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Abstract

:

The production of steel rebar is an energy-intensive process that generates CO2 emissions. In construction, waste is generated by cutting stock-length rebar to the required lengths. The reduction rate achieved in most previous studies was limited due to adherence to lap splice positions mandated by building codes and the use of stock-length rebar. A previous study demonstrated a significant reduction in rebar usage and cutting waste, approaching zero, upon optimizing the lap splice position, reducing the number of splices, and utilizing special-length rebar. However, the reference length used to determine the special-length rebar was not clearly optimized. This study proposes a special length priority optimization model to minimize wall rebar usage and waste by reducing the number of splices while simultaneously ensuring an optimal reference length. The proposed model was validated using a case study wall with a standard hook anchorage at the top of the wall reinforcement. The optimization model reduced rebar cutting waste to 0.18% and decreased rebar usage from the original design by 16.16%.
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1. Introduction


Rapid population growth and urban construction have led to a surge in construction waste, primarily composed of concrete and brick [1]. While studies in diverse regions like New Zealand, Peru, and Hong Kong emphasize the substantial proportion of metal waste, particularly steel reinforcement bars (rebar) [2,3,4], the reusability of such waste poses a greater challenge compared to concrete and bricks. This challenge is further exacerbated when considering life cycle assessment (LCA), which reveals rebar’s significant contribution to CO2 emissions [5,6,7]. Approximately 60% of CO2 emissions linked to concrete and rebar are attributed to the use of rebar [8]. Rebar cutting waste (RCW) is mainly generated when a required length is cut from stock or market-length rebar, also known as trim loss. It is estimated that RCW accounts for 3 to 5% of total rebar usage. Steel rebar generates 9.2 times more CO2 than concrete [5,9]. Therefore, moving beyond mere rebar waste management, it is crucial to explore strategies to minimize its generation and mitigate its environmental consequences amidst rapid population growth and construction demands [10].



Many research papers have focused on reducing rebar waste by optimizing cutting patterns and lap splice positions [11,12,13,14,15]. However, it is very challenging to achieve near-zero cutting waste (N0RCW) when considering the use of stock-length rebar and the constraints imposed by building codes [16]. In a study by Widjaja et al. [16], the structural strength and stability of the lap splice remained equivalent, although it was not in the region recommended by building codes. That study concluded that a lap splice can be provided beyond the designated region along the structural element if it complies with the specifications of the building codes for the development length, lapping length, and hook length of rebar, as well as concrete strength and cover and steel yield strength [17]. In addition, previous studies [5,18,19] proved that using special lengths for cutting patterns can reduce cutting waste more than using stock lengths. Thus, rebar can be arranged with flexible lap splice locations along a structural element by considering special lengths. Widjaja and Kim [20] successfully reduced the cutting waste of beam rebar to less than 1% (N0RCW) and the use of rebar by 0.93% by employing an algorithm comprising multiple stages: lap splice reduction, lap splice position optimization, and special length cutting pattern optimization.



While special-length rebar offers waste-reduction potential, the effectiveness is contingent on the available lengths provided by steel mills. Currently, a lack of clarity regarding the reference length for determining special rebar reported in a previous study [20] limits its effectiveness in achieving near-zero cutting waste. It is crucial to have a clear definition of the reference length based on available rebar lengths in order to maximize the efficiency of this approach.



The findings of a previous study [16] regarding the lap splice position, and the drawback of another study mentioned above [20], allow the possibility of further reducing RCW and rebar usage while ensuring that the optimal reference length is used to determine special-length rebar. Rachmawati and Kim [21] used a modeling concept and dynamic simulation to develop a risk management model for apartment projects that can optimize the profit of the developers. Applying the logic of that modeling concept, this study presents a novel optimization model that prioritizes special-length rebar. The aim of the model is to achieve N0RCW and significant rebar savings by reducing lap splices and ensuring an optimal reference length to determine special-length rebar.



Minimizing steel usage at the source is the most impactful approach to reducing material resource use and carbon emissions within the industry, and is itself a central tenet of sustainable construction practices [22,23,24,25]. Building structures consist of diverse elements, such as foundations, columns, beams, floors, walls, and stairs. While previous studies have examined columns and beams [11,12,18,19], walls have not received attention since they are less complicated than the other structural components. Wall structures have unique rebar characteristics based on the type, such as load-bearing walls, shear walls, and diaphragm walls. This study focused on wall rebar, specifically special-length rebar in the civil and construction industry. The aim is to minimize the environmental and economic impacts of RCW and rebar usage in wall reinforcement and contribute to more sustainable construction practices.



The study was conducted in the following phases: (1) identify initial issues, feasibility, and related studies; (2) identify the factors that influence RCW and rebar usage; (3) develop an optimization model to minimize RCW and rebar usage of walls considering lap splice reduction and special-length rebar; (4) analyze the proposed model through a case study; and (5) verify the results by comparing with the existing method.




2. Literature Review


Recent studies have investigated methods to minimize cutting waste using various approaches to optimize cutting patterns and lap splice positions. Existing strategies and approaches explored in the literature to mitigate and minimize rebar cutting waste are listed in Table 1.



As shown in Table 1, in some studies [13,14,15,26,27,28,29], the cutting patterns were optimized to minimize cutting waste, while in other studies [11,12,30], cutting waste was reduced by optimizing lap splice position using stock length. However, they did not achieve significant reduction, as they adhered to building code regulations for lap splice position and only utilized stock length. Lee et al. [18] and Powel and Hewage [19] integrated stock length with special-length rebar in their heuristic approach to achieve optimal cutting patterns, and the cutting waste was notably reduced. It was observed that the use of special lengths could further reduce cutting waste compared to stock lengths.



Widjaja et al. [16] investigated the structural stability of lap splices placed beyond building code regulations. Lap splicing, which is the conventional approach for reinforcing bar splicing, involves overlapping two parallel bars and has remained a dominant method in construction for decades due to its simplicity and economic advantages [31]. Building codes by the American Concrete Institute (ACI) [32] and Korean Design Standards (KDS) [33] mandate the regions for lap splices in structural members, requiring them to be provided in regions with minimal bending moment. In contrast, other codes, such as those of the Japan Society of Civil Engineers (JSCE) [34] and British Standard (BS) [35], offer more flexibility; however, they recommend providing additional transverse reinforcement in regions that experience high bending stress (plastic hinge zones). A study by Najafgholipour et al. [31] investigated lap splice performance in reinforced concrete beams and showed that optimized lap splice lengths enabled the beams to resist repeated loading cycles, exceeding the limitations imposed by existing building codes. Through lap splice position impact analysis, Widjaja et al. [16] discovered that embedding lap splices outside their recommended region can provide an equal level of structural strength and stability, enabling the adjustment of lap splices.



In their follow-up investigation, Widjaja and Kim [20] developed a two-stage optimization algorithm comprising splice reduction, lap splice position optimization, and special length with cutting pattern minimization, which significantly reduced rebar cutting waste (RCW) to 0.93% and rebar usage by 12.31%. However, the 12 m reference length used to determine special-length rebar was not clearly described. While that study validated the approach’s effectiveness, the lack of research on this issue makes it difficult to determine whether 12 m is the optimum choice. Further study is needed to establish a clear definition of reference length and maximize the application of special-length rebar. In addition, as observed from Table 1, research confirming the reference length, which determines the special length, appears to be missing from the literature.



Numerous studies [14,36,37] utilized building information modeling (BIM) for quantity estimation, automatic rebar layout, and information retrieval. BIM enhances and ensures the consistency of construction project management by allowing collaboration and efficient revisions during the design stage [38,39,40,41]. Notably, rebar waste is considered to occur in the design, procurement, and material handling stages [42,43]. Additionally, BS shape code can be integrated into a BIM model, providing the exact length of rebar after bend deduction [44]. A recent study by Kim et al. [45] investigated BIM-based quantity take-offs for minimal rebar waste in walls after applying BS shape codes to the BIM model. They confirmed that rebar information retrieved from the BIM model was more reliable than manual calculation.



To ensure the optimal reference length to determine special-length rebar, we adopted the modeling concept from a study by Rachmawati and Kim [21]. That study utilized a modeling concept and dynamic simulation to develop a risk management model for optimizing the profit of developers of apartment projects. In this study, a rebar optimization model was developed, including generation, simulation, and optimization models. The generation model described mathematical equations and the relationship between rebar cutting waste (RCW) and rebar usage factors. The simulation model defined the range of RCW and rebar usage factors, and the optimization model ran the simulation model multiple times to obtain the optimal values of RCW and rebar usage, as well as the corresponding reference length.




3. Identification of Factors Influencing Wall Rebar Usage and Cutting Waste


This research focused on wall rebar, necessitating an examination of its characteristics, in terms of arrangements of rebars that ensure the structural integrity and stability of the wall. These characteristics assist in identifying the factors that influence rebar usage and RCW in wall structures. In reinforced concrete (RC) buildings, structural walls function as the principal lateral load-resisting system, resisting wind and earthquake-induced forces and displacement [46]. The typical configuration of reinforcement in RC walls encompasses both vertical and horizontal steel bars, spaced and secured on both sides of the wall [32,47,48]. In order to withstand wind and seismic loads, any section of the wall should incorporate two layers of reinforcement, with each layer adhering to rebar spacing regulations to ensure structural integrity [35]. Notably, additional reinforcement is imperative at the corners of wall openings to prevent potential damage caused by opening moments [49]. Importantly, this study emphasizes the general case of walls without openings and does not consider additional rebar in such instances.



Figure 1a illustrates a common arrangement of vertical rebar in a general wall case. The dowel bar connects the foundation and the wall, as shown in Figure 1b. The main vertical rebar includes a lap splice on each floor level and an anchorage rebar with a 90° standard hook at the top floor slab (Figure 1c). For horizontal wall rebar arrangements, hook bars are commonly used to reinforce wall junctions, as demonstrated in Figure 1d. In addition to the general wall rebar arrangement, structural designers typically provide wider spacing with fewer rebars as the height of the wall increases from the bottom to the top of the building. Therefore, taller buildings have various rebar spacings along the wall reinforcement, resulting in a zone-by-zone arrangement of wall rebars based on similar spacing.



The arrangement of wall reinforcements has vertical and horizontal components spanning across the structure. The total length of the vertical reinforcements is influenced by several factors, including the length of the dowel bar, the floor-to-floor height of the building, the anchorage length, the lapping length, and the depth of the top floor slab. Similarly, the total length of the horizontal reinforcements is governed by the net wall span, the wall anchorage length, and the lapping length. These identified factors were used to develop the mathematical relationship of the optimization model for wall rebar usage.




4. Methodology


Figure 2 illustrates the stage-by-stage framework of the proposed method with the rebar optimization model.



Stage 1: The characteristics of wall rebar, including arrangement and spacing of rebar and type of anchorage, were analyzed to identify factors influencing RCW and rebar use.



Stage 2: Based on this analysis, the rebar information was collected from the structural design analysis or structural drawings.



Stage 3: A 3D BIM model was created to provide a visual representation of the wall panel and reinforcement. To ensure structural integrity, it is essential to verify structural design information and rebar specifications against building codes, including development length, lapping length, hook length, and rebar cover. Additionally, the BS shape code [44] was integrated into the BIM model to determine accurate rebar lengths. A set of rebar information was retrieved after the model was completed.



Stage 4: A rebar optimization model, which is the core of this study, was developed by adopting the modeling logic for the minimization of wall rebar. The aim of this model is to obtain the optimal RCW and rebar usage and the optimal reference length that will be used to determine the special-length rebar, considering the use of a 90° hook anchorage at the top of the building slab. The optimization model involves three models, which are briefly explained as follows:




	
Generation model: Establishes the mathematical relationships between all governing factors affecting RCW and rebar usage.



	
Simulation model: Defines the ranges of factors, including reference length.



	
Optimization model: Iteratively runs the simulation model within constraints related to special-length rebar order requirements for optimal outcomes.








Stage 5: The effectiveness of the optimization model is validated by applying it to a specific wall panel case study and conducting a result analysis between the original design and the optimization model.



To ensure optimal rebar usage and achieve the target N0RCW, the model uses an iterative approach. If an initial optimization fails to meet N0RCW, a new optimization cycle is executed with a redefined reference length range. This process continues until N0RCW is successfully achieved. After reaching the target, the BIM model is updated with optimized rebar information, ensuring consistent data throughout the construction process.



4.1. Rebar Optimization Model


4.1.1. Generation Model


In this model, all factors and functions related to RCW and rebar usage can be defined, as depicted in Figure 3. To calculate RCW and rebar usage, three functions were defined: special-length rebar for vertical reinforcement, special-length rebar for horizontal reinforcement, and rebar quantity for both reinforcements.



The first function was employed to determine the special-length rebar for vertical reinforcement of the walls. Numerous factors are involved in the calculation of special lengths for vertical reinforcement, including the total length of vertical reinforcement, the reference length, the number of lap splices, and the number of rebars. The total length of vertical reinforcement can be calculated using the variables identified in the previous section, as shown in Equation (1), adapted from Kim et al. [45]:


    L   V − t o t a l − h o o k   =   ∑  i = 1   l      H     f l o o r   i       +   l   d o w e l   +   l   t − a n c h o r   +     n   l a p   ×   l   l a p     −   D   s l a b    



(1)




where     L   V − t o t a l − h o o k     is the total vertical length of the wall rebar for the hook case;     ∑  i = 1   l      H     f l o o r   i         is the total floor height;     l   d o w e l     is the length of the dowel bar;     l   t − a n c h o r     is the top anchorage length;     n   l a p     is the number of lap splices;     l   l a p     is the lapping length; and     D   s l a b     is the depth of the top floor slab.



The length of the dowel bar was calculated by Equation (2) by combining the tension lap length, the rebar length in the foundation, and the hook length. The top anchorage was calculated by Equation (3) as the sum of the development length of the rebar in the top slab and the hook length [45]:


    l   d o w e l   =   l   t e n s i o n   l a p   +     D   f o u n d   −   C   f o u n d   −   2 ×   d   b o t t o m       +   l   h o o k    



(2)






    l   t − a n c h o r   =   l   s l a b   +   l   h o o k    



(3)




where     l   t e n s i o n   l a p     is the tension lap length;     D   f o u n d     is the depth of the foundation;     C   f o u n d     is the concrete cover of the foundation;     d   b o t t o m     represents the diameter of the bottom rebar in the foundation;     l   h o o k     represents the hook length; and     l   s l a b     is the development length of the rebar in the top slab.



Upon obtaining the total vertical rebar length, the special length for vertical reinforcement can be obtained by the following steps, including reducing the number of lap splices and calculating the new total length. To reduce the number of splices in the existing method, which requires a lap splice at every floor level, the generated total lengths were divided by the reference length, yielding the required number of rebars. This calculation is given in Equation (4), which is adapted from Kim et al. [45]. The ceiling function was used to ensure that the rebar number was expressed as an integer.


    n   r e b a r   =       L   t o t a l       L   r e f        



(4)




where     n   r e b a r       represents the required number of rebars;     L   t o t a l       represents the total length of wall rebar (either vertical or horizontal); and     L   r e f       represents the reference length.



A reduction in the number of splices necessitates a recalculation of the total lengths to account for the revised number. This is achieved by substituting the updated number of lap splices into Equation (1), as demonstrated in Equation (5). The new number of splices is determined by subtracting 1 from the required number of rebars, as specified in Equation (4) for the top zone of the wall reinforcement. For the lower zones, the number of lap splices is the same as the number of rebars, since the protruding rebar length at the top of each lower zone is the lap splice.


    N e w   L   V − t o t a l − h o o k   =   ∑  i = 1   l      H     f l o o r   i       +   l   d o w e l   +   l   t − a n c h o r   +     n   n e w   l a p   ×   l   l a p     −   D   s l a b    



(5)




where   N e w     L   V − t o t a l − h o o k     represents the new total vertical length of wall rebar for the hook case, and     n   n e w   l a p     represents the new number of lap splices.



A special length is a customized rebar length that can be ordered by a customer. However, there are some specific requirements for special-length rebar orders, such as minimum and maximum lengths, minimum quantity, and preorder time. Special length can be calculated by dividing the new total length by the required number of rebars, as shown in Equation (6), adapted from Kim et al. [45]. The ceiling function is used to round up the special length to one decimal place since the purchased rebar is measured in 0.1 m intervals.


    L   s p e c i a l   =     N e w     L   t o t a l       n   r e b a r        



(6)




where     L   s p e c i a l     represents the special length;     N e w   L   t o t a l     represents the new total length of wall rebar (either vertical or horizontal); and     n   r e b a r     represents the required number of rebars.



The calculation of the second function (special length for horizontal reinforcement of walls) follows a procedure similar to that for vertical reinforcement. The arrangement of horizontal wall rebar is illustrated in Figure 1d. The total horizontal length is derived from Equation (7) by considering the net wall span, two anchorage lengths at both ends, and the lapping length in the case of a lap splice. The wall anchorage is calculated as the combination of the development length of the rebar in the wall and the hook length, as shown in Equation (8) [45]:


    L   H − t o t a l − h o o k   =   l   n e t   +     2 × l   w a l l − a n c h o r     +     n   l a p   ×   l   l a p      



(7)






    l   w a l l − a n c h o r   =   l   w a l l   +   l   h o o k    



(8)




where     L   H − t o t a l − h o o k     is the total horizontal length of wall rebar for the hook case;     l   n e t     is the net wall span;     l   w a l l − a n c h o r     is the wall anchorage length;     l   l a p     is the lapping length;     n   l a p     is the number of lap splices;     l   w a l l     is the development length of rebar in the wall; and     l   h o o k     is the hook length.



The special length for horizontal reinforcement is determined using an approach similar to that for vertical reinforcement, as shown in Equations (4)–(6). However, in Equation (4),     L   t o t a l     should be substituted with the total length for horizontal reinforcement, as defined in Equation (7). Subsequently, a reduction in the number of splices necessitates a recalculation of the total length to account for the new number. This is achieved by substituting the new number of lap splices into Equation (7), as shown in Equation (9):


    N e w   L   H − t o t a l − h o o k   =   l   n e t   +     2 × l   w a l l − a n c h o r     +     n   n e w   l a p   ×   l   l a p      



(9)




where   N e w     L   H − t o t a l − h o o k     represents the new total horizontal length of wall rebar for the hook case and     n   n e w   l a p     represents the new number of lap splices.



Finally, the special length can be obtained using Equation (6), by dividing the new total length for horizontal reinforcement by the required number of rebars.



Rebar quantity, represented by the third function, can be calculated by multiplying the unit weight of the rebar by the number and length of special-length rebars, as shown in Equation (10).


    Q   r e b a r   =  ∑    n   t o t a l   ×   L   s p e c i a l   ×   w   r e b a r      



(10)




where     Q   r e b a r     is the total quantity of wall rebar;     n   t o t a l     is the total number of required rebars;     L   s p e c i a l     is the identified special length of rebar; and     w   r e b a r     is the unit weight of rebar.




4.1.2. Simulation Model


This model defines the range of factors, including the reference length, as illustrated in Figure 4. The identified factors can be categorized into two types: conditional and fixed. As shown in Figure 4, the total length of vertical reinforcement, the total length of horizontal reinforcement, the number of lap splices, and the number of rebars are classified as conditional factors. Conversely, the rebar’s unit weight is considered as a fixed factor. Conditional factors, except the reference length and unit weight of rebar, contain both existing and new values. The reference length, employed to determine the special length, should be within the constraint expressed in Equation (11):


  7 ≤   f   3   ≤ 12   m ,   i n t e r v a l   a t   0.1  



(11)








4.1.3. Optimization Model


In this model, the simulation model was run multiple times within the required constraints related to the special-length rebar order requirements to obtain the optimal results, as illustrated in Figure 5. There are some specific requirements for special-length rebar orders, including minimum and maximum lengths, minimum quantity, and preorder time. These conditions can differ depending on the country. In South Korea, an order for one special length must be at least 50 tons, with 0.1 m intervals and a preorder time of at least 2 months [18]. The minimum and maximum lengths were set at 7 and 12 m. All constraints are given in Equations (12)–(14):


  7 ≤   F   1   ≤ 12   m ,   i n t e r v a l   a t   0.1   m  



(12)






  7 ≤   F   2   ≤ 12   m , i n t e r v a l   a t   0.1   m  



(13)






    F   3   ≥ 50   t o n s  



(14)









4.2. Termination Criteria and Result Analysis


A maximum loss rate of 1% was set, as the model aims to obtain the least rebar cutting waste with the optimum special length of rebar. If N0RCW was achieved, the process was verified by comparing it with the original design. Otherwise, new values were set, and the optimization process was repeated. The special lengths produced were used to procure materials from steel mills. Notably, no rebar was cut, since any excess served as additional length for hooks or lap splices. Consequently, the surplus length was regarded as a loss. Therefore, in this study, the cutting waste rate represents the wastage of rebar. Even though there was no cutting, the difference between the initial quantity required for construction and the purchased quantity was considered to be waste.



The loss rate is determined using Equation (15), which divides the difference between the total purchased and total required quantity of rebar by the total purchased quantity of rebar:


  L o s s   r a t e =     Q   p u r   −   Q   r e q       Q   p u r     × 100 %  



(15)




where     Q   p u r     is the purchased quantity and     Q   r e q     is the required quantity of rebar.



The total required quantity (    Q   r e q    ) represents the quantity of rebar necessary for construction. This quantity is determined using the special rebar length before applying the ceiling function. Conversely, the total purchased quantity (    Q   p u r    ) is the quantity of rebar procured by the contractor from the steel mill. To calculate the purchased quantity, the ceiling value of the special-length rebar is employed.



The performance of the rebar optimization model was validated by comparing the cutting waste and rebar usage of the proposed model with the original design that uses stock-length rebar.





5. Analysis of the Optimization Model for Wall Rebar


5.1. Case Study Application


The case study was an apartment building project with a bearing wall structure. The apartment had a total of 28 floors (three underground floors and 25 floors above ground level), with a maximum floor height of 5.1 m for the underground first floor and a standard floor height of 2.8 m. It had a building area of 3955.2 m2 and a total floor area of 103,977 m2, and was one of eight units in a land area of 32,141.4 m2. The details of the case study project are shown in Table 2. In addition, structural drawings of the case project include detailed structural information, including the wall schedule, rebar specifications, lapping length, and hook length.



Since the optimization model was developed based on the general case, which did not consider openings, a single wall panel was selected as the case wall to investigate its performance. The case wall, W1, extended throughout the entire building and connected with two other walls at both ends. The wall panel had an entire span of 10.475 m, with a thickness of 250 mm on the basement floors and 220 mm on the upper floors. The entire wall panel was reinforced vertically and horizontally with two layers of 10 mm rebar. The specific details and attributes of the case study wall are shown in Table 3.



The reinforcement of the wall was divided into three zones, each with distinct rebar spacing, as depicted in Figure 6a. The vertical rebar spacing varied as follows: 225 mm in zone B3–F1, 250 mm in zone F1–F15, and 450 mm in zone F15–RF, as shown in Figure 6b. Figure 6c shows three horizontal rebar spacings in the same zones: 220, 250, and 300 mm, respectively.




5.2. Model Application


First, a 3D BIM model was created with the information gathered from the case study’s 2D structural drawings. The 3D model allowed for visualization of the wall panel and reinforcement details. The 3D model was also applied with BS shape codes defining the total length of rebar. Due to the consistency of BIM, rebar information was updated through changes and could be retrieved from the 3D model.



In the first step of model application, the generation model was evaluated with the structural information for the case study wall, considering numerous factors (detailed in Section 4.1.1). Three functions were incorporated in the generation model to determine special vertical length, special horizontal length, and the corresponding quantities of rebar. These functions involved calculating mathematical equations for total vertical length, total horizontal length, number of required rebars, special length, and rebar quantity. The mathematical equation for total vertical length, Equation (1), was based on a continuous rebar arrangement. However, the case wall was divided into three zones based on rebar spacing, which necessitated an adjustment of the total length equation to reflect each zone’s rebar arrangement.



The total vertical and horizontal lengths of each zone were calculated using the information retrieved from the BIM model, taking into account the shape codes for rebar lengths such as the length of dowel bar, the top anchorage length, and the wall anchorage length. For the total vertical length of zone B3–F1, the total floor height from B3 to B1 was added to the length of the dowel bar, which was calculated using Equation (2), and the total lapping length. This resulted in a total height of 14.721 m. For zone F1–F15, the total floor height from F1 to F14 was added to the total lapping length, resulting in a total height of 44.380 m. For zone F15–RF, the total floor height from F15 to F25 was added to the total lapping length, the top anchorage length, which was calculated using Equation (3), and then the depth of the top slab was subtracted. This resulted in a total height of 34.699 m. Table 4 summarizes the calculation of total vertical lengths.



In the case of horizontal wall rebar, the total length was calculated by Equation (7) by combining the net span of the wall and two times the wall anchorage length, which was derived from Equation (8). This generated a total horizontal length of 10.674 m for zone B3–F1 and 10.694 m for zones F1–F15 and F15–RF. Table 5 summarizes the calculation of total horizontal length.



The second step of model application was the simulation model, with the reference length range defined as being between 7 and 12 m, as shown in Equation (11). To minimize rebar usage, the number of lap splices was reduced from the original design with a lap splice on every floor. This was executed by dividing the total lengths of vertical and horizontal wall rebars by the reference length, as shown in Equation (4), to generate the number of required rebars and the new number of lap splices. Once the lap splices were reduced, the total vertical lengths were recalculated for each zone using the new number to reflect the respective reference lengths.



Then, special lengths were calculated by Equation (6), and the quantities of special-length rebar were calculated by Equation (10). Consequently, the actual quantity of rebar required for the construction was compared to the purchased quantity of special-length rebar to determine the loss rate. The loss rate was calculated by Equation (15) for various special lengths generated by the given reference length range. Following the same calculation process from total lengths to special lengths, the simulation model was run 51 times within the given reference length range in 0.1 m intervals through Equations (4), (6), (10) and (15). The simulation results are presented in Table 6, comparing the generated vertical and horizontal special lengths of each zone and the overall loss rate for each reference length.



From Table 6, although reference lengths ranging from 7 to 7.3 m generated a loss rate of 0.98% (less than 1%), the resulting special lengths for both vertical and horizontal wall rebar were shorter than 7 m, which violated the special length constraints. Reference lengths between 7.4 and 10.6 m resulted in a loss rate greater than 1%, and not all special lengths met the established constraints. Additionally, it is worth noting that the lap splice was only provided when reference lengths shorter than 10.7 m were used for horizontal wall rebar, as depicted in Table 5. The loss rate was notably reduced starting with a reference length of 10.7 m, as no lap splice was required in horizontal reinforcement. Furthermore, it was observed that longer reference lengths in the range of 10.7 to 12 m produced special lengths with lower loss rates.



Subsequently, the optimization model was employed to determine the most efficient rebar usage and RCW, considering the constraints imposed by special length order requirements, such as minimum and maximum length, minimum rebar quantity, and preorder time. In South Korea, the minimum quantity of special-length rebar is 50 tons, with 0.1 m increments and preorder time of 2 months [18]. The constraints set for the special length order were defined by Equations (12)–(14). The minimum special length was set as 7 m, and the maximum as 12 m.



Among the simulation results with a loss rate of less than 1% (Table 6), reference lengths of 11.6, 11.7, 11.8, 11.9, and 12 m generated the same special lengths for zones with a loss rate of 0.18%. Vertical special lengths were 7.2 m for B3–F1, 10.2 m for F1–F15, and 10.6 m for F15–RF, and the horizontal special length was 10.7 m for all zones, satisfying the special length constraints. Because 12 m is the longest market length of rebar offered by steel mills in South Korea, 12 m was considered as the optimal reference length, yielding special lengths with minimum rebar usage and RCW. Table 7 shows the results of calculating special lengths for vertical and horizontal wall rebar using a reference length of 12 m.




5.3. Verification of the Model


To validate the effectiveness of the optimization model, it was essential to compare the model-generated rebar quantities with those of the original design. The required and purchased rebar quantities in the original design were calculated based on the assumption that only stock-length rebar would be purchased. The calculation results of the original case are summarized in Appendix A, Table A1. Table 8 compares the rebar usage and RCW for the original design and the optimization model proposed in this study. When stock-length rebar was used, 8.494 tons of rebar was required, generating a waste rate (RCW) of 13.19%. In contrast, using special-length rebar produced a waste rate of 0.18% with a purchased quantity of 7.122 tons, achieving N0RCW. The optimization model further reduced the initial rebar quantity by 0.265 tons (3.59%) from the original case by reducing the number of lap splices and incorporating special lengths. In addition, rebar consumption was reduced by 16.16%, saving 1.373 tons of rebar in a single wall panel. Therefore, it was sufficiently verified that the reference length of 12 m obtained by the optimization model yields optimal rebar usage and cutting waste.





6. Discussion


This study developed a rebar optimization model to minimize rebar usage and RCW of wall reinforcement by reducing the number of splices, utilizing special-length rebar, and determining the optimal reference length for special-length rebar. A few observations were made after applying the proposed model:




	(1)

	
The model confirmed that a 12 m reference length is optimal for determining special-length rebar with the least cutting waste. In Korea, 12 m is the maximum rebar length that steel mills can provide. Since a longer reference length can generate a smaller number of rebars, it corresponds to a lower loss rate (0.18%) and rebar usage. This study addresses a critical gap in the literature regarding reference length for special-length rebar in wall elements, and contributes valuable insights into rebar waste management in relatively uncomplicated structures.




	(2)

	
While it has been demonstrated that using special rebar lengths and reducing lap splices can effectively decrease rebar usage, it is essential to ensure that the quantity of special-length rebar meets the minimum order requirements. The total rebar quantity generated by the proposed model was 7.122 tons, which did not meet the special-order quantity of 50 tons. However, this study was conducted for a general case of a single wall, and the case project was a joint housing project that included eight building blocks, each with an average of 28 floors, including basements. If the proposed model was applied to all walls with rebar arrangements similar to that of the case project, it would generate notable RCW and rebar usage, and would conform to the minimum quantity of special-length rebar ordered.




	(3)

	
Mathematical equations for total length calculation were developed based on a continuous rebar arrangement from the bottom to the top of the wall panel. However, the reinforcement of the case study wall was organized into three rebar spacings vertically and horizontally. Therefore, the total length calculations needed to be adjusted based on the zone to account for the rebar arrangement with uniform spacing.




	(4)

	
In addition to the rebar arrangement, the configuration and position of the wall also impacted the calculation of total length. The case wall panel was situated between two walls, and the equation for the total horizontal rebar length was developed based on this specific wall position. Consequently, the model needs to be modified when applied to other wall positions.




	(5)

	
The proposed model primarily addressed scenarios in which rebar is continuously arranged along the entire span of the wall without openings. Therefore, it has limitations when applied to walls with openings. In such cases, the optimization process must be adjusted and modified to account for the locations of the openings and the rebar arrangement. Subsequently, the various remaining rebars generated by the openings and additional bars at the corners must be incorporated into a cutting pattern that generates the least RCW.




	(6)

	
The case wall panel in this study used a small rebar size of 10 mm, whereas large wall structures such as shear walls, retaining walls, and diaphragm walls require larger rebar sizes. In such situations, mechanical couplers can be used to replace lap splices to prevent rebar congestion and enhance structural integrity. In future studies, the proposed algorithm could be adapted to consider the use of mechanical couplers.









This study additionally delved into the application of standard hooks in the wall reinforcement, particularly focusing on the scenario where a hook is used to anchor the upper part of the wall reinforcement. In South Korea, a region characterized by low seismic activity, where the seismic performance of buildings is not as critical as in regions with higher seismic activity, the use of U-bars is preferred over hooks due to their convenient installation in construction. In such a case, the simulation model should be considered an additional function for combining rebars to produce the minimal loss rate.




7. Conclusions


The main purpose of this study was to develop a rebar optimization model that reduces the waste associated with cutting rebar for walls, optimizes wall rebar usage, and determines the optimal reference length of special-length rebar. This was achieved by taking special rebar lengths into account and reducing the number of lap splices. The model was applied to a case study of a wall in a 28-floor building, which had vertical wall reinforcement arranged in three rebar spacings. The vertical reinforcement was divided into three zones, and the equations for total vertical length were adjusted according to the rebar placement in each zone. A case study was conducted with 90° standard hooks as top anchorage. The key findings are as follows.



	
Optimal reference length: The model confirmed that a 12 m reference length, corresponding to the maximum length of steel mill supplied rebar, is the most efficient length.



	
Rebar cutting waste: By using the optimal reference length of 12 m, the model generated a total purchased special-length rebar quantity of 7.122 tons with an RCW/loss rate of 0.18%, achieving N0RCW. In contrast, the existing method, which employs stock-length rebar, required 8.494 tons and had an RCW rate of 13.19%.



	
Rebar usage: The proposed model reduced the required rebar quantity by 0.265 tons (3.59%) and the purchased quantity by 1.373 tons (16.16%) when special lengths and reduced lap splices were taken into consideration.






It has been confirmed by many studies that using special lengths facilitates minimal rebar usage and reduces cutting waste in construction projects. The optimization model in this study also verified that the 12 m reference length is the most efficient for generating special lengths. However, there are practical limitations regarding special length orders, such as minimum quantity and preorder time for one special length, leading to limited adoption by large-scale projects. To promote the use of special lengths and to realize the benefits of the proposed algorithm, steel mills should consider making their requirements for special length orders more flexible.



The proposed model demonstrated a significant reduction in rebar consumption compared to the existing method, which employs stock-length rebar. It is expected that the proposed model can serve as an N0RCW optimization model for wall rebar. The authors recommend that future studies explore various wall configurations, including walls with openings, as well as the U-bar case. Additionally, mechanical couplers can eliminate the amount of rebar required for lap splices, thereby reducing rebar consumption. Since mechanical couplers are not recommended for wall rebar with a diameter smaller than 19 mm, future studies could enhance the proposed model by incorporating couplers suitable for wall rebar in large-scale construction projects such as urban housing, tunnels, subways, and bridges, which consume substantial amounts of large-diameter rebar. This study can assist engineers and the construction industry in recognizing the benefits of special lengths to optimize efficiency and reduce construction waste, which contributes to sustainable construction practices. Additionally, it provides useful insights for fellow researchers and students, offering a practical understanding of how to enhance rebar usage for wall rebar in various construction projects.
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Notations




	
Variables and functions




	
     L   V − t o t a l − h o o k     

	
Total vertical wall rebar length for hook case (m)




	
     H     f l o o r   i       

	
Total floor height (m)




	
     l   d o w e l     

	
Length of dowel bar (m)




	
     l   t − a n c h o r     

	
Top anchorage length (m)




	
     n   l a p     

	
Number of lap splices (pcs)




	
     l   l a p     

	
Lapping length (m)




	
     l   t e n s i o n   l a p     

	
Tension lap length (m)




	
     D   f o u n d     

	
Depth of foundation (m)




	
     C   f o u n d     

	
Concrete cover of foundation (mm)




	
     d   b o t t o m     

	
Diameter of bottom rebar (mm)




	
     l   h o o k     

	
Rebar hook length (m)




	
     l   s l a b     

	
Development length of rebar in top slab (m)




	
     n   r e b a r     

	
Required number of rebars (pcs)




	
     L   t o t a l     

	
Total length of vertical or horizontal wall rebar (m)




	
     L   r e f     

	
Reference length (m)




	
     N e w   L   V − t o t a l − h o o k     

	
New total vertical wall rebar length for hook case (m)




	
     n   n e w   l a p     

	
New number of lap splices (pcs)




	
     L   s p e c i a l     

	
Special length (m)




	
     L   H − t o t a l − h o o k     

	
Total horizontal wall rebar length for hook case (m)




	
     l   n e t     

	
Net wall span (m)




	
     l   w a l l − a n c h o r     

	
Wall anchorage length (m)




	
     l   w a l l     

	
Development length of rebar in wall (m)




	
     N e w   L   H − t o t a l − h o o k     

	
New total horizontal wall rebar length for hook case (m)




	
     Q   r e b a r     

	
Total wall rebar quantity (tons)




	
     n   t o t a l     

	
Total number of required rebars (pcs)




	
     w   r e b a r     

	
Rebar unit weight (kg/m)




	
   L o s s   r a t e   

	
Loss rate including cutting waste (%)




	
     Q   p u r     

	
Purchased rebar quantity (tons)




	
     Q   r e q     

	
Required rebar quantity (tons)
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Table A1. Calculation results for original design using stock-length rebar.
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	Description
	Total Length (m)
	No. of Rebars in Wall Panel
	Stock Length (m)
	No. of Rebars
	Required Quantity (tons)
	Purchased Quantity (tons)
	RCW Rate (%)





	VR (B3–F1)
	14.721
	90
	12
	2
	0.742
	1.210
	38.66%



	VR (F1–F15)
	44.380
	82
	12
	4
	2.038
	2.204
	7.54%



	VR (F15–RF)
	34.699
	46
	12
	3
	0.894
	0.927
	3.61%



	HR (B3–F1)
	10.674
	110
	12
	1
	0.658
	0.739
	11.05%



	HR (F1–F15)
	10.694
	308
	12
	1
	1.844
	2.070
	10.89%



	HR(F15–RF)
	10.694
	200
	12
	1
	1.198
	1.344
	10.89%



	
	
	
	
	
	7.373
	8.494
	13.19%
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Figure 1. Characteristics of wall rebar: (a) typical arrangement of vertical wall reinforcement; (b) dowel bar at foundation; (c) top anchorage rebar with hook at top slab; (d) hooks at wall connections (adapted from Kim et al. [45]). 
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Figure 2. Flowchart of methodology. 
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Figure 3. Generation model. 
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Figure 4. Simulation model. 
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Figure 5. Optimization model. 
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Figure 6. Rebar arrangement of case wall: (a) cross-section of vertical rebar placement; (b) vertical rebar spacing; (c) horizontal rebar spacing (adapted from Kim et al. [45]). 
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Table 1. Approaches in the literature for reducing rebar cutting waste.
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	Related Topics
	Findings
	Drawbacks
	References





	Stock length-based rebar cutting waste optimization
	
	-

	
Optimum cutting patterns were obtained.




	-

	
Rebar cutting waste was reduced.




	-

	
Diverse structural members (RC frames, slab) were covered.






	
	-

	
Reduced cutting waste appears to be higher than 1%.




	-

	
Focus is on optimizing cutting pattern instead of minimizing number of rebars to be cut.






	[13,14,15,26,27,28,29]



	Lap splice position optimization with adherence to lap splice position regulation using stock-length rebar
	
	-

	
Reduced cutting waste was achieved while maintaining compliance with splicing regulations for rebar.




	-

	
Method was applied to beam, column, and shear walls.






	
	-

	
Regulation limits reduction rate of cutting waste, leading to greater than 1% waste.




	-

	
Difficult for sites and workers to follow regulations.






	[11,12,30]



	Special-length rebar approach
	
	-

	
Cutting waste was notably reduced to near zero by combining special length with stock-length rebar.




	-

	
Approach was applied to RC frames.






	
	-

	
Constraints were not clearly defined.




	-

	
Focus is on optimizing cutting pattern instead of minimizing number of rebars to be cut.






	[18,19]



	Lap splice position impact analysis
	
	-

	
Lap splice can be placed beyond designated position.






	
	-

	
Requires more experiments to further validate findings.






	[16]



	Special-length rebar approach without strict adherence to lap splice position regulation
	
	-

	
Cutting waste was notably reduced to near zero (<1%) by using special-length rebar.




	-

	
Approach was applied to both continuous and discontinuous rebar of the beam.






	
	-

	
Reference length used to determine special-length rebar was unclear.






	[20]










 





Table 2. Description of case study project.
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	Description
	Content





	Location
	Gyeonggi-do



	Project type
	Joint housing



	Land area
	32,141.4 m2



	Building area
	3955.2 m2, 8 units



	Gross floor area (floor area ratio)
	103,977 m2 (323.5%)



	Number of floors
	3 basement floors, 25 floors above



	Floor height
	2.8–5.1 m



	Building structural type
	Bearing wall structure










 





Table 3. Attributes of case wall, W1.
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	Description
	Value





	Entire wall span
	10.475 m



	Floor height (B3, B2)
	3.5 m



	Floor height (B1)
	5.1 m



	Floor height (F1–F24)
	2.8 m



	Floor height (F25)
	2.9 m



	Depth of foundation (    D   f o u n d    )
	1100 mm



	Concrete cover for foundation (    C   f o u n d    )
	70 mm



	Foundation bottom rebar (    d   b o t t o m    )
	19 mm



	Depth of floor slab (    D   s l a b    )
	180 mm



	Concrete cover for wall/slab
	40 mm



	Concrete cover for basement wall
	50 mm



	Strength and diameter of wall rebar
	10 mm (SHD500)



	Class B tension lap length
	370 mm



	Hook length
	170 mm



	Unit weight of rebar
	0.56 kg/m



	Concrete strength
	24 MPa










 





Table 4. Calculation of total vertical length.






Table 4. Calculation of total vertical length.





	
Zone

	
    l   d o w e l     (mm)

	
    l   t − a n c h o r     (mm)

	
   ∑  H     (mm)

	
No. of Laps

	
    l   l a p     (mm)

	
Total Length (m)




	
B3–B1

	
F1–F14

	
F15–F25






	
B3–F1

	
1511.4

	
0

	
12,100

	
-

	
-

	
3

	
370

	
14.721




	
F1–F15

	
0

	
0

	
-

	
39,200

	
-

	
14

	
370

	
44.380




	
F15–RF

	
0

	
279.4

	
-

	
-

	
30,900

	
10

	
370

	
34.699











 





Table 5. Calculation of total horizontal length.






Table 5. Calculation of total horizontal length.





	Zone
	     l   w a l l − a n c h o r      (mm)
	     l   n e t      (mm)
	Total Length (m)





	B3–F1
	349.4
	9975
	10.674



	F1–F15
	309.4
	10,075
	10.694



	F15–RF
	309.4
	10,075
	10.694










 





Table 6. Analysis of simulation model results.






Table 6. Analysis of simulation model results.





	
Reference Length (m)

	
Special Length (m)

	
RCW/Loss Rate (%)




	
VR (B3–F1)

	
VR (F1–F15)

	
VR (F15–RF)

	
HR (B3–F1)

	
HR (F1–F15)

	
HR (F15–RF)






	
7

	
5

	
6

	
6.5

	
5.6

	
5.6

	
5.6

	
0.98%




	
7.1

	
5

	
6

	
6.5

	
5.6

	
5.6

	
5.6

	
0.98%




	
7.2

	
5

	
6

	
6.5

	
5.6

	
5.6

	
5.6

	
0.98%




	
7.3

	
5

	
6

	
6.5

	
5.6

	
5.6

	
5.6

	
0.98%




	
7.4

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
7.5

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
7.6

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
7.7

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
7.8

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
7.9

	
7.2

	
7

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.1

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.2

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.3

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.4

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.5

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.6

	
7.2

	
7.0

	
6.5

	
5.6

	
5.6

	
5.6

	
1.06%




	
8.7

	
7.2

	
7.0

	
8.1

	
5.6

	
5.6

	
5.6

	
1.15%




	
8.8

	
7.2

	
7.0

	
8.1

	
5.6

	
5.6

	
5.6

	
1.15%




	
8.9

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.1

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.2

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.3

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.4

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.5

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.6

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.7

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.8

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
9.9

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.1

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.2

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.3

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.4

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.5

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.6

	
7.2

	
8.3

	
8.1

	
5.6

	
5.6

	
5.6

	
1.08%




	
10.7

	
7.2

	
8.3

	
8.1

	
10.7

	
10.7

	
10.7

	
0.47%




	
10.8

	
7.2

	
8.3

	
8.1

	
10.7

	
10.7

	
10.7

	
0.47%




	
10.9

	
7.2

	
8.3

	
8.1

	
10.7

	
10.7

	
10.7

	
0.47%




	
11

	
7.2

	
8.3

	
8.1

	
10.7

	
10.7

	
10.7

	
0.47%




	
11.1

	
7.2

	
10.2

	
8.1

	
10.7

	
10.7

	
10.7

	
0.26%




	
11.2

	
7.2

	
10.2

	
8.1

	
10.7

	
10.7

	
10.7

	
0.26%




	
11.3

	
7.2

	
10.2

	
8.1

	
10.7

	
10.7

	
10.7

	
0.26%




	
11.4

	
7.2

	
10.2

	
8.1

	
10.7

	
10.7

	
10.7

	
0.26%




	
11.5

	
7.2

	
10.2

	
8.1

	
10.7

	
10.7

	
10.7

	
0.26%




	
11.6

	
7.2

	
10.2

	
10.6

	
10.7

	
10.7

	
10.7

	
0.18%




	
11.7

	
7.2

	
10.2

	
10.6

	
10.7

	
10.7

	
10.7

	
0.18%




	
11.8

	
7.2

	
10.2

	
10.6

	
10.7

	
10.7

	
10.7

	
0.18%




	
11.9

	
7.2

	
10.2

	
10.6

	
10.7

	
10.7

	
10.7

	
0.18%




	
12

	
7.2

	
10.2

	
10.6

	
10.7

	
10.7

	
10.7

	
0.18%











 





Table 7. Special lengths calculated based on reference length of 12 m.






Table 7. Special lengths calculated based on reference length of 12 m.
















	Description
	New Total Length (m)
	No. of Rebars
	No. of Rebars in Wall Panel
	Calculated Length (m)
	Special Length (m)
	Required Quantity (ton)
	Purchased Quantity (ton)
	RCW/Loss Rate (%)





	VR (B3–F1)
	14.351
	2
	90
	7.176
	7.2
	0.723
	0.726
	0.34%



	VR (F1–F15)
	40.680
	4
	82
	10.170
	10.2
	1.868
	1.874
	0.29%



	VR (F15–RF)
	31.739
	3
	46
	10.580
	10.6
	0.818
	0.819
	0.19%



	HR (B3–F1)
	10.674
	1
	110
	10.674
	10.7
	0.658
	0.659
	0.24%



	HR (F1–F15)
	10.694
	1
	308
	10.694
	10.7
	1.844
	1.846
	0.06%



	HR (F15–RF)
	10.694
	1
	200
	10.694
	10.7
	1.198
	1.198
	0.06%



	
	
	
	
	
	
	7.109
	7.122
	0.18%










 





Table 8. Analysis of rebar quantities and cutting waste between original design and optimization model.






Table 8. Analysis of rebar quantities and cutting waste between original design and optimization model.





	
Required Quantity (tons)

	
Purchase Quantity (tons)

	
RCW/Loss Rate (%)




	
Original

	
Optimization Model

	
Difference

	
Original

	
Optimization Model

	
Difference

	
Original

	
Optimization Model

	
Difference






	
7.373

	
7.109

	
0.265

	
8.494

	
7.122

	
1.373

	
13.19%

	
0.18%

	
13.01%
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