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Abstract: The growing demand for reinforced concrete (RC) structures, driven by popu-
lation growth, significantly contributes to carbon emissions, particularly during the con-
struction phase. Steel rebar production, a major contributor to these emissions, faces chal-
lenges due to high material consumption and waste, often stemming from market-length
rebar and conventional lap splices, impeding decarbonization efforts. This study intro-
duces a comprehensive strategy to minimize rebar consumption and waste, advancing
decarbonization in the civil and construction industry. The strategy integrates a special-
length-priority minimization algorithm with lap splice position adjustments or couplers
to reduce rebar consumption, waste, and carbon emissions. A case study evaluates distinct
scenarios regarding rebar consumption. The study demonstrates that conventional rebar
practices, such as market-length rebar and lap splices, lead to excessive consumption and
waste, impeding decarbonization. Couplers significantly reduce rebar requirements,
though cutting waste remains when combined with market-length rebar. Special-length-
priority optimization with lap splice adjustments demonstrates greater efficiency in re-
ducing consumption while minimizing cutting waste, proving effectiveness. The combi-
nation of special-length-priority optimization and couplers achieves the greatest reduc-
tions in rebar consumption, waste, and carbon emissions, making it the most efficient
strategy for future construction projects. These findings emphasize the importance of op-
timizing rebar consumption in advancing decarbonization and promoting sustainable
practices in the civil and construction industry.

Keywords: decarbonization; rebar consumption minimization; carbon emissions
reduction; special-length rebar; couplers; reinforced concrete; sustainable construction

1. Introduction

The construction industry encounters a critical obstacle in decarbonization due to its
reliance on carbon-intensive materials, particularly steel rebar, which significantly drives
global greenhouse gas emissions. As urban populations are projected to increase by 2.4
billion by 2050 [1], the demand for civil and construction works, particularly those involv-
ing reinforced concrete (RC), is expected to surge, exacerbating the current housing short-
age and inadequate infrastructure [2]. RC construction is essential for energy, water,
wastewater systems, buildings, and transportation networks [2]. With this surge in RC
construction comes a corresponding rise in the consumption of concrete and steel rebar.
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Rebar usage consistently faces challenges from cutting waste, estimated at 3-5% during
the design stage and frequently exceeding 5% during construction [3]. Often overlooked
in many projects, this issue highlights the need for effective minimization strategies.

Consequently, various methods, including cutting waste optimization and coupler
usage, have been introduced to address the persistent challenges of high rebar waste and
material consumption. Extensive research on rebar minimization has struggled to achieve
significant reductions due to the reliance on market or standard rebar lengths, which per-
petuates high cutting waste and rebar consumption [4-6], leaving them unresolved. Stud-
ies [4,7] demonstrate that integrating lap splice position adjustments or couplers with spe-
cial-length-priority rebar optimization can substantially decrease both cutting waste and
material usage. By eliminating lap splicing, couplers reduce rebar requirements and uti-
lize their mechanical properties to establish robust connections. However, their adoption
requires careful planning in procurement, installation, and specialized equipment, lead-
ing to hesitancy among engineers. Nevertheless, recent findings [4,8] indicate that the ad-
vantages of couplers outweigh these challenges, offering up to a 26% reduction in con-
struction costs and a 95% decrease in environmental impact compared to traditional meth-
ods. These insights accentuate the need for further research to refine strategies that miti-
gate the environmental and construction impacts of rebar usage.

The built environment, encompassing the civil and construction industry, contrib-
utes approximately 40% of global carbon emissions and natural resource consumption
[9,10]. This significant impact largely arises from the production and consumption of car-
bon-intensive materials [11], such as concrete and rebar, which together account for 65%
of construction-related greenhouse gas emissions, with rebar alone contributing 60% of
this total [12]. Emissions throughout the product lifecycle, from raw material extraction to
disposal, emphasize the indispensable need to minimize rebar emissions, as the construc-
tion phase significantly drives the industry’s carbon intensity. Lifecycle assessments re-
veal that rebar’s carbon footprint ranges from 1.03 to 3.5 tons of CO2-e per ton [11,13-17].
Ghayeb et al. [15] further highlighted that rebar emits 29 times more carbon than M25
concrete and 24 times more than M32 concrete, at 3.505 tons CO2-e per ton. Additionally,
rebar represents 16-20% of total project costs [6,18], underscoring its significant role in
material consumption and associated carbon emissions.

The pressing need to address climate change, evidenced by the increasing frequency
of severe natural disasters and rising global temperatures [19], highlights the importance
of decarbonization in the industry. While efforts have predominantly focused on sustain-
able materials and emission reductions via electric or hybrid equipment, a notable gap
remains in reducing material usage, particularly steel rebar. Given the considerable envi-
ronmental impact associated with rebar production and usage, minimizing its consump-
tion from the early design stages offers a promising strategy for decarbonizing the indus-
try. This study addresses this gap by presenting a comprehensive strategy to minimize
rebar consumption and reduce cutting waste to advance the decarbonization of the indus-
try. A comparative CO: analysis through five scenarios on a case study is conducted to
validate this strategy, with broader environmental implications also discussed. Further
details regarding the scenarios are presented in Section 3.1. This research is among the
first to emphasize rebar consumption reduction as a critical step in decarbonization ef-
forts.

This study equips engineers and stakeholders with a versatile approach to advance
sustainable construction practices, extending beyond mere reductions in rebar use, cutting
waste, and associated costs. Its real-world implementation supports the Paris Agreement
and COP26 goals [9,20-22] to limit global warming to below 1.5 °C by 2030, as well as the
UN Sustainable Development Goals (SDGs), particularly in clean energy, sustainability,
and climate change. However, progress toward SDG 13 reveals a concerningly limited
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Preliminary studies

engagement from construction companies [23]. The recent COP28 [24,25] highlighted the
insufficiency of current decarbonization efforts, urging more assertive actions as the world
confronts escalating severe climate risks. In this context, the study’s timely and critical
contribution provides a practical pathway to enhance decarbonization within the con-
struction industry. The study is structured as follows: introduction, methodology, related
studies, strategy development, case study, discussion, and conclusion.

2. Methodology

A series of steps are employed to accomplish the study’s objectives, as outlined in
Figure 1. These steps encompass preliminary investigations into rebar consumption and
waste issues, as well as decarbonization efforts within the industry. The study then intro-
duces the concept of special-length-priority optimization with lap splice position adjust-
ments, integrates the special-length-priority optimization algorithm with couplers, ap-
plies the strategy in a case study, and conducts an in-depth analysis of the results. In re-
inforced concrete (RC) structures, the RC frame is crucial as it bears the majority of loads
and forces. Columns, in particular, play a key role in transferring compressive loads from
the superstructure to the foundation, requiring more substantial reinforcement to accom-
modate such requirements. Consequently, this study utilizes columns to illustrate the pro-
posed strategy.

Further impact

Rebar usage and
waste concept
Decarbonization
efforts in the civil and

construction industry

Strategy development Case application

analysis
+ Special-length-priority + Continuous columns + Broader
optimization with lap + Five scenarios for environmental impact
splice position comparison reduction
adjustments + Rebar consumption, » Cumulative  energy
« Integrated coupler waste, and CO, demand reduction
and  special-length- reduction

priority optimization

Figure 1. The proposed strategy development.

3. Related Studies
3.1. Rebar Consumption and Cutting Waste Concept

Understanding the terminology and strategic concepts used in this study is essential.
“Rebar consumption” or “rebar usage” both refer to the order quantity, encompassing the
progress payment eligible quantity (PPEQ) and potential rebar-cutting waste (RCW). The
PPEQ represents the actual quantity needed for a specific task, which the client agrees to
cover financially. The responsibility for managing rebar-cutting waste and associated
losses typically falls on the contractors, who must choose the most efficient strategy to
minimize waste and rebar required. Figure 2 presents five example scenarios to further
understand the rebar consumption and waste issue in the industry.
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Scenario 4. Rebar process with special-length-priority optimization and lap splice position adjustment
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Scenario 5. Rebar process with integrated coupler and special-length-priority optimization
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Figure 2. The five scenarios concerning the rebar usage and cutting waste concept.

As demonstrated in Figure 2, the first scenario, which lacks any minimization of re-
bar-cutting waste (RCW), potentially results in the highest levels of waste generation and
rebar consumption. In this case, the required rebar (PPEQ1) directly translates into the
purchase of a market-length rebar indicated as order quantity 1 in Figure 2. The second
scenario, which has been the focus of most research [5,6], seeks to minimize RCW through
optimized cutting patterns but continues to encounter challenges in significantly reducing
waste. The RCW minimization yields a reduced order quantity compared to order quan-
tity 1. The third scenario introduces the use of couplers to connect rebar, thereby replacing
the traditional lap splicing method. Mechanical couplers connect two rebars, primarily
eliminating the need for lap splicing and alleviating bar congestion. Studies highlight their
benefits, including reduced rebar waste, improved crack control, enhanced structural in-
tegrity, and lower labor costs, while enabling connections between rebars of varying
lengths and diameters [4]. This method reduces PPEQ3 (indicated as APPEQ3) by elimi-
nating the need for rebar lapping, although the amount of cutting waste remains consid-
erable. The elimination of rebar lapping further decreases the order quantity, resulting in
a lower figure compared to both order quantities 1 and 2. It is important to note that all
these scenarios are heavily reliant on the use of a readily available, standard-length rebar.
The fourth scenario involves the optimization of special-length rebar usage to decrease
both rebar consumption and RCW, incorporating adjustments to lap splice positions as
suggested in several studies [3,7]. This approach lowers PPEQ4 (denoted as APPEQ4) by
reducing the number of splices required across the structure. The special-length-priority
optimization can also be applied to the remaining rebars left for the combination [7]. Typ-
ically, building codes dictate lap splice positions, placing them in areas with minimal
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stress or load to ensure structural integrity, which makes it challenging to reduce rebar
usage due to these predetermined positions. However, a study [7] has shown that splicing
can occur at any location, provided certain conditions are met, as detailed in the research.
Subsequently, the reduction in splices is expected to reduce both rebar consumption and
RCW, achieving more efficient consumption over order quantities 1 and 2. Yet, despite
this reduction, lap splices are still likely to require more rebar than the mechanical coupler
scenario. The fifth scenario pairs the use of couplers with a special-length-priority algo-
rithm to further reduce both rebar consumption and RCW [4]. Similarly to the third case,
the use of couplers eliminates the need for rebar splicing, leading to a further reduction in
PPEQ)5 (referred to as APPEQ5) and a consequent reduction in RCW. Consequently, order
quantity 5 significantly decreased relative to the other scenarios. Both the fourth and fifth
cases are designed with consideration of continuous structural members and their rein-
forcements as well as achieving near-zero RCW (<1%) strategy.

3.2. Decarbonization in the Construction Industry

Decarbonization aims to reduce CO2 emissions in sectors like civil engineering to
mitigate climate change [10,11], which is associated with natural disasters such as global
warming, flooding, and landslides [19]. Strategies in this sector include using sustainable
building materials and electric or hybrid equipment during construction to reduce emis-
sions [10,26]. While the development of low-emission materials is complex and resource-
intensive, it remains crucial. The carbon emissions associated with products are closely
tied to their lifecycle, from raw material extraction to disposal. Minimizing emissions, par-
ticularly in rebar, is essential, as the construction phase contributes most to the industry’s
carbon intensity. Integrating sustainable building practices can mitigate carbon emissions
over the building’s entire lifecycle [26].

According to the World Steel Association [27], steel production reached beyond 1.8
gigatons annually in 2023. Steel manufacturing is highly energy-intensive and follows two
main production methods [28] —blast furnace (BF) or basic oxygen furnace (BOF)—with
alternative methods of processing steel scrap through an electric arc furnace (EAF) [28].
Studies [16,21,29] found that globally, 63-78.9% of steel is produced using the BF or BOF
methods, particularly in Asia, with the remaining 21-36% generated through the EAF
method. Both methods emit significant carbon, with BF and BOF relying on coal and coke,
while EAF emissions vary based on regional electricity mix sources. This aligns with Roc-
amora et al.’s investigation [13], which found that steel emissions over its lifecycle range
from 1.03 to 3.19 tons of CO2-e per ton of rebar, depending on the energy mix in various
lifecycle analysis databases. Another study by Alig et al. [14] reported that rebar in Swit-
zerland, produced via the EAF method, emits 1.6 tons of COz-e per ton of rebar. In con-
trast, M25 and M32 concrete emits 0.128 tons and 0.142 tons of CO»-e, respectively, during
production [15]. That report [15] also revealed that the carbon emission posed by the rebar
is 3.505 tons of CO:z-e per ton of rebar. The expected increase in steel demand due to rapid
building development makes reducing steel emissions crucial. Strategies like maximizing
scrap steel use and promoting short-process steelmaking are effective decarbonization
strategies, yet they still involve high-carbon processes, and recycled steel supply falls
short of demand [30]. With CO:2 levels now at 410 ppm, rising sharply from 300 ppm in
the 1950s, urgent action is needed to stabilize concentrations at 450 ppm and mitigate
global warming [16].

Decarbonization is intricately connected to the cumulative energy demand (CED),
which assesses the total energy consumption of building materials across their lifecycle:
from extraction and processing to transportation, construction, and end-of-life stages such
as disposal or recycling. The carbon emissions associated with this energy use are influ-
enced by the carbon intensity of the energy sources: fossil fuels result in high carbon
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emissions, whereas renewable energy sources produce significantly lower emissions.
However, the adoption of renewable energy sources remains low, albeit the trend is in-
creasing nowadays. By reducing rebar consumption, demand and production are also
lowered, thereby decreasing the CED. This reduction contributes significantly to advanc-
ing decarbonization efforts. A study by Alig et al. [14] reported that the production of 1
kg rebar results in a CED of 3.4 kWh oil-eq from non-renewable energy sources and 0.25
kWh oil-eq from renewable energy sources. Implementing effective measures is critical to
effectively mitigating carbon emissions, with early reduction in rebar consumption being
one of the most feasible solutions given the current circumstances.

4. Strategy Development

This study presents a comprehensive strategy to support decarbonization in the civil
and construction sectors through rebar consumption and cutting waste reduction, ana-
lyzed across previously discussed scenarios. Figure 3 illustrates the steps taken to make
the final decision based on the findings obtained through the applied scenario.

1. Review the structural analysis
results

r

2. Assess the site condition (the
possibility of using a coupler)

Y

3. Select a scenario based on the site
condition

r

4. Apply the selected scenario to the
structural members

r

5. Obtain PPEQ, quantity order, rebar
waste, and CO, emissions

6. Less than 1%
RCW?

7. Make a final decision on the
scenario

Figure 3. Strategy implementation process to minimize rebar consumption.

In reference to Figure 3, a brief explanation of the processes is provided below.

1. Review the reinforcement information of the structural members as presented in the
structural analysis results.

2. Assess the site conditions to determine whether using couplers is feasible. Although

previous sections indicate that combining couplers with special-length-priority



Sustainability 2025, 17, 1172

7 of 22

optimization effectively reduces rebar consumption, lap splices may still be preferred
by engineers in smaller to medium-sized projects. This preference arises because the
couplers may require adjustments in design and changes to the reinforcement layout,
which may not be favorable in smaller projects.

3. Based on the site conditions, select the appropriate scenario, either using conven-
tional lap splices or coupler variations.

4. Apply the selected scenario to the relevant structural members, considering that a
building typically consists of columns, beams, and slabs, each with distinct charac-
teristics and roles within the structural system.

5. Based on the application of the selected scenarios, obtain the PPEQ, order quantity,
cutting waste, and carbon emissions.

6.  Verify whether the obtained cutting waste is less than 1%. Cutting waste below 1% is
critical due to its strong connection to rebar consumption, which significantly re-
duces overall consumption. Various studies [3,7] indicate that reducing the number
of splices contributes to this reduction. If the waste exceeds 1%, another scenario
should be selected and re-evaluated.

7. If the obtained cutting waste is less than 1%, the selected scenario can be confirmed
as the final decision.

Additionally, this section elaborates on the details of all scenarios discussed in the
previous section.

4.1. Scenarios 1-3: Rebar Processes with and Without Cutting Waste Minimization and
Coupler—Cutting Waste Minimization Combination

As discussed earlier, Scenarios 1 through 3 utilize standard or market-length rebar,
which typically ranges from 6 to 10 m in 1 m increments. The conventional approach for
connecting rebar is to connect the bars at each floor level. In Scenario 1, where no rebar-
cutting waste minimization is applied, the required length of column rebar on each floor
is determined by summing the floor height with the lapping length. The corresponding
order length is then determined based on this required length. For instance, if the neces-
sary rebar length is 5.5 m, a 6 m rebar will be ordered. The PPEQ1 and order quantity 1
are calculated by multiplying the rebar’s unit weight by the number of required rebars
and by the required and ordered lengths, respectively. Scenario 2 focuses on minimizing
rebar-cutting waste. The required rebar lengths are determined in the same manner as in
Scenario 1. However, these lengths are then combined and optimized using a minimiza-
tion algorithm to identify order lengths that produce the least amount of waste (RCW2).
PPEQ2 and order quantity 2 are calculated by multiplying the rebar’s unit weight by both
the number of required rebars and the required and optimized order lengths. Scenario 3
introduces the use of couplers in place of rebar lapping, along with rebar-cutting waste
minimization. Here, the required rebar length for each floor is determined by subtracting
half of the coupler’s inner gap from the floor height. These lengths are similarly combined
and optimized using a minimization algorithm to achieve order lengths that generate the
lowest possible waste (RCW3). As with Scenario 2, PPEQ3 and order quantity 3 are calcu-
lated by multiplying the rebar’s unit weight by the number of required rebars and the
optimized order lengths.

4.2. Scenario 4: Rebar Processes with Special-Length-Priority Optimization and Lap Splice
Position Adjustment

Following the structural analysis and design stage, the generated results were uti-
lized to optimize the rebar consumption, encompassing factors such as length, quantity,
and lap splice positions. The optimization process employs an approach previously de-
veloped in an earlier study [7]. As discussed earlier, columns were selected as the focal
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point for the case application. Given the interconnected nature of columns extending con-
tinuously from the foundation to the top floor, rather than treating them as discrete, indi-
vidual members, the rebar layout was categorized into groups based on length similari-
ties. In contrast, the existing approaches depicted in Scenarios 1-3 treat columns as indi-
vidual elements, typically resulting in rebar laps at each floor level. The proposed strategy
introduces flexibility by allowing adjustments to lap splice positions, enabling rebar laps
to occur at any location along the structure, thus optimizing material use and reducing
waste. This categorization is illustrated in Figure 4, where certain rebars extend to specific
floors (e.g., Fz, Fs, Fi) from the foundation. The quantity of rebars in each group was deter-
mined by the total rebar amount extending from the foundation to the top, as indicated
by the structural analysis outcomes. For instance, if twelve rebars extend from the foun-
dation to the top floor (rebar group 1), the number of rebars in subsequent groups de-
creases accordingly, reflecting the number of rebars that extend only up to certain floors.
However, in some instances, the number of rebars in subsequent groups may increase due
to specific building requirements and load conditions. The study utilizes a series of Equa-
tions (1) through (8). Equation (1) calculates the total length for each rebar group. Equation
(2) governs the bending deduction due to rebar bending based on the shape code. Follow-
ing this, Equation (3) determines the number of special-length rebars for the first group,
and Equation (4) calculates the number of splices considering the special lengths. Equation
(5) evaluates the reduction in splices by comparing the original and new values, leading
to the recalculation of the total rebar length in Equation (6). Equations (7) and (8) are used
to obtain the special rebar lengths. Initially, Equations (1) through (8) are applied to ad-
dress the first group of continuous rebars. For subsequent rebar groups that extend from
the foundation to specific levels, Equations (1)—(6) are employed to calculate the reduced
total rebar length by factoring in the decrease in the number of splices. The special length
identified in Equation (8) is then assigned to the remaining column rebar groups. Equa-
tions (9) and (10) are used to determine the number of rebars within these groups, includ-
ing the special-length rebars. Given that applying the previously identified special lengths
to other rebar groups may result in remaining rebars of varying lengths, Equation (11) is
used to calculate these remaining lengths. Further optimization procedures are detailed
in the previous study [7].

n
f

Ltotal = Z Hfloor - Dgirder + Ldowel + Lanchor+hook + Z Lsplice - Z Bdeduct (1)
1

Bdeduct = 043R + 12db (2)
L
Nyepar_sp = ceiling (to_ml) 3)
max
Nsplice.sp = Nrebar_sp — 1 (4)
Asplice= MNsplice — Nsplice_sp (5)
Ltotal_sp = Liotar — (Asplice X Llap) (6)
Lot
Leaic = —= 7)
nrebar_sp

Lgy, = roundup (Lcgic) ®)
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Ltotal S
_Sp
Nrebar = [ 1, )
sp
Nyebar_sp—j — Nrebar — 1 (10)
Lremaining = Ltotal_sp - (nrebar_sp—j X Lsp) (11)

where Lgyeq is the total length of continuous main rebar, Hgjoor is the height of each
floor (mm), n; is the number of floors for each rebar group, Dgjrqer is the depth of the
girder, Lyopwe is the length of the dowel bar, Lgucpor+hoox iS the hook anchorage length,
Y Lspiice is the total lap splice length, ngp;c. is the number of splices, Bgegyc: is the bend-
ing deduction, R is the rebar’s specified bend radius, d, is the diameter of the rebar,
Nyepar_sp 1S the number of special-length rebar, L, is the maximum purchase length,
Nplicesp 1S the number of splices considering the special-length rebar, Agp;c. is the dif-
ference between the new number of splices and the original number of splices (gpice),
Leotarsp 18 the new total rebar length, Ly, is the rebar lapping length, L. is the calcu-
lated rebar length, Ly, is the identified special-length rebar, n,¢pq, is the number of re-
bar in that rebar group, Nyepar sp—; is the number of previously identified special-length
rebar in that rebar group, and Lyemgining is the length of the remaining rebar.

The rebar-cutting waste (RCW), required quantity (PPEQ), and order quantity are
derived using the equations outlined below. Equation (12) calculates the required quantity
of continuous rebars (PPEQ.) based on the rebar length obtained from Equation (7). For
the remaining rebars, their quantity (PPEQ,) is determined by considering the total length
of the cutting pattern I (3 I;), as described in Equation (13). The total required rebar quan-
tity (PPEQ) is then the sum of the quantities from both continuous and remaining rebars,
as presented in Equation (14). To calculate the total order quantity which is composed of
the order quantity for both continuous and remaining rebars considering the identified
special-length rebar, Equation (15) is used. Rebar-cutting waste (RCW), defined as the rel-
ative difference between the required and ordered quantities divided by the ordered
quantity, can be calculated using Equation (16).

PPEQ. = Z Ngp X Leaic X Wrebar (12)

PPEQ, = Znsp X li X Wrepar (13)

PPEQ = PPEQ.+ PPEQ, (14)

order quantity = Z Ngp X Lsp_c X Wyepar + Z Ngp X Lsp_y X Wyepar (15)

order quantity — PPEQ
RCW = - x 100% (16)
order quantity
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Figure 4. Rebar categorization into several distinct groups.

4.3. Scenario 5: Rebar Processes with Integrated Coupler and
Special-Length-Priority Optimization

The steps outlined in this subsection closely resemble those in the previous one, with
the key distinction being the integration of couplers instead of lap splicing for rebar con-
nection. The outputs from the structural analysis and design stage, which provide the ge-
ometric and reinforcement details of the members, were used to optimize rebar consump-
tion. Several types of couplers, illustrated in Figure 5, are available on the market. These
include parallel threaded couplers (PTCs), grouted sleeve couplers (GSCs), shear screwed
couplers (S5Cs), swaged sleeve couplers (SSCs), and rib thread couplers (RTCs), each ex-
hibiting different characteristics and performance when subjected to lateral forces.

While the performance of these couplers is generally comparable, their ease of instal-
lation varies. Parallel threaded couplers (PTCs) are relatively simple to install, as they only
require threading the ends of the rebar and screwing the coupler onto them. Rib thread
couplers (RTCs) are similar to PTCs; however, the ribbed design may slightly complicate
the installation process. Grouted sleeve couplers (GSCs) involve filling the sleeve with
grout to bond the rebar; however, this process requires additional steps and curing time.
Both shear screwed couplers (SSCs) and swaged sleeve couplers (55Cs) require special-
ized tools for installation. Swaged sleeve couplers need a compressive force to crimp the
coupler onto the rebar, while shear screwed couplers require precise alignment of the
screws to ensure proper connection of the rebars. That being said, engineers should care-
fully evaluate the selection of the most appropriate coupler type, considering specific site
conditions, project requirements, and ease of installation.
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Figure 5. Various types of couplers available in the market (Source: [4]).

As mentioned earlier, the key difference between this approach and the previous one
is the integration of couplers in the calculation, represented by the inner spacing of the
coupler, as shown in Figure 6. The inner gap of the couplers influences the calculation of
the special lengths, as demonstrated in the set of equations below. As a result, the inclu-
sion of the coupler lead plays a role in the classification of end and middle bars, as illus-
trated in Figure 6, which shows the position of the coupler between the connected adjacent
rebars.
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Figure 6. A coupler’s inner gap illustration (adapted and modified from [4]).

This study employs a set of Equations (17) through (25), as proposed in a previous
study [4]. Equation (17) is used to determine the total length for each rebar group. Follow-
ing this, Equation (3) calculates the number of special-length rebars for the first group,
while Equation (18) computes the number of couplers needed to connect the rebars, taking
the special-length rebar into account. Equations (19)—(21) are applied to obtain the special
rebar lengths, considering that the coupler may affect both the middle and end bars, as
illustrated in Figure 6. For subsequent rebar groups that extend from the foundation to
specific levels, Equations (2) and (17) are employed to calculate the total rebar length. The
special lengths identified in Equations (19) and (20) are then assigned to the remaining
column rebar groups. Equations (22)-(24) are used to determine the number of rebars
within these groups, including the special-length rebars and the number of couplers. It is
crucial to recognize that using these special lengths in other rebar groups may result in
rebars of varying lengths. The remaining lengths can be calculated using Equation (25).
The rebar-cutting waste (RCW), required quantity (PPEQ), and order quantity are derived
using the equations previously outlined in Equations (12)—(16).
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n
’ (17)
Ltotal = Z Hfloor + Ldowel + Lanchor+hook — Vgirder — Z Bdeduct
1
Necoupler = Mrebar_sp — 1 (18)
L S
Leqic = roundup ( total  _ wupler) for end rebar (19)
nrebar_sp 2
L
Leqic = roundup ( total  _ swupler> for middle rebar (20)
nrebar_sp
Lgy, = roundup (Lcgic) 1)
Liotar
Nyebar = [%l (22)
sp
Nyrebar_sp = Mrebar — 1 (23)
Neoupler = Mrebar — 1 (24)
coupler (25)

S,
Lremaining = Ltotal - (nrebar_sp X Lsp) - 2

where Liyq; is the total length of continuous main rebar, Hf,o is the height of each
floor (mm), n; is the number of floors for each rebar group, Dgiyqer is the depth of the
girder, Lyope is the length of the dowel bar, Lguchor+hoox iS the hook anchorage length,
Baequet is the bending deduction, R is the rebar’s specified bend radius, d, is the diam-
eter of the rebar, ncyyper is the number of couplers, Scoypier is the inner gap of the cou-
pler, L.q isthe calculated rebar length, Lg, isthe identified special-length rebar, 1,54,
is the number of rebar in that rebar group, n,cper sp is the number of previously identi-
fied special-length rebar in that rebar group, and Lyemaining is the length of the remaining

rebar.

5. Case Application

The implementation process described in the previous section was carried out, with
site conditions assumed to support the use of both lap splices and couplers. All five sce-
narios were applied to the selected case study subject and compared to demonstrate the
strategy’s effectiveness. The 32 continuous columns were selected from an RC mixed-use
high-rise building. Rebar grade 600, which has a yield strength of 600 MPa, was used for
rebars larger than 16 mm, while 500 MPa was used for rebars smaller than 16 mm. The
structural design and information were checked with the relevant building codes, and
rebar details were adopted from the reports. The selected building comprised 23 floors,
including two underground basements, with a height of 5.4 m. The standard, minimum,
and maximum floor heights were 3.8 m, 3.25 m, and 6.3 m, respectively. The selected con-
tinuous column was reinforced with 25 mm longitudinal rebars and 10 mm of hoops. M30
concrete was used for the entire floor. The size of the column decreased on higher floors.
The detailed column and its reinforcement arrangement are presented in Appendix A,
Table Al. Based on the arrangement, the main rebars of similar lengths were divided into
nine groups: B2F-Rooftop, B2F-F15, B2F-F14, B2F-F12, B2F-F10, B2F-F8, B2F-F6, B2F-F4
and B2F-F2. The attributes of the continuous column and its reinforcements are presented
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in Table 1. Refer to Figure 4 for the visualization of the rebar group division. A more de-
tailed building’s floor height information can be found in Appendix A, Table A2.

Table 1. Case study building’s attributes of the continuous column and its reinforcements.

Properties Description
Group 1: 100.3 m
Group 2: 79.15m
Group 3: 75.9 m
Group 4: 65.8 m
Each rebar group’s length (¥ H ;) Group 5:58.2m
Group 6: 50.6 m
Group 7: 41.6 m
Group 8:31.6 m
Group 9:21.6 m

Main rebar diameter (d) D25 600 MPa
Hook anchorage length (Lgnchor+hook) 2310 mm
Lapping length (Llapping) 2140 mm
Bending deduction (Bgeguyct) 68 mm
D25 unit weight (Wyepar) 3.98 kg/m
Concrete cover (c) 50 mm
Rooftop girder’s depth (Dy;rger) 500 mm

Splicing connection: 3040 mm
Integrated coupler: 900 mm
Coupler inner gap (Scouper) 20 mm

Length of dowel bar (Lgoer)

This study focuses on the adoption of improved rib thread couplers (RTCs), which
feature a cylindrical sleeve with threaded ends designed to securely attach rebar ends,
fastened with nuts (see Figure Al in Appendix B). The assembly is subsequently filled
with grouting material to strengthen the connection between rebars. The specifications
and dimensions for the RTC provided by a specific manufacturer [31] are detailed in Table
A3. As shown in Figure Al, a gap exists between the threads of the RTC and the threaded
rebar, typically measuring 20 mm for rebar sizes D16 to D29 and 30 mm for sizes exceed-
ing D32. The coupler accommodates a permissible tolerance regarding the length of rebar
inserted in the center, which facilitates a reliable connection, even when threaded rebars
have cutting inaccuracies. In this study, threaded rib rebars from the same manufacturer
(Tokyo Tekko, Co., Ltd., Tokyo, Japan) [32] were utilized, with unit weights of 3.98 kg/m
for D25 rebar size. This section is organized into several parts: the calculation of quantities,
waste, and carbon emission, the comparison of quantity differences across scenarios, the
further assessment of the environmental impact caused by rebar, and the strategic selec-
tion of the optimal scenario.

5.1. Rebar Consumption and Waste Generation

It is important to note that the standard rebar lengths available in the market include
6,7,7.5,8,9,10, and 11 m. However, special-length rebar can be ordered in lengths rang-
ing from 6 to 12 m, with increments of 0.1 m, as the maximum available rebar length is 12
m. Ordering special-length rebar typically requires a minimum order of 50 tons and must
be placed at least two months in advance, although these conditions are temporarily dis-
regarded for this analysis. The special-length-priority optimization method was applied
to generate less than 1% waste. After applying all scenarios discussed earlier, the quanti-
ties and associated waste are summarized in Table 2. Additionally, carbon emissions were
calculated and are presented in Table 2. Research on the lifecycle assessment of steel rebar
production shows a wide range of emission values depending on energy sources and pro-
duction methods. According to Ghayeb et al. [15], steel rebar emits 3.505 tons of CO2-e per
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ton. In comparison, each D25 coupler produces 8.6 kg of COz-e [15]. These figures are
adopted for the calculations in this study.

Table 2. Rebar quantities, waste, and carbon emissions generated in all scenarios.

Scenario(s) Req. Quantity/PPEQ Order Quantity Cutting Waste Cutting Waste (%) Carbon Emission (ton
(ton) (ton) (ton) CO2-¢)
1 639.704 691.310 51.606 7.465 2423.05
2 639.704 674.116 34.413 5.105 2362.78
3 428.859 442.266 13.406 3.032 1762.05
4 548.171 551.644 3.472 0.630 1933.52
5 482.587 484.881 2.294 0.474 1770.52

As shown in Table 2, the results highlight the inefficiencies inherent in conventional
rebar practices, particularly the reliance on market-length rebar combined with conven-
tional lap splicing, as exemplified by Scenario 1. This scenario represents the least sustain-
able approach, yielding the highest levels of rebar consumption and cutting waste, with
waste accounting for a notable percentage of total rebar usage. Scenario 2 demonstrates
modest improvements through waste minimization techniques, yet these strategies re-
main limited by the constraints of market-length rebar, leaving significant inefficiencies
unresolved. The incorporation of couplers in Scenario 3 marks a significant advancement,
resulting in notable reductions in rebar usage and cutting waste compared to the preced-
ing scenarios. Nonetheless, a waste rate exceeding 3% emphasizes the need for further
minimization. Scenarios 4 and 5 showcase the transformative impact of integrating spe-
cial-length-priority optimization. Scenario 4 achieves a significant reduction in waste to
below 1% by adjusting lap splice positions, while Scenario 5, which combines this optimi-
zation with coupler integration, delivers the highest overall efficiency. This scenario min-
imizes waste to an almost negligible level and substantially reduces carbon emissions,
positioning it as the most effective strategy for sustainable construction practices. A de-
tailed comparison of these improvements, including waste minimization and emissions
reductions, is provided in Table 3.

Table 3. Comparison of rebar consumption, waste, and emissions reductions across scenarios rela-

tive to Scenario 1.

Parameter 1-2 (%) 1-3 (%) 1-4 (%) 1-5 (%)
Required rebar quantity (PPEQ) - 32.96 14.31 24.56
Consumed (ordered) rebar quantity 2.49 36.03 20.20 29.86
Waste 33.32 74.02 93.27 95.56
Carbon emission 2.49 27.28 20.20 26.93

Table 3 further reveals that Scenario 5 delivers the most comprehensive advance-
ments across all evaluated parameters, highlighting its effectiveness in improving both
material efficiency and environmental performance. By integrating couplers with the spe-
cial-length-priority algorithm, this approach achieves significant reductions in PPEQ), or-
dered rebar quantities, cutting waste, and carbon emissions, while maintaining a waste
rate below 1%, an essential benchmark for sustainability. Scenario 4, which combines spe-
cial-length-priority optimization with lap splice position adjustments, emerges as the sec-
ond most effective strategy, as indicated in Table 2. Despite achieving slightly lower re-
ductions in certain metrics compared to Scenario 3, its ability to maintain a waste rate
below 1% makes it a more practical strategy for decarbonization efforts. Scenario 3, while
demonstrating significant potential, is undermined by its reliance on market-length re-
bars, resulting in a waste rate exceeding 1% and limiting its overall effectiveness. These
findings emphasize the necessity of transitioning from conventional rebar practices to
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unlock the full benefits of advanced rebar consumption and waste minimization strate-
gies. While all scenarios surpass the baseline performance of Scenario 1, Scenario 5
emerges as the most effective, offering a scalable and impactful solution for reducing rebar
consumption, rebar waste, and associated emissions in the civil and construction industry.
Section 5.3 provides further insights into the selection criteria for the optimal strategy.

5.2. Environmental Impact Analysis of Rebar Consumption

Beyond carbon emissions, significant rebar consumption impacts various environ-
mental metrics critical to decarbonization, including water footprints, global warming po-
tential (GWP), abiotic depletion potential (ADP), acidification potential (AP), and cumu-
lative energy demand (CED). The blue water footprint measures freshwater use in steel
rebar production, while the gray water footprint reflects the water needed to dilute pollu-
tants before entering natural water bodies. A study [33] found that the production of 1 ton
steel rebar in China requires 5.47 m3 of water and discharges 145.74 m? of gray water.
Reducing rebar consumption directly decreases production demand and associated en-
ergy use, lowering carbon emissions from water extraction, treatment, and wastewater
management. GWP evaluates the heat retention potential of greenhouse gases, emphasiz-
ing the importance of minimizing reliance on carbon-intensive materials to combat cli-
mate change. ADP assesses the depletion of non-renewable resources like minerals and
fossil fuels, upon which the construction industry heavily relies, including steel rebar pro-
duction. Decreasing the use of virgin materials in rebar production aligns with sustaina-
bility goals by lessening reliance on finite resources and non-renewable energy. AP as-
sesses the acidification potential impact of pollutants, such as sulfur dioxide and nitrogen
oxides, often linked to fossil fuel combustion and industrial activities. Park et al. [34]
found that each kg of rebar waste generates 0.35 kg CO2-eq GWP, 2.79 x 10-% kg Sb ADP,
and 2.31 x 10~ kg SO2-eq AP. Since blast furnaces and basic oxygen furnace methods re-
main dominant [16,21,29] and are carbon-intensive, reducing AP through optimized rebar
consumption can promote cleaner energy and production practices. High CED from non-
renewable energy correlates with increased carbon emissions and GWP, highlighting the
need to reduce rebar consumption to mitigate environmental impacts. Table 4 summa-
rizes metrics associated with rebar consumption and decarbonization, with water foot-
prints and CED linked to consumption levels and GWP, ADP, and AP tied to waste gen-
erated as shown in Table 2.

Table 4. Environmental impact metrics related to rebar consumption and decarbonization.

. Scenario(s)
Metrics 1 2 3 4 5
Blue water footprint (m3) 3782.06 3687.99 2419.57 3017.96 2652.71
Gray water footprint (m?) 100,751.47 98,245.68 64,455.74 80,396.48 70,666.54

CED non-renewable (MWh oil-eq) 2350.45 2292.00 1503.70 1875.59 1648.60
GWP (kg CO2-eq) 18,076.15 12,053.74 4695.81 1216.18 803.43

ADP (kg Sb-eq) 144.15 96.12 37.45 9.70 6.41

AP (kg SO2-eq) 118.98 79.34 30.91 8.01 5.29

Production of 1 ton rebar requires 5.47 m® and 145.74 m® of blue and gray water footprint [33] and
3.4 MWh oil-eq [14]. Each 1 kg of rebar wastes 3.50 x 10 kg CO2-eq GWP, 2.79 x 10 kg Sb ADP,
and 2.31 x 103 kg SO2-eq AP [34].

Table 4 reveals the critical role of optimizing rebar consumption and minimizing cut-
ting waste since such reductions directly correspond to lower environmental impacts.
Among the evaluated scenarios, Scenario 5 emerges as the most sustainable approach,
effectively integrating couplers with the special-length-priority algorithm. This strategy
significantly reduces environmental impacts, particularly in terms of water footprints
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(blue water and gray water), CED for non-renewable resources, GWP, ADP, and AP. Sce-
nario 4, while effective, demonstrates slightly lower performance due to the adoption of
lap splice adjustments, indicating that further integration of advanced methods is neces-
sary to achieve maximum efficiency. Conversely, the continued reliance on conventional
methods and market-length rebar poses a significant challenge to decarbonization efforts
as evidenced in Scenarios 1 to 3. In conclusion, these findings further solidify the effec-
tiveness of special-length-priority optimization and coupler integration in advancing de-
carbonization in the industry.

5.3. Strategic Selection of the Optimal Scenario

The findings presented above emphasize the effectiveness of the special-length-pri-
ority optimization strategy, particularly when combined with either lap splice position
adjustments or couplers, as demonstrated in Scenarios 4 and 5, respectively. However, the
adoption of couplers is still not widespread due to concerns over pre-planning, costs, in-
stallation time, and constructability, especially when fabrication and assembly processes
are not well-coordinated. The long-standing use, simplicity, and low cost of lap splicing
contribute to engineers’ hesitance to switch to couplers. Moreover, the variety of coupler
types available, each tailored to specific site conditions, seismic performance require-
ments, and rebar characteristics, can further overwhelm engineers. Rebar itself falls into
two main categories, deformed and threaded bars, each requiring a specific coupler type.
Nevertheless, a study [35] analyzing various coupler systems from a sustainability per-
spective found that threaded couplers when paired with threaded rebar outperform lap
splices in terms of labor productivity, project duration, and cost. That said, any transition
to couplers should consider local regulations and project-specific requirements. Based on
the previously discussed results and these findings, Scenario 5 is strongly recommended
for new building projects wherever feasible. If Scenario 5 is not viable, Scenario 4 is rec-
ommended as the next best strategy.

6. Discussions

Since the onset of the industrial revolution, the construction industry has posed con-
siderable environmental challenges. In 2013, buildings accounted for 30% of global energy
consumption and were responsible for 25% of total COz emissions. Additionally, the sec-
tor generated approximately 75% of the world’s waste [36]. Another study revealed a
higher consumption of 39% in the building sector and related construction activities, with
operational carbon emissions accounting for 28% and building materials for 11% [26].
Since this current research focuses on construction and material usage, reducing material
consumption is critical. The findings discussed in the previous section emphasize that in-
tegrating special-length-priority minimization with lap splice adjustments and couplers
aligns with green construction goals, a key strategy for reducing carbon emissions. Green
construction promotes resource conservation and environmental protection through effi-
cient management and technology while maintaining quality and safety, focusing on en-
ergy, land, water, and material savings, unlike conventional projects which prioritize cost,
quality, and schedule [26]. Nonetheless, further decarbonization efforts are deemed nec-
essary to meet the objectives of the Paris Climate Agreement, COP 26 and 28, and the
Sustainable Development Goals (SDGs) to combat the impacts of climate change.

6.1. Further Decarbonization Effort

The rapid expansion of the construction industry contributes to global economic
growth while exerting a considerable impact on both natural and built environments. The
sector demands large quantities of energy, natural resources, and water while generating
extensive waste, with RC structures being a notable contributor [26]. Steel rebar, a critical



Sustainability 2025, 17, 1172

17 of 22

element of reinforced concrete (RC), is manufactured through various carbon-intensive
methods. Numerous studies [11,16,17,29,37,38] have explored potential strategies for de-
carbonizing the construction industry, focusing on two main approaches: decarbonizing
production processes and creating products with lower environmental impacts. Research
[11,17,29] indicates that the best available strategies for transitioning to carbon-lean or
carbon-free steel production include hydrogen direct reduction (H-DR), which utilizes
100% H: instead of natural gas, electrowinning powered by renewable energy, and the
use of biomass or syngas as a fuel and reducing agent instead of coke. Another break-
through technology also suggested to achieve further reductions is carbon capture and
storage (CCS) or carbon capture, utilization, and storage (CCUS) [11,16,17,29,37,38]. CCS
captures CO:z emissions from industrial processes, such as steel production, before they
are released into the atmosphere. The captured CO: is then transported and stored under-
ground to mitigate its contribution to global warming. In contrast, CCUS extends this con-
cept by not only capturing and storing CO: but also finding ways to utilize it in various
industrial applications, such as fuels and chemicals. By transforming CO: from a waste
product into a valuable resource, both technologies play a crucial role in fully decarbon-
izing the sector. Nevertheless, using the best available technologies in existing integrated
steel plants, along with efficient heat recovery, integrated energy flow management, and
the adoption of CCS/CCUS from off-gases, can reduce related emissions by 40-50% [16].
Fiber-reinforced polymer (FRP) rebar has emerged as a viable alternative to conventional
steel due to its ability to substantially reduce CO: emissions. Various types of FRP rebars,
such as carbon fiber-reinforced polymer (CFRP), basalt fiber-reinforced polymer (BERP),
and glass fiber-reinforced polymer (GFRP), offer differing levels of emissions reduction:
4-40% for CFRP, 38-75% for BFRP, and 22.8-43% for GFRP when compared to traditional
steel [11]. Integrating these rebar types with the proposed optimization strategy could
further enhance CO: reductions, significantly contributing to decarbonization and carbon
neutrality goals.

6.2. Challenges and Future Research

The findings highlight the effectiveness of the proposed strategy in reducing rebar
consumption, which, in turn, lowers carbon emissions and supports decarbonization in
the civil and construction industry. However, several challenges impede the widespread
adoption of this strategy. Economic costs, time constraints, lack of educational awareness,
and inadequate policy support are significant barriers to decarbonization efforts [26]. For
instance, the use of couplers necessitates substantial initial investment in terms of cost,
labor, and time, as a well-organized implementation plan is essential. Additionally, the
use of special-length rebar remains limited due to insufficient promotion. Generally, the
implementation of this strategy and green construction technologies is more costly, com-
plex, and time-consuming due to stricter requirements. A lack of awareness among pro-
fessionals and limited support from policymakers further hinder progress, which may
lead engineers to revert to the more traditional and simpler method of lap splicing. This
study primarily addresses pre-construction planning to optimize rebar consumption. Fu-
ture research should explore how these strategies can be effectively applied on actual con-
struction sites, such as through an auxiliary device that can be used to assist the special-
length rebar installation when multiple building components are involved. Additionally,
research could focus on designing educational programs and training initiatives aimed at
increasing awareness of green construction practices and decarbonization efforts. Another
important area of study would be examining the impact of government policies, incen-
tives, and regulations in promoting decarbonization within the construction industry.
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7. Conclusions

This study proposed a comprehensive strategy aimed at supporting decarbonization
in the civil and construction industry by minimizing rebar consumption. The proposed
strategy integrates a special-length-priority minimization algorithm with lap splice posi-
tion adjustments or couplers to reduce rebar consumption, waste, and carbon emissions.
The key findings led to the following conclusions.

1. Conventional rebar practices, including the use of market-length and conventional
lap splicing, contribute significantly to excessive rebar consumption and waste gen-
eration, impeding decarbonization efforts.

2. The use of couplers substantially reduces the quantity of ordered and consumed re-
bar. However, when combined with market-length rebar, some inefficiencies remain,
particularly regarding cutting waste. This waste leads to substantial carbon emis-
sions and environmental impact.

3. The integration of special-length-priority optimization with lap splice position ad-
justments leads to notable reductions in rebar consumption and waste while main-
taining a minimal cutting waste rate. This strategy proves to be one of the most effec-
tive approaches for reducing environmental impacts.

4. The strategy incorporating both special-length-priority optimization and couplers
achieves the greatest reductions in rebar consumption, waste, carbon emissions, and
associated environmental impacts, positioning it as the most effective and efficient
strategy for future construction projects.

5. Based on the results and findings, it is recommended that the industry prioritize this
strategy, particularly where viable. Should this strategy not be viable, the integration
of special-length-priority with lap splice position adjustments serves as the next best
alternative.

The findings of this study highlight the importance of ongoing efforts to develop and
apply innovative approaches aimed at reducing rebar consumption and carbon emissions
within the construction industry. Future research should focus on evaluating the feasibil-
ity of incorporating these strategies across various construction settings to maximize their
contributions to decarbonization and environmental sustainability.
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Appendix A

Table A1l. Rebar layout and arrangement of the continuous columns.
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Table A2. A detailed building’s floor height.

Floor Floor Height (mm) Number of Rebar in Specific Floor (pcs)
B2F-B1F 5400 54
B1F-F1 5400 54
F1-F2 5400 54
F2-F3 5400 54
F3-F4 5000 42
F4-F5 5000 42
F5-F6 5000 38
F6-F7 5000 38
F7-F8 5200 36
F8-F9 3800 36
F9-F10 3800 30
F10-F11 3800 30
F11-F12 3800 24
F12-F13 3800 24
F13-F14 3800 22
F14-F15 6300 22
F15-F16 3250 20
F16-F17 3250 16
F17-F18 3250 16
F18-F19 3250 16
F19-F20 3250 16
F20-Roof 3450 16
Roof-Rooftop 4700 16
Appendix B
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Figure Al. Details of a rib thread coupler (RTC) [30].

Table A3. Available rib thread coupler specifications (in mm) [30].

Outside Diameter of Cou- Length Dimension of Thread
Bar Size pler Coupler Nut Total Pitch  Inside Diameter Root Diameter

B C L1 L2 L P Di Do
19 29 30 100 20 140 8 18.9 223
22 34 35 110 20 150 9 21.8 25.6
25 38 39 120 20 160 10 24.8 29.0
29 43 44 135 20 175 12 28.2 33.0
32 48 49 160 20 200 13 314 36.6
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