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TOPIC: OPTIMISATION OF REUSABLE STRUCTURAL ELEMENTS FROM 

MATERIAL BANKS FOR SUSTAINABLE BUILDING CONSTRUCTION 

ABSTRACT: Optimisation, sustainability, and reusability in the construction industry are 

becoming more important in attaining a circular economy. The construction industry has a high 

potential to reduce material and energy consumption, accounting for 39% of carbon emissions, 

with 11% from material production and construction. Reusing structural components from 

deconstructed buildings preserves embedded energy and is more efficient than recycling, which 

requires high energy and material investment. However, to realise a circular economy, well-

organised material banks are essential. The study aims to create an algorithm using Grasshopper-

Rhino to optimise the reuse of structural components from deconstructed buildings. The program 

takes input from a theoretical material bank that provides parameters such as geometry, cross-

section sizes, and material grade to limit waste, minimise cutting, and reduce the use of new 

materials. Basic structural design calculations that comply with the Eurocode standards will be 

integrated, and the algorithm's applicability will be demonstrated by the design of a simple frame 

structure. Another aim of the study is to present a detailed literature overview of the circular 

economy extended by case studies and the role of material banks in reuse. It highlights how 

reusing components can reduce consumption while meeting structural criteria such as stiffness 

and resistance in both the Ultimate Limit State and Serviceability Limit State, using widely 

accepted construction technologies. 
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1. Introduction 

1.1 Background 

The construction industry significantly contributes to global waste due to its high resource 

consumption, making integrating sustainability into the construction process a significant 

challenge. The word "circular economy" has become more prevalent and is receiving more 

attention worldwide to improve the current production and consumption model, which relies on 

producing, using, and disposing of waste [1]. The circular economy provides a more sustainable 

method of take-make-consume-reuse and recycle [2]. 

 

Figure 1:Diagram that compares linear and circular economy [3]. 

Construction and Demolition contribute to about 40% of the waste generated in the European 

Union. It is highly attributed to the inability to reuse the materials from the deconstructed 

buildings, thus causing heavy dependence on raw materials and a linear economy. The study 

further estimates the potential for recycling and preparing for reuse for each material fraction of 

Construction Demonstration Waste(CDW), indicating that, excluding excavated soils and 

dredging spoils due to their significant uncertainty, 83% of CDW can potentially be sent for 

preparing for reuse and recycling (of which potentially 16% for preparing for reuse)[4]. 



4 

 

Figure 2:Pie chart that shows the construction waste generated from demolition [5]. 

Innovative approaches are essential in the construction industry's transition towards a circular 

economy. Focusing on sustainable construction practices such as reusing material components 

and optimising reusable structural elements like beams and columns will achieve a circular 

economy and offset greenhouse gas emissions by as much as 88% [6]. 

1.2 Problem statement 

Primary demolition continues to be a significant source of waste in the construction industry 

despite the varied benefits due to the heavy dependence on raw materials. It leads to a linear 

economy where large volumes of waste are generated, and opportunities for material reuse are a 

far-away thought [5-6].To attain the circular economy vision, the reuse of existing materials and 

components, especially load-bearing elements like beams and columns, must be enacted. 

Reducing the need for new raw materials and the embodied carbon energy of future construction 

projects [7]. 

However, several obstacles prevent this shift toward structural component reuse. Structural 

elements from deconstructed buildings often have different construction sizes, material grades, 

and conditions, making reuse difficult. Furthermore, structures must be designed to meet strict 

structural integrity standards, making it more complicated to use reusable elements[8]. 

However, one potential solution to ensure efficiency is integrating a material bank database 

containing information on reusable elements, including their geometry, material grade, and 
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dimensions. This will allow a more efficient selection and use of reusable components for new 

structures [9]. 

 

Figure 3: Conceptual schematic of a material bank showing stored data (Geometry, Material 

Grade, dimensions) and its application in new structures [10]. 

1.3 Objectives 

The research focused on creating an optimisation algorithm using Grasshopper-Rhino that 

sources these components from a theoretical material bank. This theoretical material bank 

stores the geometry, cross-sectional properties, material grade properties, and dimensions for 

reusable structural elements. The main aim is an optimisation technique that efficiently selects 

these reusable structural components with precision to be used in new structures without 

compromising Eurocode standards [11].  

The algorithm will be used in two study cases to design a section of a simple frame structure, 

check its adequacy for specified load conditions, and identify the optimal solutions. By coupling 

it with building information modelling, future developments can be achieved, which allows 

seamless selection and integration of reused structural components. 

Another objective of the study report is to conduct a thorough literature review of the role of 

materials banks in promoting a circular economy and expounding on case studies that have 

successfully implemented reusable structural elements [12]. The study will also further expound 
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on the circular economy in the construction industry and how structural reusability can minimise 

waste while meeting performance standards [13]. 

2. Literature review  

2.1 Role of circular economy in construction 

The circular economy is a system where materials never become waste and nature is 

regenerated. The linear economy, on the other hand, has the take-make-dispose principle. In 

contrast, the circular economy emphasises resource recovery, material reuse, recycling, and 

increasing the material life cycle [13]. The circular economy principles emphasise the recovery 

of resources and material reuse, which is essential due to the significant consumption of raw 

materials and waste production. 

In the construction industry, circular economy principles come into play when integrating 

sustainable design of buildings and infrastructure. The end goal is to conserve the value of 

materials for an extended period. Sustainable design can be achieved by reusing these structural 

components from deconstructed buildings for new projects or recycling them for new 

applications. Unlike recycling, reusing in construction aims to take and use the structural 

components from deconstructed buildings and reintegrate them into new projects without 

degrading their functionality. Reusing is better than recycling as it preserves the embedded 

energy of the materials and reduces the intensive work and energy required in recycling. This 

approach reduces the demand for new raw materials and the carbon footprint of construction 

activities [14]. 

Evidence of this is the Venlo city hall project in the Netherlands, where circular design principles 

have been integrated. A technical and biological system is continuously recovered and re-utilised 

with the cradle-to-cradle design. Through a well-thought material choice and design for 

disassembly, at a later date on disassembly, it is possible to reuse the material components 

through a ‘buy and buy-back’ scheme and ultimately reuse them again. The components in the 

building are documented in a digital ‘material passport’ that discloses the material constituents, 

along with how to disassemble, recycle, or return them to the manufacturer - thereby recouping a 

proportion of the original investment. Creating a log of the residual material value within the 

building makes it possible to quantify the potential value of buildings as material banks [15]. A 
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prime example of the circular economy's potential to reshape the construction industry practices, 

which highly relies on sustainability and efficient use of resources. 

 

 

Figure 4:Figure that illustrates the Venlo City Hall [16] 

Earlier case studies of the circular economy display promising results, but the concept constantly 

evolves in the construction industry. The Ellen Macarthur Foundation has several reports of 

projects that have been successfully implemented, such as 1 Triton Square, where, with the 

circular economy approach, much of the frame and facade was retained or reused, saving 3,300 

m2 of limestone, 35,000 tonnes of concrete, and 1,900 tonnes of steel. It minimised the 

redevelopments' carbon footprint, thus reducing its impact on climate change. It was deemed to 

have achieved 54% carbon saving in construction and operation [17]. 

2.2 Material Banks: Theory and Practice 

A material bank is a repository of construction materials recovered from an existing 

decommissioned building through redevelopment, demolition, or other means. It stores and 

catalogues reusable components recovered from existing buildings decommissioned through 

redevelopment, demolition, or other means. The main goal of material banks is to provide an 

organised platform for the reuse of structural components to prevent these materials from being 

deposited in a landfill.  

Material banks play a crucial component in the circular economy in construction by extending 

the life cycle of elements. Components like beams, columns, and slabs are stored and made 

accessible through material passports with detailed information about their characteristics. 

https://www.arup.com/perspectives/publications/promotional-materials/section/transform-and-resuse-low-carbon-futures-for-existing-buildings
https://www.arup.com/perspectives/publications/promotional-materials/section/transform-and-resuse-low-carbon-futures-for-existing-buildings
https://www.arup.com/perspectives/publications/promotional-materials/section/transform-and-resuse-low-carbon-futures-for-existing-buildings
https://www.arup.com/perspectives/publications/promotional-materials/section/transform-and-resuse-low-carbon-futures-for-existing-buildings
https://www.arup.com/perspectives/publications/promotional-materials/section/transform-and-resuse-low-carbon-futures-for-existing-buildings
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Material banks are central to the future of sustainable construction, acting as repositories for 

reusable structural components and enabling more efficient material management. Well-

organised material banks provide reliable information on the structural elements' availability, 

properties, and qualities. This transparency and efficiency are essential for designers and 

architects to use these structural components when designing new structures. Furthermore, 

delays in getting and transporting the reusable elements will be reduced, ensuring a more 

efficient construction process  The benefits of material banks are that they help eliminate waste 

and reduce emissions. 

 

Figure 5: The flow of materials from decommissioning to storage in material banks and back to 

new constructions [18]. 

However, the concept of material banks is compelling but bears challenges and requires constant 

engagement throughout the material chains. Material passports currently need to be standardised 

for the management of material banks, which can create challenges in implementing these and 

inconsistencies between different material bank marketplaces [19]. However, as the awareness of 

material banks continues to intensify and more digital tools (BIM) are integrated into the 

construction industry, so does the role of material banks in promoting sustainability. 

Establishing an open data-sharing network between different countries and regions can help 

increase the accessibility and overall distribution of reusable elements [20]. Establishing policy 
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intensives that promote the use of material banks by governments and construction industry 

leaders, such as giving tax subsidies or credits or targeting material reuse in public projects, will 

foster an expansion in the market of reusable elements and expand reuse in the construction 

industry [21-22]. 

Furthermore, further research should consider more sustainability metrics to get the overall 

environmental impact of material banks. Some include tracking the energy used during 

deconstruction, transporting and storing reused elements, and in-depth Life-Cycle 

Assessments(LCA). This in-depth analysis helps quantify the environmental benefits of re-use, 

making it much more clear how it contributes to the overall reduction of carbon emissions and 

depletion of resources [22-23]. 

The high growth of infrastructure increases the demand for resources. Material banks can be vital 

as they provide a resource-efficient way to garner reusable elements. With proper working 

systems, material banks will reduce the dependence on raw virgin materials in new construction 

projects, revamping the way structures are constructed around the world[20-22-24]. 

 

Case studies of material banks 

Material banks are gaining traction, with Europe at the forefront, where sustainability is 

implemented into public policy. The Resource Rows project in Denmark is an example of 

using reclaimed bricks and timber from demolished buildings with the help of material banks, 

saving 463 tonnes of waste into materials. With an upcycle percentage of 29% CO2 saving 

per/m2 (Life Cycle Assessment), LCA clearly shows the impact of effective planning and use of 

material banks in reducing material waste and minimising the environmental footprint of 

construction [20]. 

Another example is the implementation of material banks in Belgium, in the Flanders region, 

where the material bank is used as a platform for keeping track of and managing the reuse of 

building materials throughout the region or country [21]. Therefore, material banks offer several 

advantages by storing material characteristics, thus making it easier to ensure that reused 

components meet safety and structural design standards. Furthermore, this will lower 

construction costs as they provide an alternative to sourcing new raw materials. Moreover, it 

reduces the demand for raw materials, significantly lowering the construction industry's impact 

on the manufacturing and extraction of raw materials. 
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2.3 Structural reusability 

Structural reusability integrates deconstructed structural components such as beams, columns, 

and slabs for new construction projects. Specific criteria and requirements must be met to ensure 

they are applicable in geometry, material grade properties, and overall structural performance. 

To ensure efficiency, the geometry (size, shape, and configuration) must fit the new design with 

minimal cutting or reshaping (Best-fit criteria). Furthermore, the component's resistance - the 

ability to withhold structural loads without failure - and its stiffness, or ability to resist 

deformation. The material strength should also be checked to ensure the structural component 

can withhold the design loads. These factors ensure that the reused components meet the ultimate 

limit state and the serviceability limit state requirements of structural design. Prior analysis and 

testing, including non-destructive testing (NDT), is crucial to check whether the structural 

component’s adequacy is suitable for reuse. Research by Cecilia Braendstrup introduces a new 

NDT method that complements existing practices by helping designers confront the age-old 

question of exceeding design loads and potential fatigue load damage in the re-assessment of 

steel structures [22]. 

The flowchart below (Figure 6) shows the re-using process from the start of deconstruction to the 

end of the process and its usage in new structures. 
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Figure 6:Flowchart that illustrates the selection of reusable elements. 

d 



12 

2.4 Trade-off between recycling and reuse 

Reusing building components and construction products affects the overall life cycle and 

environmental performance of construction activities. Despite an increase in transportation 

needs, approximately 40% of embodied energy can be saved, and more than 60% of the carbon 

footprint of the concrete structure can be saved when reusing prefabricated slabs (Roth and 

Eklund, 2003) [19]. Reusing has significant benefits compared to recycling, which entails 

separating the materials into their raw form using energy and resources. 

However, reusing structural components has a downside, as quality assurance and logistical 

issues must be handled. They may require thorough testing and quality inspection to check 

whether they meet the required safety standards. Furthermore, transportation and storage 

between the periods of deconstruction and demolition can be a hurdle. Material banks are 

required to make this process easier; they provide a reliable system for keeping track of the 

storage and distribution of structural components. Furthermore, the deconstruction process and 

techniques must be carefully performed to avoid the destruction of the structural elements [28]. 

The figure below (Figure 7) explains the life cycle stages of building materials and compares the 

typical cycles. 

Explanation of the Life Cycles: Classic, recycled, ex-situ reused, and in-situ reused. 

● The classic life-cycle has the Product Stage(A1-A3), where raw material extraction, 

transportation of these materials to the industry, and manufacturing are done. The 

construction stage (A4-A5) entails transporting the manufactured materials to the sites 

and the actual construction. The Use Stage(B1-B7) is a period during which the 

building operates, including maintenance and repair. The End of Life Stage(C2-C4) 

shows the deconstruction, processing of waste, and disposal. From the classic life cycle, 

it is typical for new materials to be used in the new life cycle. 

● The recycled Life Cycle has the initial stages of A1-C4. However, processing is needed 

at the end of its life to ensure the material is recovered and used in new construction life 

cycles. This ensures re-entry and recovery to a new life cycle. 

● Ex-situ Reused Life Cycle: The same stages, A1-C4 are valid. However, instead of 

being thrown away or re-manufactured like recycling, the components are extracted and 

used as they are in new projects. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/embodied-energy
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/embodied-energy
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/embodied-energy
https://www.sciencedirect.com/topics/engineering/prefabricated-slab
https://www.sciencedirect.com/science/article/pii/S0921344918301538#bib0240
https://www.sciencedirect.com/science/article/pii/S0921344918301538#bib0240
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● In-situ Reused Life Cycle: This cycle is similar to ex-situ in that the materials are used 

within the same site or project, thus lessening the need for transportation and its 

associated impacts. There is no reprocessing, as the next life cycle begins immediately at 

A5. 

 

 

Figure 7: Comparisons of different Life Cycles. 
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Table 1: Comparing the environmental and economic trade-offs between recycling and reusing 

structural components [25] 

aspect recycling reusing 

Energy Consumption High energy is required in the 

processing and breakdown of 

materials 

Lower energy is due to 

minimal processing for reuse. 

Carbon Footprint Material breakdown and 

transportation significantly 

contributes  

Less impact as components 

are reused in their original 

form 

Material Waste Some material loss during the 

recycling process 

Reduced waste as 

components are kept in their 

original form. 

Economic Cost Higher costs and processing, 

sorting, and reprocessing are 

involved. 

Lower costs as components 

are in a good state for re-

using. 

Labor & Time Very labour intensive and 

time-consuming 

Less time and labour required 

Material Quality Quality degradation for some 

materials. 

Retains initial form and 

quality of material 

Environmental Impact Moderately effective as less 

raw material extraction is 

required 

Prevents waste and reduces 

consumption, thus making it 

more highly effective. 

Scalability Easily scaled  Limited scalability depends 

on the availability of reusable 

elements. 
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2.5 Eurocode reference and how Eurocode standards apply to reused materials 

The Eurocode provides standards and a comprehensive set of guidelines for the design of safe 

and reliable structures. It applies to new and reused components, although additional caution 

should be taken with reused materials. Eurocode 3 (design of steel structures) and Eurocode 2 

(design of concrete structures) are used as guidelines for assessing the mechanical properties of 

materials and ensuring they meet load-bearing and deformation requirements [26-27]. 

These standards should be used to evaluate reused components, checking their structural 

soundness and meeting the resistance and stiffness requirements.  

Furthermore, the CEN/TS 1090-201 further provides supplementary provisions for reusing 

reclaimed structural components in the execution of steel structures in EXEC1 to EXEC3 

structures to be designed according to Eurocode 3 without seismic and fatigue design. The 

CEN/TS specifies requirements for the reusability of structural components and the declaration 

of mechanical and geometrical properties and weldability. The properties to be declared are those 

listed as required relevant properties to be specified according to clause 5.1 of EN 1090-2: 

• strength (yield and tensile); 

• elongation; 

• tolerances on dimensions and shape; 

• heat treatment delivery conditions; 

• weldability. 

This CEN/TS applies to reclaimed hot rolled profiles and hot-finished or cold-formed hollow 

sections used as constituent products according to EN 1090-2[27]. 

3. Methodology and Algorithm Development 

This section describes an algorithm that maximises the reusability of structural elements with 

data from a theoretical material bank. The main goal is to reduce the cutting of structural 

components from a material bank and minimise the usage of new materials. Through this 

approach, the algorithm reduces the excessive usage of resources by reducing material wastage 

and promotes the construction industry's circular economy. 
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Algorithm Development 

The logic starts with importing material elements from a theoretical material bank stored in a 

database to Grasshopper Rhino. It contains the cross-sectional properties according to the 

Eurocode 3 of steel cross sections. The process is simply broken down into these steps: 

● The algorithm takes the following inputs: 

○ Geometry: Length available for reuse. 

○ Material Grade: Steel section material grades. 

○ Cross-section Sizes and their parameters: Weight (kg/m), Area (mm²), 

Inertia Y (mm⁴), Modulus Y (mm³), Inertia Z (mm⁴), Modulus Z (mm³), 

Shear Area (mm²), Torsional Inertia (mm⁴), and Warping Inertia (mm⁶). 

● The algorithm performs four significant checks: 

The first two aimed at ensuring the reused elements meet the structural integrity 

○ ULS checks of the cross-sections 

○ SLS checks of the cross-sections  

○ Length check to ensure it is satisfactory for the required length 

○ Minimising Cutting Waste by ensuring the chosen cross sections have minimal 

cutting waste, checked and calculated according to weight. 

Flowchart showing the algorithm’s steps. 

A flowchart (Figure 8) illustrates the algorithm's step-by-step process. It shows how the inputs 

are fed into the system, how the optimization process occurs (balancing reusability with 

structural demands), and how the output provides an optimised design solution. 
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Figure 8:Flowchart that  illustrates the Grasshopper Algorithm 

The following steps outline the algorithm's work in more detail, demonstrating how it operates 

from importing the material to the analysis and, finally, the output data. 

STEP 1: IMPORTING MATERIAL BANK  

The algorithm begins with importing data from the theoretical material bank, which includes a 

list of cross-sections with key properties such as length, cross-sectional area, and material grade. 

This database serves as the input from which all potential structural elements are selected. 
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Figure 9: Step 1: Importing the theoretical data bank. 

STEP 2: ULS AND SLS CHECKS OF THE CROSS SECTIONS FROM THE 

MATERIAL BANK 

A performance check of the ULS and SLS checks on each cross-section within the material bank 

to ensure that each section meets the criteria. The check verifies whether the sections can 

withstand design loads and remain within the limits of deflections, filtering out sections that do 

not satisfy the requirements.

 

Figure 10:Figure illustrates the first two checks in the algorithm. 
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STEP 3: GEOMETRY CHECK (Compares the required length with the length from the 

material bank) 

A comparison of the required structural and available lengths from the material bank. This step 

ensures that the chosen cross-sections closely align with the length requirements, allowing for 

optimal reuse with minimal cutting.

Figure 11:Figure illustrates the geometry check in the algorithm. 

STEP4: EXPORT TO DATA SHEET FOR FURTHER ANALYSIS  

The filtered list of cross-sections is exported to a datasheet, where further analysis and 

processing can enable a more detailed assessment. 

 

Figure 12: Figure illustrates the algorithm's export of data to an external database. 
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Figure 13:Figure illustrating a sample of the extracted data for assessment by the algorithm. 

STEP 5: WASTE CALCULATION WITH CHOSEN CROSS SECTIONS CHECK 

From the filtered cross-sections, the algorithm calculates potential material waste. After all the 

other requirements are satisfied, an evaluation of how much material weight waste remains.

 

Figure 14: Figure illustrates the waste calculation by the algorithm for the chosen cross-section 

check. 
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STEP6: EXPORT OF FINAL CALCULATED WASTE TO DATASHEET 

The final waste calculations are then exported to a datasheet for a further comprehensive review. 

 

Figure 15:Figure illustrates the exportation of final material waste by the algorithm for further 

evaluation. 

The next chapter outlines the comprehensive algorithm’s structure and principles and outlines a 

case study to explore its practical application. 

4. Case Studies 

Simple Frame Structure Design 

A simple frame structure is incorporated into the study, demonstrating the algorithm's 

effectiveness in the reusability of structural elements. It aims to minimise the cutting of reused 

structural elements from the material bank and the use of new materials with two sets of data. 

The initial checks of the Ultimate Limit State and the Serviceability Limit State are performed on 

the cross-sections with different lengths and sizes from the material bank, which will be used as 

beams of the simple frame structure. The structural 3D model of the parametric frame is 

visualised in Rhino and parametrically designed with Grasshopper-AXISVM plugins. A sketch 
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will visualise the chosen material grade, cross-section, and placement of the reused components. 

This section will summarise the algorithm’s performance and how the material bank is crucial in 

achieving this. The main objectives are the output of the material waste and the material saved, 

new elements used, if any, and how the design using the reusable elements can meet the 

structural requirement according to the Eurocode Standards. 

4.1 Structural Design Calculations 

Initial structural hand load calculations in compliance with the Eurocode are performed to ensure 

the re-used elements meet the structural requirements criteria. This section outlines the procedure 

and initial assumptions. 

The initial assumptions are that lateral torsional buckling does not occur as the top flange of the 

primary and secondary beams are supported. 

A summary of the structural calculations and drawings illustrating the concepts are shown below. 

The secondary and primary beam layout is illustrated in (Figure 16) below. 

 

 

Figure 16:The beam plan layout 
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A section of the floor arrangement and two connections, column-primary beam, and primary-

secondary beams, are shown below (Figure 17) to illustrate the pinned column-beam connections 

and secondary-beam-to-primary beam connections. 

 

 

Figure 17:Figures illustrate structural sketches of the column-primary beam, primary-secondary 

beam connection, and the composite floor. 

 

The loads and effects hand calculations are provided in the annex which are done according to 

the Eurocode standards. 
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After the algorithm performs structural load calculations for both ULS and SLS, a check of the 

cross-section capacity (utilisation) is performed. A length check is then performed to check the 

use of reused elements with the waste and new elements, if any. 

4.2 Performance of the Algorithm with Case Studies. 

The algorithm 

The algorithm incorporates structural load design calculations to evaluate the re-used elements' 

structural integrity. The Eurocode design standards are used to assess the safety and reliability of 

the structural elements. The stiffness of the structural elements is checked to ensure adequacy to 

resist the deformation under the loads. In addition, the resistance of the components to withstand 

the loads is checked to ensure that they withstand the vertical loads and do not fail under 

ultimate state conditions. The performance of the material bank algorithm is evaluated based on 

crucial output metrics and adherence to structural design standards. This study illustrates how the 

algorithm can adapt to changes in element lengths and further filters based on cross-section. 

 

Case study 1: 

First Material Bank Variant for Primary Beams 

 

Figure 18:Figure illustrates the data table for the primary beams' first theoretical material bank 

variant. 
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Output 1 shows the ULS, SLS, and Length Check. 

 

Figure 19: Illustrates a table output of the first three checks (ULS, SLS, Length check) for the 

primary beams. 

The beams fulfilling the conditions are further analysed for waste calculation check within 

Grasshopper. The question of whether the selection of optimum waste is based on weight or 

length becomes questionable but the former is preferred; as the cross-section material grade and 

geometrical properties vary. From the chosen list of primary beams that satisfy the conditions, 

the algorithm chooses a variety of elements that satisfy the conditions prior but never the same 

element twice; this is identified by the element ID. 

Output 2 shows the two chosen beams for this case study with the waste of weight and used 

weight. 

 

Figure 20: Figure illustrates a data table output of the waste of weight and used weight for the 

two chosen primary beam elements. 

The amount of reused material is the total weight of the reused element used by the two 

primary beams in this case. Waste Generated quantifies material waste by the weight identified 

for the two primary beams. A comparison of the waste weight based on further filters such as the 
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same cross sections and materials are applied to do a comparison. In this case, for the two 

primary beams, the selected beams are row 7 (Beam ID 11) and 13(Beam ID 5), respectively, as 

they fulfil both conditions. 

 

Figure 21: Figure illustrates a data table output of the waste of weight and used weight for the 

two primary beam elements with similar cross-sectional types and materials. 

Based on the table above, it is clear that although the reusable elements used in this case are far 

more favourable in structural design practice as they have the same cross-section sizes and 

material grade, a compromise must be made depending on the design situation. In my case, 

optimisation based on the reduced weight is necessary. Thus, the first two beam outputs are 

favourable in terms of the least total material waste and the used weight. 

First material bank variant secondary beams:  

 

Figure 22:Figure illustrates the data table for the secondary beams' first theoretical material 

bank variant. 
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Output 1 shows the ULS, SLS, and Length Check.

Figure 23:Figure illustrating a table output of the first three checks (ULS, SLS, Length check) 

for the secondary beams. 

Output 2 shows the chosen secondary beams with the waste of weight and used weight.

 

Figure 24:Figure illustrates a data table output of the waste of weight and used weight for the 

chosen five secondary beam elements. 

The amount of reused material compared to the total weight of the reused element used by the 

five secondary beams is shown above. The Waste Generated quantification of the material 

waste by the weight is identified for the re-used elements chosen. In the case of the secondary 

beam's first material bank variant, further filtration is based on the same cross-sectional 

properties, and a comparison to the previous material waste generated and used material weight 

is made. 
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Output 2 shows the chosen beams with the waste of weight and used weight. 

 

Figure 25: Figure illustrates a data table output of the waste of weight and used weight for the 

five secondary beam elements with similar cross-sectional properties. 

The results with these different sets of sections show a higher amount of waste and used weight 

compared to the first set of chosen sections. Thus, in this study case, an optimisation based on 

less material waste is preferable, so the first set of sections will be applied for the secondary 

beams. The final layout below visualises the chosen primary and secondary beams in the first 

material bank variant. From the final beam configuration in (Figure 26), it is an optimal 

configuration to the weight and not the constructibility. Further optimisation parameters ought to 

be developed in later development phases of the algorithm to create a more balanced and easily 

assembled structure. 
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Figure 26:Final beam arrangement layout for the first case study. 

 

Case study 2: 

The second case study provides a second set of material bank with a wider range of lengths 

allowing for flexibility in selection and many more filtering options. 

Second Material Bank Variant Primary Beams 

 

Figure 27:Figure illustrates the data table for the primary beams' second theoretical material 

bank variant. 
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Output1 shows the ULS, SLS, and Length Check. 

 

Figure 28: Figure illustrates a table output of the first three checks (ULS, SLS, Length check) for 

the primary beams. 

Output 2 shows the chosen beams with the waste of weight and used weight. 

 

Figure 29: Figure illustrates a data table output of the waste of weight and used weight for the 

two chosen primary beam elements for the second material bank variant. 

The amount of Reused Material is the total weight of the reused element used by the two 

primary beams with the second material bank variant. The waste generated quantifies the 

material waste by the weight identified for the two primary beams with the second material bank 

variant. A comparison of the waste weight based on further filters such as the same cross 

sections and materials are applied to do a comparison. In this case, for primary beams, the 

selected beams are row 8(Beam ID 6 )and 14(Beam ID 12 ), respectively, as they fulfil both 

conditions. 
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Figure 30: Figure illustrates a data table output of the waste of weight and used weight for the 

two primary beam elements with similar cross-section types and material properties. 

The results with these different sets of sections show a higher amount of waste and used weight 

compared to the first set of chosen sections. In the second variant material bank, the results for 

the primary beams are shown below. The results with these different sets of sections show more 

waste and used weight than the first set of chosen primary beam sections. Thus, in this study 

case, an optimisation based on less material waste is preferable, so the applied set is the first set 

of sections for the primary beams. 

Second Material Bank Variant Secondary Beams

Figure 31:Figure illustrates the data table for the secondary beams' second theoretical material 

bank variant. 
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Output 1 shows the ULS, SLS, and Length Check. 

Figure 32: Figure illustrates a table output of the first three checks (ULS, SLS, Length check) for 

the secondary 

Output 2 shows the chosen beams with the waste of weight and used weight. 

 

Figure 33: Figure illustrates a data table output of the waste of weight and used weight for the 

chosen secondary beam elements. 

The amount of reused material compared to the total weight of the reused element used by the 

five secondary beams is shown above for the second material bank variant. Waste Generated 

quantification of the material waste by the weight is identified for the re-used elements chosen 

for the second material bank variant. In the case of the secondary beams variant, further filtration 

is based on the same cross-sectional properties, and a comparison to the previous material waste 

generated and used material weight is made. 
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Figure 34: Figure illustrates a data table output of the waste of weight and used weight for the 

secondary beam elements. 

The results with these different sets of sections show a higher amount of waste and used weight 

compared to the first set of chosen sections. Thus, in this study case, an optimisation based on 

less material waste is preferable, so the applied set of sections is the first set of sections for the 

secondary beams. The final layout is displayed below, visualising the chosen primary beams and 

secondary beams in the second material bank variant subject to further improvements at later 

stages of the algorithm. 

Figure 35: The primary and secondary beams chosen in the second material bank variant. 
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Eurocode compliance: 

From the two case studies performed on the two material bank variants, the algorithm 

emphasises ensuring the structure meets both the Ultimate and Serviceability Limit States 

conditions. The reused components undergo a check for the specific load-bearing requirement. 

The checks ensure that despite using the reusable structural components, structural integrity is 

not compromised. Only the elements that satisfy the conditions are considered to be reused in the 

structure. 

Optimisation Results: 

From the two case studies, the optimisation process aimed to ensure the maximum reuse of 

structural elements with minimal waste. Further analysis and breakdown of applying the 

algorithm to demonstrate its effectiveness in achieving this is presented in the section below. 

Two key outputs are highlighted: the total waste from the reused elements and the material 

utilisation weight from the reused elements. These provide a better insight into the efficiency 

achieved by the algorithm. Material utilisation weight from the Reused Components is the 

weight value of the reused components from the material bank that provides insight into the 

quantifiable materials saved in contrast to the resources that would have been newly acquired. 

Furthermore, the total waste from the reused elements shows that although the aim was to 

maximise the reuse of the structural components, some elements might still be cut and discarded 

due to length mismatches. The algorithm can show this, giving insight into further optimisation 

techniques that might be applied to reduce waste, such as reusing the cut elements in other parts 

of the structure making it more sustainable by creating a closed-loop reuse system. It is worth 

noting that the optimum beam configurations on the two case studies are designed with the least 

cutting waste as a parameter, further future development of the algorithm will be aimed at 

optimising based on ease of constructibility(similar cross-section properties). A visualisation 

with bar graphs showing the total volume of reused material, new material acquired, and waste 

generated from the two case studies is presented in (Figure 36) for the first material bank case 

study and (Figure 37) for the second material bank case study. 
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Figure 36: Pie chart showing the used weight and the total waste in kg of the first material bank 

variant. 

 

Figure 37: Pie chart showing the used weight and the total waste in kg of the second material 

bank variant. 
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5. Discussion 

This section explains the broader implications of the study of sustainable construction practices 

and the future role of the material banks in the reusability of structural elements. It also discusses 

the problems facing the reuse of structural elements and ways to address them to scale the 

approach. 

5.1 Implications for the Construction Industry 

The need for new materials is minimised by reusing materials, promoting resource efficiency, 

and reducing the carbon footprint of the construction sector, contributing to the circular economy 

[26]. Prior studies indicate that the construction industry accounts for 24-40% of global carbon 

dioxide emissions [27]. Reducing dependency on new structural components can be vital to high-

cost reduction. Reusing structural components can lower project costs by reducing the need for 

new materials purchases, which contributes significantly to overall costs. In addition, reducing 

dependency on natural resources means lower exposure to the adverse effects of resource price 

shocks [28]. Reusing structural components addresses one of the biggest challenges in the 

construction industry's waste management, as fewer materials will be diverted to landfills [29]. 

In the circular economy, great emphasis is laid on extending the lifecycle of materials by 

minimising construction waste [30]. By reusing structural elements, the construction industry’s 

practices align more with the waste hierarchy principles [31]. 

Scalability of the Approach: The algorithm above was considered for study cases for a simple 

frame structure; however, the methodology and thought process is possible for more significant 

and complex projects such as industrial halls and commercial buildings. The reuse of sheet pile 

walls in foundation design shows how adaptable reuse of foundational elements can be cost— 

and material-saving. However, highly standardised protocols are required to check the structural 

integrity and quality of the reusable elements. Constantly updating the building design codes 

associated with the reusable elements is crucial to achieving their wide adoption. 

Automation and integration of technology: The advancement of digital tools such as Building 

Information Management is essential to keep a record of the life-cycle of elements used, 

therefore making it easier to catalog and ensure optimal reuse of structural components [31]. 
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5.2 Potential Areas for Improvement in the Construction Industry 

Even though the study evaluates the usefulness of the proposed algorithm, certain limitations 

need to be addressed to adopt it further. The component’s structural integrity is fundamental, 

so to verify the material and cross-section properties, the structural integrity of older structural 

components must be robustly checked through test methods. This is crucial to developing trust in 

the quality of the reused elements [31]. The availability of reusable elements depends on the 

frequency and scale of deconstruction projects. Therefore, this limitation is important for certain 

areas, making it important for logistics and supply management to properly store and transport 

the structural elements [32]. Despite the flexibility of reusable structural components, there are 

mismatches between their availability and applicability in old and new buildings. Therefore, 

optimisation in material selection to reduce cutting waste is important to enhance efficiency in 

reusing [30]. 

6. Summary 

Material reuse is becoming more prevalent in the construction industry, as reducing the 

environmental impact is very important. However, unlike recycling reusing does not involve 

processing before the materials are used again saving considerable energy costs. Reusing 

structural components lowers resource usage and reduces waste. As explained in Chapter 2, 

reuse results in sustainable practises by increasing the life-cycle of materials, conserving 

resources, and ultimately reducing the carbon footprint associated with new material production. 

With this in mind, an algorithm in Grasshopper-Rhino to optimise the selection and reuse of 

structural components with the least cutting waste. The algorithm incorporated the material bank 

as its input which has the geometry, material grade, and cross-section, allowing it to evaluate the 

material bank and choose configurations that minimise the cutting waste. The algorithm was run 

on two case studies to design a section of a simple frame structure, particularly the primary and 

secondary beams. 

Through this, the algorithm’s ability to use reusable elements in the frame structure at a 

substantial level was demonstrated. The reused components met the performance requirements 

under the Eurocode standards, both in the Ultimate Limit State (ULS) and Serviceability Limit 

State (SLS). By optimising the structural elements by selecting the minimum waste weight, there 

was less overall material waste and thus a lower carbon footprint. Further optimisation 
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parameters to ease constructibility such as the same section, and the material selection will be 

performed at later stages of the algorithm. 

These findings show that optimising reuse through a well-structured material bank is a viable 

pathway to sustainability in the construction industry. It sets a benchmark for reducing new 

material purchases and supporting the industry-wide effort to reduce the environmental impact. 
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ANNEX 

Load identification and sample calculation 
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