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ABSTRACT
The U.K. construction industry faces an environmentally double-pronged challenge from the fact that around 7-8% of all global CO₂ emissions come from the manufacture of cement (IEA, 2019), and each year millions of tons of demolition waste and thousands of tons of by-products from the shellfish processing industry are sent to landfills (Carss et al., 2020; WRAP, 2019). This proposed research will examine how the synergistic combination of Reclaimed Brick Powder (RBP) and Cockle Shell Powder (CSP) can be used to replace some or all of the cement required to produce structural concrete in the context of UK construction. This study builds on prior literature reporting CaCO₃ contents exceeding 90% (Mohamad et al., 2021) and on the demonstrated pozzolanic activity of RBP when finely ground (Lavat et al., 2009). A multi-step experimental program will be undertaken to determine the optimal CSP-RBP blend ratio, compare mechanical properties at ages 7, 28, and 90 days, and investigate long-term durability under representative environmental exposure conditions relevant to UK construction. This project aims to provide novel experimental evidence on the simultaneous application of two types of WDCMs (waste-derived cementitious materials) that have previously been studied separately but never together. It also expects to deliver practical mix design information that supports the UK construction industry's achievement of its Net-Zero 2025 goals.



1. Introduction
1.1 Background and Context
The global construction industry is currently at an inflection point. Globally, over 25 billion tons of concrete are produced every year (Afroughsabet et al., 2019), making it the world’s most widely used manufactured material. A significant amount of this concrete is made from OPC. The production process for OPC requires large amounts of limestone, clay, and energy, resulting in the release of around 2.2 Gt of CO₂ into the atmosphere each year – equivalent to 7-8% of all greenhouse gas emissions humans generate globally (Mohamad et al., 2021; IEA, 2019). With both the UK government and various UK industry bodies having signed up to the UN Paris Agreement and national net-zero targets (MPA, 2020; UK Government, 2021), decarbonization has become a high-priority objective within the construction industry.
In parallel, the UK is facing an increasing waste management issue. Construction and demolition operations produce approximately 120 mT of waste annually, with brick-and-mortar accounting for the largest share of that figure (Defra, 2022). In addition to these two forms of waste, the UK's seafood industry discards thousands of tons of shell material annually due to shellfish processing activities along the coast (FAO, 2019; Carss et al., 2020) across estuaries such as those found along the River Dee, River Thames and River Lune. Much of these wastes go to landfill thereby producing negative environmental impacts and economic consequences; however they also represent potential unexploited resource.
The need to find alternative cement replacement products is increasing because traditional options, such as fly ash (the byproduct of burning coal) and GGBS (ground granulated blast furnace slag, or the byproduct of producing steel), which have traditionally been available in the U.K., are being rapidly depleted due to a decrease in the amount of coal used for electricity production in the U.K. and an increase in the way steel is produced. For the construction sector to continue using SCMs, it needs to identify and confirm new SCM sources that are abundant in the U.K., chemically suitable, and implementable in practice.
1.2 Research Problem and Rationale
This research proposal aims to determine whether the use of both Cockle Shell Powder (CSP) and Reclaimed Brick Powder (RBP) as a composite sustainable construction material (SCM) could offer an economically viable, environmentally friendly, and physically stable partial substitute for Ordinary Portland Cement (OPC) within the UK building industry. The chemical composition of cockle shells consists of over 90% calcium carbonate (CaCO₃); thus, they are chemically similar to limestone, a primary raw material used in the manufacture of cement (Mohamed et al., 2012; Mohamad et al., 2021). On the other hand, reclaimed bricks from demolition sites throughout the UK contain high clay content, especially those dating back to the Victorian era. When these are crushed into a powder finer than 75 μm, they exhibit measurable pozzolanic activity, forming C-S-H gel when reacting with the excess lime formed during OPC hydration (Aliabdo et al., 2014; Lavat et al., 2009).
Although there have been several individual investigations of each material, there are no published studies on their combination in a blended SCM. It is proposed in this study that the use of CSP and RBP as a blended SCM will act in synergy. For example, the addition of CSP will improve mechanical properties at an early age by increasing packing density and enhancing tensile strength. Additionally, the use of RBP will contribute to longer term pozzolanic strength development and durability improvement. If such complimentary mechanisms are found to be effective, then this will represent a new area of application within the field of SCMs and will present an alternative solution to UK building industry's current sustainability problems.
1.3  Research Questions and Objectives
The research is guided by the following primary research question:
What is the optimal ratio of Cockle Shell Powder and Reclaimed Brick Powder as a partial cement replacement in structural concrete, and what are the mechanical and durability properties of the resulting hybrid mixes under UK construction conditions?
This is supported by four specific objectives:
1. To characterise the physical, chemical and morphological properties of CSP and RBP sourced from UK suppliers using X-ray Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) analysis.
1. To evaluate the individual and combined effects of CSP and RBP at incremental cement replacement levels (5%, 10%, 15%, 20% and 25%) on the compressive, flexural and tensile strength of concrete at 7, 28 and 90-day curing periods.
1. To assess the durability of optimised CSP–RBP concrete mixes under UK-relevant exposure conditions, including water absorption, chloride ion penetration and carbonation depth, benchmarked against BS EN 206 requirements.
1. To quantify the sustainability benefit of optimised CSP–RBP blends through life-cycle CO₂ assessment and comparative cost analysis against conventional OPC concrete.
1.4  Hypothesis
It is hypothesised that a hybrid blend incorporating 5–10% CSP and 10–15% RBP as partial cement replacement will achieve compressive strength equal to or greater than a standard 30 MPa OPC control mix at 28 days, and will significantly exceed it at 90 days owing to the delayed pozzolanic contribution of RBP. Furthermore, it is anticipated that the hybrid blend will demonstrate equivalent or superior durability performance to OPC concrete in chloride-exposure conditions representative of UK coastal environments.
1.5  Scope and Definitions
The study is bounded to laboratory-scale concrete specimens conforming to BS EN 206 and ASTM standards. Field or full-scale structural trials are outside the scope of this study. The following key terms are defined for clarity:
1. Cockle Shell Powder (CSP): Cockle shell (Anadara granosa) sourced from UK commercial fisheries, washed, dried and heat-treated to 500–600°C to produce a fine powder of <75 µm particle size for use as a cement-grade replacement material.
1. Reclaimed Brick Powder (RBP): Demolition brick sourced from pre-1970 UK common brickwork, cleaned of mortar residue, crushed and ground to <75 µm for use as a pozzolanic supplementary cementitious material.
1. Supplementary Cementitious Materials (SCMs): Materials added to concrete in partial replacement of OPC to modify mechanical or durability properties; classified under BS EN 206 as Type I (nearly inert fillers) or Type II (pozzolanic or latent hydraulic materials).
1. Pozzolanic Activity: The capacity of a material to react with calcium hydroxide (Ca(OH)₂) in the presence of water to form cementitious compounds (primarily C-S-H), contributing to long-term strength gain.



2. Literature Review
2.1 Environmental Impact of Cement and the Case for SCMs
The environmental need to conduct research in this area is well documented in the academic literature. Cement manufacturing is the largest industrial producer of CO2 on the planet, accounting for over 4.2 billion tons in 2019 (Mohamad et al., 2021). Cement manufacture is inherently carbon-intensive; each tonne of OPC clinker manufactured will release an average of 0.83-0.90 kg of CO₂ due to the calcination of limestone and fossil fuel consumption (IEA, 2019). The Mineral Product Association (MPA) has committed to a ‘beyond net zero’ roadmap for the UK cement industry by 2050 via the substitution of clinker using supplementary cementitious materials (SCMs); however, global literature suggests that even marginal increases in resource efficiency will provide substantial environmental benefit when scaled up (de Brito et al., 2019).
However, the reduction of traditional SCMs presents additional challenges to these reductions. Fly ash and Ground Granulated Blast-Furnace Slag (GGBS), the two most widely used and commercially available SCMs in the UK, are by-products of two declining industrial processes. Although Lothenbach et al. (2011) provided a thorough overview of SCM mechanisms, including reactivity, long-term strength developments, and improved durability characteristics, there is limited scope to improve their availability. The UK Green Building Council (UKGBC) (2021) whole life carbon roadmap identified declining availability of Fly ash and GGBFS as a system-wide risk to achieving the Uk’s embodied carbon targets, thus highlighting the need for identifying alternative SCM sources.
2.2 Cockle Shell in Concrete: Physical and Chemical Properties
Cockle shell (Cerastoderma edule; Anadara granosa) has attracted growing research interest as a construction material additive since the early 2010s. The material's primary chemical characteristic — a calcium carbonate (CaCO₃) content consistently exceeding 90% by weight across multiple independent studies (Mohamed et al., 2012; Awang Junaidi et al., 2007; Ramakrishna and Sateesh, 2016) — positions it as a biological analogue to limestone, one of the four primary raw materials in OPC production (Mohamad et al., 2021). In morphological terms, the cockle shell exhibits a prismatic layered microstructure that confers high hardness, low thermal conductivity and a characteristically rough surface texture, all of which have implications for the interfacial transition zone (ITZ) between the shell material and the surrounding cement paste (Mohamad et al., 2021).
In terms of particle size, previous studies have consistently employed sub-75 µm cockle shell powder for cement replacement applications, with specific surface areas ranging from 3,800 to 8,299 cm²/g depending on grinding method and duration (Lertwattanaruk et al., 2012; Soltanzadeh et al., 2018). When used as coarse aggregate in uncrushed form, maximum sizes of 10–20 mm have been reported (Muthusamy et al., 2012; Kumar et al., 2016). The specific gravity of cockle shell falls in the range 2.09–2.64 — comparable to conventional coarse aggregate — making it dimensionally compatible with standard mix designs (Mohamad et al., 2021, Table 2).
One noteworthy consideration is the mineralogical form of CaCO₃ in cockle shell. As a biogenic material, cockle shell contains CaCO₃ predominantly in the metastable aragonite polymorph rather than the more stable calcite form (Soltanzadeh et al., 2018). Aragonite dissolves more readily in the pore solution of concrete, potentially enhancing its reactivity relative to geologically derived limestone. This distinction has not been consistently addressed in the existing literature and represents a mechanistic question that this study will investigate through XRD phase analysis in Phase one of the experimental programme.
2.3 Mechanical Performance of Cockle Shell Concrete
The mechanical performance of cockle shell concrete has been investigated across a range of replacement types (cement, fine aggregate and coarse aggregate) and levels. The review by Mohamad et al. (2021) synthesises results from 13 independent studies, enabling several cross-study conclusions. For cement replacement, most studies report a reduction in early compressive strength relative to OPC control mixes, particularly at replacement levels above 10% (Lertwattanaruk et al., 2012; Hazurina et al., 2013; Olivia et al., 2015). However, Al-Zubaidi et al. (2015) and Soltanzadeh et al. (2018) both demonstrated that compressive strength increased progressively with increasing cockle shell powder ratio, attributed to the intrinsic hardness of the powder particles providing additional resistance centres to external compression — a 'filler effect' mechanism consistent with the behaviour of limestone powder SCMs in the mainstream literature.
The temporal pattern of strength development is of particular significance. Hazurina et al. (2013) demonstrated that concrete containing 5% (CSA5) and 10% (CSA10) cockle shell ash achieved compressive strengths exceeding 35 N/mm² at 28 days, and that strength continued to increase through 90 days, attributed to ongoing cement hydration and the slow dissolution of aragonitic CaCO₃ in the alkaline pore environment. Olivia et al. (2015) corroborated this pattern for tensile and flexural strength, finding that seashell concrete continued to gain strength between 28 and 91 days, with the 91-day flexural strength of 4% CSP-replaced concrete exceeding that of the OPC control. This long-term strength gain is a critical property for practical structural applications and will be a primary focus of the proposed experimental programme.
For aggregate replacement, optimum compressive strength improvements have been reported at 20% coarse aggregate replacement with cockle shell (Ramakrishna and Sateesh, 2016), attributed to the rough surface texture enhancing interfacial bonding. Raju and Siva (2016) reported that combined replacement of 15% coarse aggregate and 20% fine aggregate with cockle shell and granite powder produced compressive strength of 43.7 MPa — significantly above the 30 MPa control — suggesting that synergistic effects between shell aggregate and other supplementary materials merit further investigation. This finding provides partial justification for the hybrid approach proposed in the present study.
2.4 Reclaimed Brick Powder as a Pozzolanic SCM
The pozzolanic potential of finely ground ceramic and brick waste has been established in a substantial body of literature. Lavat et al. (2009) characterised ceramic roof tile waste as a pozzolanic admixture, demonstrating that material ground to below 75 µm exhibited a Chapelle activity index comparable to class N natural pozzolans, with compressive strength of mortar specimens at 28 days reaching 75–80% of the OPC control. Rashad (2016) reviewed over 80 studies on ceramic waste as an SCM, concluding that the pozzolanic reactivity is primarily determined by the alumina and silica content of the clay minerals — both of which are characteristic of the high-clay common bricks prevalent in pre-1970 UK housing and commercial construction.
Aliabdo et al. (2014) conducted one of the most directly relevant experimental investigations, examining finely ground brick waste at 10%, 20% and 30% cement replacement in structural concrete. Results demonstrated that 20% replacement achieved compressive strength equivalent to the OPC control at 28 days, with measurable pozzolanic activity confirmed by the reduction in portlandite (Ca(OH)₂) content in the hardened paste at 90 days — indicating active consumption of free lime by the brick powder SCM. Durability improvements were also noted, with reduced water absorption and chloride penetration resistance at 20% replacement. These findings are directly applicable to the proposed study's methodological design.
From a strategic UK perspective, the relevance of RBP extends beyond its technical properties. The UK's pre-1970 housing stock comprises an estimated 8.4 million homes and considerable commercial floor space built predominantly of clay brick (MHCLG, 2019). As the UK continues its programme of stock renewal, the volume of available reclaimed brick is anticipated to increase substantially over the coming decades. Unlike fly ash — whose supply is terminal — the supply of demolition brick powder is structurally linked to construction activity itself, creating a self-reinforcing circular economy dynamic.
2.5  Hybrid and Synergistic SCM Blends: The Research Gap
The combinatorial use of multiple waste-derived SCMs — often termed 'hybrid binders' or 'ternary blends' in the literature — has attracted increasing attention as researchers seek to exploit the complementary properties of different material types. Mo et al. (2016) reviewed the use of farming waste residues in green concrete, demonstrating that combinations of pozzolanic materials can outperform individual SCMs through complementary particle size distributions, differential reaction kinetics and cumulative chemical effects. Safi et al. (2015) demonstrated that the use of seashells as fine aggregate substitution in self-compacting mortar produced superior workability and long-term strength outcomes compared to control specimens, attributed to the particle morphology and CaCO₃ filler contribution.
However, a systematic review of the available literature reveals no published study that has investigated the combined use of cockle shell powder and reclaimed brick powder as co-partial cement replacements in structural concrete. This gap is significant for two reasons. First, the two materials are chemically complementary: CSP's primary contribution is as a CaCO₃ filler with potential aragonite reactivity, while RBP's primary contribution is pozzolanic — a different mechanism operating at a different timescale. Second, both materials are UK-abundant and co-locationally available in UK demolition and fishing industry contexts. The absence of empirical data on their combined use represents a clear research gap that this proposal directly addresses.
Furthermore, the existing cockle shell literature has notable methodological limitations. Many studies have been conducted in South East Asian contexts (Malaysia, Indonesia) using cockle species (Anadara granosa) and climatic exposure conditions that differ substantially from UK environments. No published study has validated cockle shell concrete performance against BS EN 206 for chloride-class XS or XD exposure conditions — a critical requirement for structural use in UK coastal or de-icing salt-exposed environments. This context-specific gap further justifies UK-situated experimental research.



3. Research Design and Methodology
3.1  Research Philosophy and Approach
This study adopts a positivist research philosophy, premised on the belief that empirical phenomena can be objectively measured, quantified and analysed to yield generalisable knowledge (Saunders et al., 2019). Within this paradigm, a deductive research approach is adopted: the study begins from theoretical propositions derived from the established SCM literature and tests them through systematic experimental observation. This is the dominant and most appropriate epistemological stance for materials science and concrete engineering research, where controlled laboratory experimentation provides the primary source of scientific knowledge (Neville, 2011).
A quantitative research strategy is employed, using laboratory experimentation as the primary research method. This approach is justified on grounds of validity, controllability and replicability: laboratory conditions allow systematic isolation of independent variables (material type and replacement level) from potential confounds (aggregate source, ambient temperature, curing conditions), enabling confident attribution of observed strength and durability outcomes to the materials under investigation. The experimental design follows a full factorial structure across material type and replacement level, ensuring comprehensive coverage of the variable space.
3.2  Phase 1: Material Procurement and Characterisation
Cockle shells will be procured from licensed commercial shellfish processors operating on the Dee Estuary and Thames Estuary — the UK's two highest-volume cockle harvesting zones (MMO, 2021). Shells will be subject to a standardised pre-treatment protocol: initial fresh water washing (×3 cycles) to remove saline contamination and organic matter; drying at 105°C for 24 hours; and heat-treatment (calcination) at 550°C for 2 hours in a muffle furnace to decompose residual organic compounds and produce a consistent cockle shell ash (CSA). The resulting material will be dry-ground in a ball mill and sieved to below 75 µm before use. This protocol follows the procedures established by Hazurina et al. (2013) and Lertwattanaruk et al. (2012), with adaptations to UK material sourcing.
Reclaimed bricks will be sourced from pre-1970 UK common clay brickwork demolition arisings — a material category characterised by high iron oxide and alumina content relative to post-1970 engineering bricks (Aliabdo et al., 2014). Brick samples will be pre-cleaned to remove mortar residue using mechanical means, subsequently crushed in a jaw crusher, and then ground in a ball mill to achieve a target particle size below 75 µm (d₅₀ ≤ 45 µm). The pozzolanic activity of each RBP batch will be confirmed by the modified Chapelle test (AFNOR NF P18-513) prior to use, with a minimum threshold of 700 mg Ca(OH)₂/g material required to confirm adequate pozzolanic reactivity.
Both materials will be fully characterised using the following analytical methods: (i) X-ray Fluorescence (XRF) spectrometry for elemental chemical composition; (ii) X-ray Diffraction (XRD) for phase mineralogy, specifically to determine the calcite/aragonite ratio in CSP and the presence of reactive clay minerals in RBP; (iii) Scanning Electron Microscopy with Energy Dispersive X-ray analysis (SEM-EDX) for particle morphology and surface chemistry; and (iv) Laser particle size analysis for particle size distribution and specific surface area. These methods align with standard practice in SCM characterisation research (Lothenbach et al., 2011; Rashad, 2016).
3.3  Phase 2: Concrete Mix Design and Mechanical Testing
The control mix will be designed to achieve a target compressive strength of 30 MPa at 28 days — equivalent to concrete class C28/35 under BS EN 206 — using CEM I 42.5N OPC, Thames Valley zone M fine aggregate (0–4 mm), crushed limestone coarse aggregate (4–20 mm) and a water-to-cement (w/c) ratio of 0.45. A polycarboxylate-based superplasticiser will be incorporated at 0.3–0.5% by binder weight to achieve a target slump of 75–100 mm (Neville, 2011). The w/c ratio will be held constant across all mixes; only superplasticiser dosage will be adjusted to maintain consistent workability, ensuring that any observed strength differences are attributable to the SCM material rather than dilution effects.
Cement will be partially replaced by CSP and/or RBP at levels of 0% (control), 5%, 10%, 15%, 20% and 25% by mass. Both individual replacement mixes (CSP only and RBP only) and combined hybrid mixes will be tested. The hybrid mixes will be designed based on preliminary strength response data from the individual testing phase, targeting combinations such as 5%CSP + 10%RBP, 5%CSP + 15%RBP, and 10%CSP + 10%RBP, resulting in a total of approximately 18–20 distinct mix designs. A minimum of three specimens per test condition will be cast, yielding a minimum sample of 162 specimens across all ages and properties tested — providing adequate statistical power for ANOVA-based comparative analysis.
Mechanical testing will be conducted at 7, 28 and 90 days of water curing at 20°C in accordance with the following standards: compressive strength (BS EN 12390-3); flexural strength (BS EN 12390-5); indirect tensile strength (splitting test, ASTM C496); and static modulus of elasticity (ASTM C469). All testing will be performed on calibrated load frames in an accredited laboratory environment.
3.4 Phase 3: Durability Testing and Sustainability Analysis
The durability testing programme will target the UK's characteristic exposure conditions: damp, temperate climate with coastal salt spray risk (Exposure Class XS1 under BS EN 206) and potential de-icing salt exposure (XD3 for carriageway structures). Three durability parameters will be measured: (i) Water absorption by immersion (BS EN 12390-12), as a measure of permeable porosity; (ii) Rapid Chloride Permeability Test (RCPT, ASTM C1202), providing a charge-passed index of chloride ion penetrability at 28 and 90 days; and (iii) Carbonation depth by phenolphthalein indicator after 28 days of accelerated carbonation exposure (5% CO₂ atmosphere, BS EN 12390-12). Selected optimised mixes will additionally be subjected to full immersion chloride profiling (NT Build 492) to characterise the chloride diffusion coefficient for service life modelling.
The life-cycle CO₂ assessment will follow a cradle-to-gate boundary consistent with BS EN 15804 (Product Environmental Declarations for construction products). The embodied CO₂ of each optimised mix will be calculated using declared values for OPC (IEA, 2019), transportation factors for UK material logistics, and estimated processing energy for grinding and heat-treatment of CSP and RBP, benchmarked against the carbon intensity of the OPC control mix. A simplified economic analysis will compare raw material, processing and transportation costs of CSP–RBP concrete against OPC and against fly ash-blended concrete, expressed as cost per tonne of CO₂ saved.
3.5  Ethical Considerations
The study involves laboratory materials testing with no human participants, animal subjects or personal data; accordingly, ethical risk is assessed as low. However, health and safety considerations are significant. Both cockle shell powder and finely ground brick dust are classified as inhalable nuisance dusts; ground brick containing crystalline silica presents a respiratory hazard regulated under COSHH (HSE, 2020). A formal COSHH assessment will be completed prior to commencement. All grinding and handling operations will be conducted under local exhaust ventilation (LEV), with operatives wearing FFP3-rated respiratory protective equipment (RPE). Laboratory waste, including wash-water from shell pre-treatment, will be disposed of in compliance with the Water Industry Act 1991 and applicable trade effluent consents.



4. Expected Results
4.1 Mechanical Performance Projections
Based on the existing literature, the following outcomes are anticipated, subject to empirical confirmation through the experimental programme. At 7 days, CSP–RBP mixes are expected to achieve compressive strength marginally lower (5–15%) than the OPC control, consistent with the general behaviour of pozzolanic SCMs in the early curing period when hydration reactions are still maturing (Olivia et al., 2015; Lothenbach et al., 2011). By 28 days, mixes containing 5–10% CSP combined with 10–15% RBP are projected to achieve target compressive strength equal to or exceeding 30 MPa, consistent with C28/35 structural concrete requirements. At 90 days, the delayed pozzolanic contribution of RBP — through the continued reaction of reactive alumino-silicate phases with Ca(OH)₂ — is expected to produce compressive strength exceeding the OPC control by 10–20%, as observed in analogous brick powder studies (Aliabdo et al., 2014).
Tensile and flexural strength are anticipated to follow a similar trajectory, with the rough surface texture of CSP particles potentially contributing enhanced bond at the aggregate-paste interface, consistent with findings reported by Ramakrishna and Sateesh (2016). The modulus of elasticity is expected to increase with curing age as the paste matrix densifies through pozzolanic reaction, as observed in seashell concrete by Olivia et al. (2015). Statistical analysis using one-way ANOVA and post-hoc Tukey HSD tests will be applied to determine the significance of differences between mix designs at each testing age. A minimum significance level of p < 0.05 will be adopted throughout.
4.2 Durability and Sustainability Projections
Durability performance projections are informed by the combined filler and pozzolanic mechanisms of the CSP–RBP blend. The CaCO₃ filler contribution of CSP is expected to reduce permeable porosity by improving particle packing in the paste microstructure, consistent with the known 'filler effect' of limestone powder SCMs (Lothenbach et al., 2011). The pozzolanic reaction of RBP reduces the volume of Ca(OH)₂ — a soluble phase vulnerable to leaching — and increases the volume of C-S-H gel, producing a denser, less permeable matrix. On this basis, water absorption and chloride penetration resistance of the optimised hybrid mix are projected to equal or improve upon the OPC control, particularly at 90 days.
In terms of sustainability, a preliminary estimate — based on the CO₂ intensity of OPC (IEA, 2019) and the near-zero embodied carbon of waste-derived materials — suggests that replacing 20% of cement with a CSP–RBP blend could reduce the embodied CO₂ of a standard C30 structural mix by approximately 15–25%, dependent on processing energy requirements. This estimate will be refined through the Life Cycle Assessment in Phase 3. Cost analysis is expected to show meaningful cost reductions relative to OPC, given that both raw materials are waste streams with no raw material acquisition cost, offset partially by processing and quality control costs.



5. Evaluation
5.1 Potential Impact and Significance
The proposed research offers significance at multiple levels. At the scientific level, it will generate original empirical data on a previously uninvestigated hybrid SCM combination, providing a data-evidenced mechanistic understanding of the synergistic behaviour of CSP and RBP in a cementitious system. The study will directly address the methodological gaps identified in the literature review: the absence of UK-context testing, the lack of combined hybrid blend data, and the absence of long-term (90-day) durability characterisation for cockle shell concrete against BS EN 206 exposure classes.
At the practical level, the research has immediate relevance to the UK construction industry. The Mineral Products Association (2020) and UKGBC (2021) have both identified the need for industry-ready alternative SCMs to offset the declining availability of fly ash and GGBS. Validated mix designs from this study, confirmed against relevant British Standards, could be adopted by ready-mix concrete producers, structural engineers and specifying clients within the existing regulatory framework without requiring new product approval pathways. Furthermore, the co-location of cockle shell harvesting and demolition activity in UK coastal and urban areas suggests logistical feasibility for implementation at regional scale.
At the policy level, the study aligns with the UK Government's Net Zero Strategy (2021), the Construction Sector Deal's commitment to halving the carbon impact of construction and infrastructure, and the specific 'Roadmap to Beyond Net Zero' targets set by the cement and concrete industry (MPA, 2020). The research will provide quantified CO₂ reduction data that industry and policymakers can reference in developing evidence-based procurement specifications and regulatory instruments.
5.2  Limitations and Constraints
The study acknowledges several limitations. First, the inherent variability of waste-derived materials — arising from differences in shell source location, harvest season, brick clay composition and demolition origin — may introduce batch-to-batch inconsistency that laboratory controls cannot fully eliminate. This is mitigated through rigorous batch characterisation (XRF, modified Chapelle test) and the adoption of minimum quality thresholds before material is admitted to the mix design phase. Second, the study is conducted at laboratory scale with standard specimens; full-scale structural behaviour, including effects of formwork pressure, site-mixed workability and contractor handling, is not captured. This is a common limitation of materials research at the proposal stage and is typical of the evidence base on which building standards are progressively developed (Neville, 2011). Third, the 36-month programme does not allow for service-life testing beyond 90 days; accelerated test methods (ASTM C1202, accelerated carbonation) are employed as validated proxies for long-term exposure.
5.3 Research Timetable (Gantt Chart)
The proposed research is structured across a 36-month (3-year) PhD-equivalent programme, divided into three sequential phases as described in Section 3. The Gantt chart below illustrates the planned timeline, with months indicated in three-month (quarterly) blocks.

	Activity / Phase
	M1–M3
	M4–M6
	M7–M9
	M10–M12
	M13–M15
	M16–M18
	M19–M21
	M22–M24
	M25–M27
	M28–M30
	M31–M33
	M34–M36

	Phase 1: Literature Review & Study Design
	
	
	
	
	
	
	
	
	
	
	
	

	Material Procurement & Pre-treatment
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 1: Material Characterisation (XRF/XRD/SEM)
	
	
	
	
	
	
	
	
	
	
	
	

	Control Mix Design & Calibration
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 2: Individual Replacement Testing
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 2: Hybrid CSP–RBP Mix Testing
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 2: Optimisation & Repeat Trials
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 3: Durability Testing (Water/Cl/CO₂)
	
	
	
	
	
	
	
	
	
	
	
	

	Phase 3: Life-Cycle CO₂ & Cost Analysis
	
	
	
	
	
	
	
	
	
	
	
	

	Data Analysis & Statistical Processing
	
	
	
	
	
	
	
	
	
	
	
	

	Paper Writing & Conference Submission
	
	
	
	
	
	
	
	
	
	
	
	

	Thesis Write-Up & Submission
	
	
	
	
	
	
	
	
	
	
	
	


Table 1: Proposed Research Gantt Chart (36 months). Teal cells indicate active project phases. Each row represents a primary research activity; overlapping phases reflect the parallel nature of ongoing testing and analysis.
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