group from the foundation up to a certain floor within the group

Rebar yield strength f, = 600 MPa

Figure 8. Rebar groups that shared similar lengths (adapted and modified from [21,40]).

The model developed in this study simulates each scenario elaborated in the previous
Section. The first scenario serves as the baseline where the current requirements for
purchasing special-length rebar are assumed to be applied with a minimum rebar quantity
of 50 tons and a maximum available (reference) length of 12 m. In the second scenario, the
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maximum available rebar length (reference) is assumed to fluctuate between 6 and 12 m in
1 m increments, while the minimum order quantity remains at 50 tons. The third scenario
assumes a fluctuation in both minimum quantity and maximum rebar length available for
special orders, with the quantity varying from 0 to 75 tons, 2.5-ton intervals, and the length
ranging from 6 to 12 m in 1 m intervals. Moreover, the rebar waste rate is targeted under
20% to capture the impact of such fluctuations. The rebar-cutting waste was calculated
using Cutting Optimization Pro following Equations (11)-(16). Meanwhile, the simulations
are conducted using Microsoft Excel.

6.1. Scenario 1

The first scenario serves as the baseline where the current requirements for purchasing
special-length rebar are applied with a minimum rebar quantity of 50 tons and a maximum
available (reference) length of 12 m.

Equations (1)—(7) were employed to identify the special rebar length. The analysis
prioritized the longest rebar group and assumed each floor utilized a single rebar, resulting
in 22 spans with 22 rebars and 21 splices. Employing a lapping length of 1500 mm and
Equation (1), the total length of the first group was calculated to be 130.092 m. This
calculation resulted in 10.4 m of special-length rebar. Equations (8)-(10) were then applied
to utilize this special length for other groups. The remaining rebar for each group resulted
from non-integer divisions of the total group length by the special length. These calculations
were extended for the remaining 25 columns, with Table 3 summarizing the obtained
remaining rebars for all 26 columns.

Table 3. Obtained remaining rebars.

Rebar Group Floors Total Length (m)  Total Number of Remaining Rebars (pcs) Length of Remaining Rebar (mm)
2nd B2-F13 85.871 52 2680
3rd B2-F9 64.671 156 2280
4th B2-F7 54.071 312 2080
5th B2-F4 32.371 52 1180
6th B2-F2 18.171 52 7780
7th B2-F1 12.071 104 1680
Following the initial rebar group allocation, the obtained remaining rebars were consoli-
dated and optimized using a special-length-priority algorithm, detailed in Equations (11)-(16).
Due to minimum order quantity constraints, a special length of 10.4 m for continuous
rebars was selected for the combination and optimization. This optimization process is
presented in Table 4. Utilizing a 10.4 m special length, this approach necessitates an order
of 9.1204 tons of rebar and incurs a cutting waste rate of 1.38%.
Table 4. Special-length-priority minimization with the cutting patterns model in the remaining rebars.
Length (m) Number (pcs) Required Length (m) Ordered Length (m) Cutting Waste (%)
10.4 174 1784.64 1809.6 1.38

The quantity and associated cutting waste rate (RCW) for the columns can be deter-
mined using Equations (17)—(20) outlined in the aforementioned RCW model. The rebar
quantity calculation involved multiplying the total number of special-length rebars by the
unit weight of a D29 rebar, which is 5.04 x 107 ton/mm [41]. Table 5 presents a summary
of the special-length rebar quantities for continuous reinforcements. As shown, utilizing
10.4 m special length rebars necessitates an order of 378.863 tons, with a rebar requirement
of 376.187 tons.
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Table 5. Special-length rebar quantities for continuous reinforcements summary.

Rebar Nun}ber of No. of SpL Rebars Total no. of SpL Required Ordered
Grou Floor Continuous per One Rebar Rebars (pcs) Quantity (ton) Quantity (ton)
P Rebars (pcs) Group (pcs) P y y

1st B2-roof 14 11 4004 208.391 209.874
2nd B2-F13 2 8 416 21.651 21.805
3rd B2-F9 6 6 936 48.715 49.061
4th B2-F7 12 5 1560 81.191 81.769
5th B2-F4 2 3 156 8.119 8.177
6th B2-F2 2 1 52 2.706 2.726
7th B2-F1 4 1 104 5.413 5.451
Total 376.187 378.863
SpL: special-length rebar.

Following the calculation of rebar quantities, the associated cutting waste rate (RCW)
was subsequently determined. Table 6 summarizes the RCW for all elements. As can be
seen from the table, continuous rebars exhibit a loss rate of 0.71%. Furthermore, the table
details that the column reinforcements necessitate a total rebar requirement of 385.1815 tons,
with 387.9832 tons required to be ordered due to the 0.72% RCW.

Table 6. Cutting waste rate of the columns reinforcements.
. Required Ordered Quantity Cutting Waste o
Description SpL Rebar (m) Quantity (ton) (ton) (ton) Loss Rate (%)
SpL for continuous 10.4 376.1870 378.8628 2.6759 0.71%
reinforcements
SpL for remaining 10.4 8.9946 9.1204 0.1258 1.38%
reinforcements
385.1815 387.9832 2.8017 0.72%
SpL: special-length rebar.

Once the cutting waste was established, the environmental impact and economic
cost associated with constructing column reinforcements were evaluated using
Equations (21)—(26) from the previously described carbon emissions and cost model. A
total of 6864 lap splices were employed. Previous studies by Ghayeb et al. [42] reported that
1 ton of rebar generates 3.505 tons of CO; equivalent (CO,-e) emissions. The rebar price
was determined at USD 908/ton [43]. The International Monetary Fund (IMF) employs
a carbon price of USD 75/ton of CO, [44]. Chen et al. [45] highlight that Hong Kong's
construction waste disposal fees depend on the designated destination outlined in the waste
management plan. The rebar waste could be directed to sorting facilities for rebar recycling,
fetching USD 22.29/ton [43]. Table 7 summarizes the resulting CO, emissions and total
cost linked to the rebar usage. As indicated in the table, the column reinforcement rebar
utilization generates 1359.9 tons of CO, emissions and incurs a total cost of USD 436,406.
Table 7. Total CO, and costs linked to the rebar usage.

Description Quantity CO; Amount Material Carbon Cost Processing Disposal Total Cost
P (Ton) (Ton) Cost (USD) (USD) Cost (USD)  Charge (USD) (USD)
26 Columns 387.9832 1359.9 352,289 101,993 9061 63 463,406

6.2. Scenario 2

In this scenario, to account for fluctuations in the construction market and global
economic situation, the available rebar length (reference) varied between 6 and 12 m
in 1 m intervals, while the minimum order quantity remained constant at 50 tons. The
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developed model was then iterated numerous times to determine optimal solutions for
each rebar length variation. Table 8 presents the simulation results, including required and
ordered rebar quantities, cutting waste generation, carbon emissions, and total cost. Refer
to Table A2 in the Appendix A for detailed results.

Table 8. Scenario 2 results.

SpL (m) Max Avail.  Required qty. Ordered qty. Cutting CO; Emissions Total Cost
Cont. Remain. Length (m) (ton) (ton) Waste (%) (ton) (USD)

6 6 6 414.1451 421.1827 1.67% 1476.3 510,955
6.7 6.7 7 406.1517 414.4009 1.99% 1452.5 500,569
7.3 7.3 8 400.9101 409.4214 2.08% 1435.1 493,101

8 8 9 396.8264 402.5549 1.42% 1411 483,554
8.5 8.5 10 393.3728 397.6409 1.07% 1393.8 477,015
9.6 9.6 11 388.9807 396.2650 1.84% 1389 473,688
10.4 10.4 12 385.1815 387.9832 0.72% 1359.9 463,406

SpL: special-length rebar; Remain.: remaining reinforcements; Cont: continuous reinforcements.

Table 8 illustrates that achieving near-zero cutting waste within the 50-ton minimum
order quantity is only possible when the maximum available rebar length is 12 m. All other
rebar length variations result in cutting waste exceeding 1%. Due to the limited remaining
rebar quantities (less than 50 tons), optimization is based on the identified special-length
rebar for continuous reinforcements. Consequently, in this scenario, adopting a maximum
rebar length of 12 m minimizes waste generation, carbon emissions, and associated costs.

6.3. Scenario 3

In the third scenario, the impact of dynamic fluctuations in the construction market
and global economic situation was investigated by considering variations in both the
minimum order quantity and the maximum available rebar length for special orders. The
minimum quantity ranged from 0 to 75 tons in increments of 2.5 tons, while the maximum
rebar length varied between 6 and 12 m in 1 m increments. The developed model was
iterated numerous times to determine optimal solutions for each combination of minimum
quantity and maximum rebar length. Figures 9 and 10 present the simulation results,
including cutting waste generation and total cost. For detailed results, refer to the attached
supplementary data [46].

As illustrated in Figure 9, a significant portion of the simulations yielded cutting
waste exceeding 1%. This trend is particularly pronounced for simulations with minimum
rebar requirements exceeding 20 tons, regardless of the available rebar length variations.
Figure 9 also demonstrates that near-zero cutting waste can be achieved with maximum
rebar lengths of 9, 10, and 12 m when the minimum requirement is set below 20 tons. It
is crucial to note, as detailed in Table A2, that the limited quantities of remaining rebars
necessitate ordering them in the minimum purchasable amount for each solution. For
instance, when the maximum available length was set at 9 m with a minimum requirement
of 0-15 tons, the remaining rebar was combined into 6.1 m lengths. Similarly, when the
minimum requirement was set at 17.5 tons, the remaining rebar was still combined in 6.1 m,
but they were ordered in the minimum allowed quantity of 17.5 tons. Thus, it resulted
in tremendous amounts of unused rebar. The findings regarding the rebar-cutting waste
remain relevant to the total cost of the reinforcements. As shown in Figure 10, solutions
achieving near-zero cutting waste exhibit the lowest total reinforcement costs, ranging
from USD 463,000 to USD 480,000. In addition, the solutions also exhibit the lowest carbon
emissions, ranging from 1360 to 1399 tons of eCO,. Refer to the attached supplementary
data [46] for the detailed results and calculations.
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Figure 9. Simulated cutting waste generation.
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Figure 10. Simulated total reinforcement cost of columns.

A further exploration within scenario three examined cases where the combined
quantity of remaining rebars fell below the minimum order requirement. In such instances,
these rebars were consolidated based on the established special length for continuous
reinforcements. For example, with a maximum available length of 9 m and a minimum
order quantity of 0-15 tons, the remaining rebars were combined using 6.1 m lengths.
However, when the minimum quantity increased to 17.5 tons or higher, the remaining
rebars were consolidated into the 8 m special length for continuous reinforcements instead
of 6.1 m. These findings corroborate the previous observation, suggesting that achieving
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near-zero rebar-cutting waste generally requires a minimum order quantity below 50 tons.
A progressively decreasing minimum order quantity corresponds to a reduction in waste
generation in general. An exception exists for the 12 m rebar length variation, where
near-zero waste can be attained regardless of the minimum quantity, resulting in a minimal
waste value of 0.72%. The simulation results are illustrated in Figures 11 and 12. As evident
in Figure 11, a significant portion of the simulations yielded cutting waste exceeding 1%,
except for the 9, 10, and 12 m rebar length variations. Figure 12 further highlights the
strong correlation between minimal cutting waste and reduced costs. Solutions achieving
near-zero cutting waste exhibit the lowest total reinforcement costs, ranging from USD
463,000 to USD 480,000. Furthermore, the solutions exhibit the lowest carbon emissions,
ranging from 1360 to 1399 tons of eCO;. For detailed results and calculations, refer to the

attached supplementary data [46].
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Figure 11. Simulated cutting waste generation following the variation of the third scenario.
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7. Discussions

The construction industry is significantly influenced by the interplay of global eco-
nomic factors, technological advancements, and sustainability considerations. Notably, the
construction market demonstrates a strong correlation with the global economic climate.
Fluctuations in the global economy often translate into corresponding fluctuations within
the construction sector. In line with this trend, a recent study reports that the average price
of construction raw materials in Korea increased by 28.5% in 2022 compared to the fourth
quarter of 2021 and surged by over 63% compared to 2020 [44-47], due to the financial crisis
induced by the COVID-19 pandemic. These dynamic changes can disrupt the material
supply chain, necessitating adjustments to minimum order quantities for essential materials
like steel rebar. The severity of these disruptions determines the extent to which minimum
requirements are tightened or lessened, considering the production capacities of steel mills.
Table 9 provides a summary of the arguments supporting both tightening and relaxing
these requirements.

Table 9. Supporting arguments on both tightening and relaxing the requirements.

Tighten Lessen
A tightened minimum order ensures that steel mills prioritize Lessened minimum order requirements can make the
larger, more efficient production runs due to disruption in manufacturer more accessible and accommodating to
production capacity. small customers.
An increase in minimum orders can potentially mitigate Having a larger pool of small projects and a niche market
revenue losses and facilitate recovery for steel mills making smaller orders can aid in maintaining cash flow while
experiencing supply disruptions. production is still recovering.
A tightened minimum can help to achieve more efficient Construction projects often run on tight schedules. Procuring
inventory management due to the costly and impractical materials with flexible order sizes can be crucial for meeting
construction material handling. the time limit.
A higher minimum can justify the costs associated with During a disruption, accommodating smaller orders can foster a
transporting rebars that are delivered in bulk in better relationship with existing customers who might be facing

specialized vehicles.

challenges themselves.

The determination of tightening or lessening the minimum order remains a crucial
consideration, even during periods of economic stability. Implementing a stricter minimum
order offers several advantages, including enhanced production efficiency, improved
negotiation leverage for securing better supply costs, and optimized inventory management.
Conversely, lessening minimum orders can lead to a broader customer base, potentially
expanding market share, fostering stronger customer relationships, and mitigating the risk
of excessive production. Therefore, establishing a balanced policy that prioritizes both cost
efficiency and customer demand is crucial. Tiered pricing structures, where larger orders
receive price discounts, could serve as an alternative strategy.

Nonetheless, the developed dynamic modeling enables it to logically correspond to
the dynamic change in special-length rebar procurement requirements regardless of market
conditions and steel mill policies in real time. When the baseline values for minimum
rebar quantity and maximum rebar length are applied as presented in the first scenario,
cutting waste can be minimized to under 1%, as evidenced by Table 6. This scenario may be
favorable for construction stakeholders who prioritize sustainable, green, and eco-friendly
practices, particularly in a stable economic environment. As previously noted, while not all
maximum length variations achieve near-zero rebar-cutting waste level (defined as less
than 1% waste), a minimum order quantity below 50 tons proves particularly effective
for 9, 10, and 12 m variations, as shown in Figure 9. A demonstrably inverse relationship
exists, where a lower minimum order quantity leads to demonstrably reduced waste.
An exception was observed for the 12 m rebar length variation, where near-zero waste
level can be attained regardless of the minimum quantity, as demonstrated in Figure 11.
This finding aligns with a prior study indicating that a maximum rebar length of 12 m
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generates the least amount of cutting waste, as observed in a previous study simulating
cutting waste minimization of RC wall structures [34]. Furthermore, based on the findings
provided in the third scenario, the study suggests that when a higher minimum order
quantity is imposed or when the remaining rebar’s quantity falls below this threshold,
it is recommended to combine them using the identified special length for continuous
reinforcement. Nonetheless, this approach minimizes cutting waste, consequently reducing
environmental and economic burdens, even though the near-zero rebar-cutting waste may
not be attainable. Decision-support tools are provided to engineers and stakeholders to
prioritize minimal rebar waste amidst fluctuations in rebar procurement requirements due
to the dynamic market. It is crucial, however, that they first fully grasp the concept of
special-length rebar before utilizing these tools. Since rebar-cutting waste is associated
with the use of resources, materials, and processing efficiency, and can be classified as
controllable waste [48], its impact is potentially mitigatable. These findings also provide
valuable insights for rebar suppliers or steel mills regarding the sustainable implications
of their applied requirements, which may affect their future business strategies. Today, it
is essential for all construction stakeholders, including rebar suppliers, to collaborate to
mitigate the environmental impact of the civil and construction industries.

The findings of this research are currently limited to the scope of the case study.
However, it is anticipated that the developed model can be effectively applied to larger
construction projects, potentially achieving near-zero rebar-cutting waste with greater ease
due to the increased material requirements. This study primarily focused on achieving
near-zero waste under two specific scenarios beyond the baseline. Future research could
be directed toward exploring a broader range of conditions and factors impacting waste
generation. Additionally, this study primarily focuses on the cost implications of reducing
waste and rebar usage, particularly concerning the direct costs associated with rebar. Fu-
ture research should expand on this by including additional rebar-related expenses, such
as storage costs, to provide more comprehensive findings. The current study relies on
manual simulation techniques and assumptions, which may result in ongoing issues with
calculation speed and accuracy. Therefore, future efforts should explore the development
of automated model simulations to facilitate faster and more efficient analysis. In addi-
tion, future research could investigate the development of risk management models and
strategies to address the potential consequences of significant market changes.

8. Conclusions

This study aims to devise a model that simulates the level of optimization in mini-
mizing rebar-cutting waste, targeting near-zero levels considering the dynamic change in
special-length rebar procurement requirements regardless of market conditions and steel
mill policies in real time. The developed model was applied to a case study consisting of
numerous column structures to verify its effectiveness. Numerous essential discoveries are
highlighted as follows:

1.  The model effectively attains near-zero rebar-cutting waste, ranging from 0.51% to
0.95%. Notably, this minimal waste generation translates to lower carbon emissions
and reduced total reinforcement costs.

2. Near-zero rebar-cutting waste is attainable when the maximum available rebar length
is limited to 9, 10, or 12 m, with a minimum order quantity requirement of less than
50 tons. Notably, an exception for 12 m variations where it can attain the near-zero
level regardless of minimum order quantity.

3. The study recommends combining the remaining rebars using the identified spe-
cial length for continuous reinforcement when a higher minimum order quantity is
imposed or when the remaining rebar’s quantity falls below this threshold.

Further research is warranted to investigate a wider range of conditions and factors
influencing waste generation. Additionally, the development of automated model sim-
ulations for faster and more efficient analysis, alongside risk management models and
strategies to mitigate potential consequences of significant market fluctuations, deserves
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exploration. Nonetheless, this study presents a real-time decision-support system for re-
bar procurement, enabling engineers to optimize usage and minimize waste generation,
thereby facilitating the attainment of near-zero rebar-cutting waste levels in response to
construction market-induced rebar procurement requirement dynamics. Furthermore,
the study is expected to raise awareness of the special-length rebar approach within the
research community and construction industry, potentially leading to wider adoption and
continuous advancements in sustainable practices.
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Appendix A

Table Al. Rebar arrangements of the columns (adapted from [21]).
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Table A2. Detailed results of the simulation for scenario 2.

SpL (m) Continuous Remaining
wo® © o 0® o ® ® © ® o 0o ®© o ™~ ™~ © ®)

6 6 6 409.14 415.14 5.02 6.05 41415 421.19 7.04 1.67% 13,364 1476.3 382434 17,641 110,723 157 510,955
67 67 7 394.99 40036 11.17  14.05 406.16 41441 825 1.99% 11,492 14525 376,277 15,170 108938 184 500,569
7.3 7.3 8 38555 390.29 1537 19.14 400.92  409.43 8.52 2.08% 10,244 14351 371,755 13,523 107,633 190 493,101

8 8 9 38239 383.69 1445 18.87  396.83 40256 573 1.42% 9152 1411 365,520 12,081 105,825 128 483,554
85 85 10 38024 383.17 13.14 1448 39338 397.65 427 1.07% 8580 1393.8 361,068 11,326 104,535 96 477,015
9.6 9.6 11 366.99 36734 2200 2894 38899 39627 7.29 1.84% 7228 1389 359,809 9541 104,175 163 473,688
104 104 12 376.19 37887  9.00 9.13 385.19 38799 281 0.72% 6864 1359.9 352,289 9061 101,993 63 463,406
SpL: Special-length rebar (m) (I): Cutting waste or loss rate (%)

(A): SpL for continuous reinforcements (J): Total number of splices

(B): SpL for remaining reinforcements (K): Carbon emissions (ton eCO2)
(C): Maximum available rebar length (m) (L): Material (rebar) cost (USD)
(D): Required rebar quantity (ton) (M): Rebar processing cost (USD)
(E): Ordered rebar quantity (ton) (N): Carbon cost (USD)

(F): Total required rebar quantity (ton) (O): Disposal charge (USD)

(G): Total ordered rebar quantity (ton) (P): Total reinforcement cost

(H): Cutting waste or loss (ton)
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