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ABSTRACT 

This quantitative study investigates the characterization of sustainable construction 

materials through a comprehensive framework integrating mechanical, microstructural, 

and environmental performance analyses. Designed as a randomized, controlled 

laboratory experiment within a partially nested 3×3×4 factorial arrangement, the 

research compares three binder systems—ordinary Portland cement (OPC), OPC 

blended with supplementary cementitious materials (SCMs), and alkali-

activated/geopolymer binders under four exposure conditions: chloride, carbonation, 

sulfate, and freeze thaw environments. The study’s objective was to determine the 

extent to which binder composition, replacement ratio, and aggregate type influence 

material durability and embodied carbon, thereby establishing quantifiable pathways 

for low-carbon infrastructure development. Specimens were prepared using 

standardized casting and curing procedures, then evaluated for mechanical 

performance (compressive strength, tensile capacity, and elastic modulus), transport 

properties (chloride diffusion, carbonation depth, and water absorption), and 

environmental durability (freeze–thaw resistance and sulfate attack). Microstructural 

characterization via Scanning Electron Microscopy (SEM), Mercury Intrusion Porosimetry 

(MIP), and X-Ray Diffraction (XRD) quantified pore structure, phase composition, and 

hydration dynamics. Life Cycle Assessment (LCA), conducted per ISO 14040/44 

standards, provided complementary data on embodied energy and CO₂ emissions, 

leading to the development of a Durability-Adjusted Carbon Index (DACI)a composite 

sustainability indicator that normalizes carbon performance by mechanical reliability. 

Data collection occurred at 7, 28, 90, and 180 days to capture both early-age and long-

term trends, ensuring reproducibility and empirical robustness. The results demonstrated 

that SCM and geopolymer systems significantly outperformed traditional OPC 

concretes. Compressive strength improved by up to 25%, accompanied by a 50–70% 

reduction in chloride diffusion and carbonation rates. Embodied carbon declined from 

410 kg CO₂-e/m³ for OPC to 195 kg CO₂-e/m³ for geopolymer concretes, while 

cumulative energy demand fell by nearly 30%. Correlation analyses revealed strong 

inverse relationships between porosity and compressive strength (r = −0.83, p < 0.01) and 

between chloride diffusion and DACI (r = −0.73, p < 0.01), confirming that denser 

microstructures not only enhance mechanical integrity but also reduce environmental 

degradation. Regression and mixed-effects modeling identified binder type and SCM 

ratio as dominant predictors of performance (β > 0.40, p < 0.001), with significant binder–

exposure interactions indicating superior resilience of geopolymer mixes under 

carbonation and sulfate attack. Statistical validation confirmed high internal 

consistency (Cronbach’s α ≥ 0.87), excellent test–retest reliability (r > 0.90), and absence 

of multicollinearity (VIF < 4.0), ensuring methodological rigor. 
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INTRODUCTION 

Sustainability in construction is defined as the strategic pursuit of development that meets the needs 

of the present generation without compromising the ability of future generations to meet theirs, 

focusing on environmental preservation, economic viability, and social equity (Alwan et al., 2017). 

Within this framework, sustainable materials characterization refers to the systematic assessment and 

quantification of material properties—mechanical, chemical, thermal, and environmental—aimed 

at ensuring low-carbon outcomes and enhancing the durability of infrastructure systems. 

Characterization extends beyond physical evaluation, encompassing life cycle performance, 

embodied carbon quantification, and resource efficiency indices. It establishes the basis for material 

selection, durability modeling, and environmental compatibility in civil engineering. Globally, the 

construction sector contributes approximately 38% of total anthropogenic carbon emissions, 

primarily through energy-intensive materials like cement, steel, and concrete (Cruz et al., 2019). 

Therefore, rigorous material characterization forms the empirical foundation for mitigating emissions, 

guiding design optimization, and maintaining structural resilience under environmental stressors. The 

emphasis on low-carbon characterization integrates analytical techniques such as X-ray diffraction, 

scanning electron microscopy, and life cycle assessment frameworks to identify the environmental 

and structural performance of alternative materials. This methodological evolution has positioned 

sustainable materials science at the center of climate-resilient construction, fostering transitions 

toward bio-based composites, geopolymer binders, and recycled aggregates that reduce 

dependency on virgin resources while maintaining mechanical integrity (Broman & Robèrt, 2017). 

The international significance of this paradigm is evident in national roadmaps promoting carbon 

neutrality and the institutionalization of material performance certification systems that validate 

environmental compliance, resource conservation, and long-term serviceability. 

The characterization of sustainable materials aligns directly with the broader movement toward low-

carbon construction, which aims to decouple infrastructure growth from carbon-intensive practices 

(Baumgartner & Rauter, 2017; Sanjid & Farabe, 2021). The international framework for carbon 

mitigation—embedded in agreements such as the Paris Accord—has compelled nations to revise 

material standards, construction codes, and procurement policies to reduce embodied carbon. 

Quantitative analysis within this context examines how variations in material composition, processing 

energy, and recyclability influence the total carbon footprint of construction products. Life cycle 

inventory (LCI) methodologies have been developed to quantify emissions from raw material 

extraction through disposal, identifying critical phases where efficiency gains are achievable. The 

use of fly ash, silica fume, slag-based cements, and alkali-activated binders has been extensively 

studied as replacements for Portland cement, offering substantial reductions in CO₂ emissions 

(Aarseth et al., 2017). Moreover, the emergence of sustainable steel and low-clinker cement 

technologies demonstrates the measurable potential for achieving net-zero pathways. These 

innovations are underpinned by statistical modeling and regression analyses that correlate material 

parameters with carbon intensity indices. International studies have also confirmed that optimized 

mix design and locally sourced aggregates yield up to 30–50% reductions in embodied energy 

compared to conventional systems. The shift toward quantifiable sustainability metrics reflects a 

data-driven transformation in infrastructure design, wherein environmental performance becomes a 

measurable attribute of structural reliability. As quantitative tools advance, nations increasingly 

adopt standardized assessment protocols that translate material-level data into carbon accounting 

for entire infrastructure systems, emphasizing reproducibility, transparency, and cross-border 

comparability (Purvis et al., 2019). 

Material characterization for low-carbon construction extends to the mechanical and 

microstructural dimensions that dictate structural performance and durability (Foster, 2020). 

Analytical quantification of compressive strength, tensile capacity, elastic modulus, and fracture 

toughness is fundamental to ensuring that sustainability does not compromise engineering reliability. 

Sustainable materials, including recycled aggregates, geopolymer concretes, natural fibers, and 

supplementary cementitious materials, exhibit variable mechanical responses depending on binder 

chemistry and particle morphology. Microstructural analysis, typically conducted through SEM, EDS, 

and XRD techniques, reveals the evolution of hydration phases, pore distribution, and interfacial 

transition zones that directly affect permeability and long-term durability.  
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Figure 1: Sustainable Construction Materials Characterization Framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quantitative models link porosity indices and calcium silicate hydrate morphology to mechanical 

stability, enabling prediction of deterioration patterns under environmental stressors (Omar & Rashid, 

2021; Missimer et al., 2017). Moreover, the inclusion of nano-silica, basalt fibers, and pozzolanic 

additives has been quantified to enhance microstructural compactness, reduce diffusion 

coefficients, and inhibit carbonation. Durability, in this framework, becomes a measurable function 

of microstructural optimization, balancing ecological benefits with service life requirements. 

Statistical comparisons of green composites and traditional concrete systems consistently 

demonstrate comparable or superior performance when microstructural parameters are optimized. 

The integration of experimental data with numerical modeling allows for predictive correlations 

between material design and in-service longevity (Zaman & Momena, 2021; Rauter et al., 2017). 

Quantitative research has thereby transitioned sustainable construction from conceptual advocacy 

to evidence-based practice, validating that reduced-carbon materials can simultaneously satisfy 

mechanical and durability benchmarks essential for infrastructure resilience. 

A central quantitative pillar of sustainable materials characterization lies in life cycle assessment 

(LCA), a methodological framework for evaluating environmental impacts across the material 

lifespan (Martins et al., 2019; Mubashir, 2021). LCA quantifies embodied energy, greenhouse gas 

emissions, water footprint, and waste generation, providing an empirical foundation for low-carbon 
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design. Standardized by ISO 14040 and 14044, LCA translates raw material and process data into 

impact categories that inform material selection and policy regulation. Comparative LCAs between 

traditional and sustainable composites consistently show that substituting Portland cement with 

industrial byproducts such as fly ash or blast furnace slag can reduce carbon emissions by up to 70% 

per cubic meter of concrete. Additionally, incorporating recycled steel and aluminum in structural 

elements substantially lowers cumulative energy demand (Shi et al., 2019). The quantification of 

carbon performance through environmental product declarations (EPDs) has introduced 

transparency and benchmarking into the construction supply chain, allowing stakeholders to make 

data-driven material choices. Advanced LCA models increasingly integrate durability metrics to 

align short-term carbon savings with long-term structural efficiency. Quantitative evaluation also 

captures indirect benefits such as reduced transportation energy and minimized landfill waste 

(Govindan, 2018). Through statistical aggregation of LCA datasets across regions, meta-analytical 

studies have established internationally comparable carbon coefficients for various construction 

materials, enabling harmonization of sustainability standards. The outcome is an integrated 

framework where material characterization not only ensures physical adequacy but also defines 

environmental accountability within global decarbonization objectives. 

 

Figure 2: Quantitative Framework for Sustainable Construction Materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Infrastructure durability represents a quantitative dimension of sustainability wherein materials must 

resist deterioration mechanisms such as corrosion, carbonation, sulfate attack, and freeze–thaw 

cycles (Olubunmi et al., 2016; Rony, 2021). Empirical durability testing—including accelerated aging, 

chloride diffusion, and carbonation depth analysis—forms the core of characterization for 

sustainable materials. Researchers employ probabilistic modeling, Weibull analysis, and reliability-

based design to predict service life, correlating experimental data with environmental exposure 

parameters. Sustainable materials, especially those incorporating recycled or industrial byproduct 
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constituents, undergo extensive durability testing to validate their resilience under real-world 

conditions. For instance, geopolymer concretes exhibit superior chemical resistance and lower 

chloride permeability than conventional mixes, attributed to their dense aluminosilicate matrix 

(Mensah, 2019; Rony, 2021). Similarly, natural fiber composites demonstrate high crack-bridging 

capacity and reduced shrinkage strain when properly treated. Quantitative analysis extends beyond 

laboratory testing to field performance monitoring, where sensors measure long-term deterioration 

trends. Such data-driven characterization links material microstructure, mechanical response, and 

exposure environment through regression-based durability models. The synthesis of these datasets 

forms predictive maintenance algorithms that estimate degradation kinetics, thereby optimizing 

material selection for sustainable infrastructure (Chan et al., 2018; Zaki, 2021). Durability 

characterization ensures that environmental gains achieved during production are not offset by 

premature failure, making empirical validation a cornerstone of sustainable material science. 

The primary objective of this quantitative research is to empirically evaluate and characterize 

sustainable construction materials in relation to their capacity to reduce embodied carbon while 

maintaining or enhancing structural durability in infrastructure applications. The study aims to 

establish quantifiable correlations between material composition, microstructural attributes, and life 

cycle environmental performance through advanced analytical and statistical methodologies. By 

integrating laboratory experimentation, mechanical property testing, and life cycle assessment 

(LCA), the research seeks to identify measurable indicators that define low-carbon efficiency and 

long-term material stability under variable environmental conditions. A central focus lies in 

determining how alternative binders, recycled aggregates, and bio-based composites perform in 

comparison to conventional cementitious materials with respect to compressive strength, chloride 

penetration resistance, and carbonation depth. Furthermore, the study pursues the development of 

a predictive model that links material microstructure, particularly pore size distribution and hydration 

product formation, to overall carbon intensity and degradation kinetics. Through this approach, the 

research will generate a data-driven framework that supports material selection based on 

quantifiable sustainability metrics rather than qualitative assessments. Another objective is to validate 

the statistical reliability of durability indices—such as diffusion coefficients, water absorption rates, 

and strength retention factors—using regression analysis, analysis of variance (ANOVA), and multi-

criteria decision-making methods. The ultimate goal is to provide an empirical foundation for 

performance-based material classification systems that integrate mechanical, chemical, and 

environmental parameters within a unified characterization model. By achieving these objectives, 

the study will contribute standardized datasets and quantitative benchmarks necessary for certifying 

sustainable construction materials in compliance with global low-carbon directives, ensuring that 

infrastructure development aligns with measurable environmental accountability and long-term 

resilience. 

LITERATURE REVIEW 

The literature on sustainable materials characterization within low-carbon construction and 

infrastructure durability has expanded significantly over the past two decades, reflecting a global 

shift toward empirically grounded sustainability frameworks (Musgrave & Fang, 2019). This body of 

research aims to quantify material performance not only in terms of structural integrity but also in 

relation to embodied carbon, resource circularity, and environmental resilience. Quantitative 

analysis plays a central role in this discourse, as material properties, life cycle indicators, and 

degradation behaviors are now expressed through measurable parameters that facilitate 

reproducibility and policy integration. The evolution of sustainable construction science 

demonstrates a transition from qualitative narratives of environmental responsibility to statistically 

validated models of material optimization. Central to this field is the concept of characterization, 

which encompasses chemical composition analysis, mechanical strength assessment, 

microstructural evaluation, and environmental footprint quantification (Gao et al., 2018). 

Characterization studies apply experimental techniques such as X-ray diffraction (XRD), scanning 

electron microscopy (SEM), thermogravimetric analysis (TGA), and mercury intrusion porosimetry 

(MIP) to generate quantitative datasets correlating material composition with physical and 

environmental performance outcomes. These data inform predictive models for infrastructure 

durability, enabling engineers and policymakers to define material sustainability through 

standardized coefficients and measurable carbon metrics.The literature consistently identifies three 

interdependent domains within sustainable material characterization: (1) low-carbon material 
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development, (2) durability and performance quantification, and (3) life cycle and carbon 

assessment modeling. Together, these frameworks have redefined the technical and 

methodological foundation of sustainable construction. Studies emphasize that low-carbon 

materials, including geopolymer concretes, alkali-activated slag binders, recycled aggregates, and 

bio-based composites, require empirical validation to ensure they achieve parity or superiority in 

durability compared to traditional materials (Dagdeviren et al., 2016). Moreover, global attention to 

the carbon intensity of infrastructure materials has produced an extensive empirical literature 

focusing on energy consumption during production, carbon capture potential, and lifecycle-based 

emission coefficients. Quantitative researchers have responded by integrating statistical analysis, 

regression modeling, and machine learning-based prediction into the material assessment process. 

These methodologies not only verify environmental benefits but also delineate performance 

thresholds essential for structural safety and long-term service life. Therefore, a systematic review of 

this literature necessitates a comprehensive evaluation of both experimental evidence and 

computational characterization frameworks to define how sustainable materials contribute to 

measurable carbon reduction and infrastructure durability. 

Sustainable Materials Science 

Sustainable materials science in the context of construction has evolved from a qualitative 

philosophical orientation into a robust quantitative discipline concerned with environmental 

accountability, durability, and resource efficiency (Yan et al., 2015). The conceptual framework of 

sustainable construction materials draws heavily from global charters and standards, including those 

established by the United Nations Environment Programme (UNEP), the International Organization for 

Standardization (ISO 14000 series), and the World Green Building Council, which define sustainability 

through measurable criteria of energy use, emissions, and life cycle performance. Early approaches 

primarily described sustainability through qualitative descriptions of ecological responsibility, but the 

field has since matured into a metrics-driven science characterized by parameters such as 

embodied energy, carbon intensity, and material circularity. These indicators enable a precise 

understanding of how materials contribute to or mitigate environmental burdens. Research in this 

domain has focused on establishing benchmarks for sustainable material selection, integrating 

performance-based evaluation within design frameworks that quantify emissions per functional unit 

of material used (Faruk et al., 2017). This quantitative orientation provides a universal language for 

comparing the environmental footprint of materials across regions and sectors. The conceptual 

evolution has also emphasized the interdependence of material performance and ecological 

viability, recognizing that sustainability encompasses not only reduced carbon output but also 

extended service life, reduced maintenance, and minimal end-of-life waste. This shift has 

encouraged the emergence of integrated design practices where sustainability is embedded into 

every stage of material production, characterization, and deployment. Global policy developments 

have accelerated the adoption of quantifiable sustainability standards that tie construction 

practices to international carbon reduction commitments (Shankar et al., 2018). Thus, sustainable 

materials science today operates at the intersection of environmental engineering and materials 

characterization, defining construction materials not solely by their mechanical properties but by 

their measurable environmental performance throughout their life cycle. 

The progression of sustainability metrics in materials science represents a paradigm shift from 

descriptive environmental assessments to empirical, data-driven evaluation systems (Yang et al., 

2020). Over the last two decades, researchers have systematically quantified the environmental 

performance of construction materials through life cycle inventories and embodied carbon 

databases, transforming sustainability from a narrative concept into a measurable scientific 

discipline. The evolution of these metrics has produced standardized parameters such as embodied 

energy measured in megajoules per kilogram, carbon intensity in kilograms of CO₂ equivalent per 

unit mass, and indices for resource depletion and recyclability. These indicators have been refined 

through decades of cumulative experimentation, resulting in cross-comparative datasets that 

enable statistical evaluation of material efficiency. The integration of these metrics into material 

certification schemes, including Environmental Product Declarations (EPDs) and Green Building 

Rating Systems, has reinforced the role of quantification in sustainability governance (Heo et al., 

2019). Empirical studies have demonstrated that substituting high-emission materials such as Portland 

cement with low-carbon alternatives—including geopolymer binders, industrial byproducts, and bio-

based composites—yields quantifiable carbon reductions ranging between 30% and 80%, 
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depending on the substitution rate and production process. Such data-driven validation has 

established a scientific foundation for environmentally optimized design. Additionally, statistical 

models now link production energy use and carbon emissions to material microstructure, enabling 

predictive assessments of environmental outcomes based on composition and processing 

parameters. The refinement of sustainability metrics also facilitates international comparability, 

allowing material performance data to inform global carbon accounting frameworks (Hu et al., 

2017). These advancements illustrate that the quantification of sustainability has matured into a 

central pillar of construction science, transforming material assessment from qualitative judgment 

into reproducible, evidence-based evaluation that supports low-carbon infrastructure development. 

 

Figure 3: Quantitative Analysis of Sustainable Materials 

 

The characterization of sustainable materials relies on rigorous quantitative methodologies designed 

to measure physical, chemical, and thermal properties with precision and reproducibility (Talirz et al., 

2020). Techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) are instrumental in 

linking microstructural composition to mechanical performance and environmental stability. These 

analytical tools allow researchers to quantify particle morphology, crystalline phase development, 

hydration behavior, and thermal degradation patterns that influence long-term material 

performance. Quantitative data derived from these techniques serve as the foundation for 

predictive modeling of durability and carbon footprint. SEM and XRD are particularly essential for 

identifying phase transformations and interfacial bonding characteristics that determine the strength 

and porosity of low-carbon composites (Anzar et al., 2020). TGA and DSC provide insights into 

decomposition behavior, thermal stability, and reaction kinetics under varying environmental 

conditions, offering essential data for assessing energy requirements and environmental impacts. The 

reproducibility of these methods ensures that material properties can be statistically validated across 

multiple studies and laboratories, strengthening the reliability of sustainability assessments. Advances 

in image processing and computational modeling have further enhanced the analytical capacity 

of characterization techniques, enabling researchers to extract quantitative parameters such as 

pore size distribution, surface roughness, and crystalline orientation with submicron precision. When 

integrated with mechanical testing, these methodologies provide a holistic understanding of how 

microstructural attributes translate into macroscopic behavior (Kittner et al., 2017). The application 
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of these techniques has validated the structural integrity and environmental efficiency of alternative 

binders, recycled aggregates, and natural fiber composites, affirming that sustainability and 

performance can coexist within a quantifiable scientific framework. 

The integration of microstructural imaging with mechanical testing represents a critical 

advancement in sustainable material characterization, allowing researchers to bridge the gap 

between microscopic composition and macroscopic behavior (Pablo et al., 2019). This approach 

facilitates the establishment of direct empirical correlations between microstructural features—such 

as pore connectivity, grain boundary orientation, and phase distribution—and material strength, 

permeability, and degradation resistance. Through advanced imaging technologies and 

quantitative analysis, the internal architecture of materials can now be examined with 

unprecedented accuracy, providing numerical descriptors that support statistical modeling of 

performance outcomes. By combining SEM-based micrographs with compressive and tensile testing 

data, researchers have successfully quantified the influence of binder chemistry and curing 

conditions on mechanical resilience and long-term durability. This integrated methodology enables 

the identification of failure mechanisms at both micro and macro scales, producing data that inform 

the optimization of sustainable material formulations (Zhang et al., 2018). Mechanical tests such as 

flexural, compressive, and tensile strength measurements, when correlated with imaging-based 

porosity and interfacial bonding data, yield comprehensive characterizations that transcend 

traditional descriptive methods. The quantitative nature of this approach ensures consistency and 

comparability across studies, promoting the development of standardized material databases and 

design guidelines. Empirical findings demonstrate that the inclusion of supplementary cementitious 

materials and natural fibers can refine pore structure, enhance crack resistance, and extend service 

life without compromising carbon efficiency (D'Amato et al., 2017). This synthesis of imaging and 

testing thus represents the scientific core of modern sustainable materials research, where material 

behavior is not assumed but measured, validated, and statistically correlated through reproducible 

experimental frameworks that advance low-carbon construction science. 

Assessment of Low-Carbon Materials 

Quantitative research into cementitious substitutes has demonstrated that significant carbon 

reduction can be achieved through the partial replacement of ordinary Portland cement with 

supplementary cementitious materials such as fly ash, ground granulated blast-furnace slag (GGBS), 

silica fume, and metakaolin (Guerrieri et al., 2019). These materials, derived from industrial byproducts 

and naturally occurring minerals, exhibit pozzolanic and latent hydraulic properties that enhance 

the performance of cement composites while reducing the need for energy-intensive clinker 

production. Experimental studies have consistently shown that substituting cement with 30–50% fly 

ash or slag can decrease embodied carbon emissions by nearly half while maintaining comparable 

compressive strength and workability. The microstructural densification resulting from these materials 

leads to reduced permeability and enhanced resistance to chloride penetration and sulfate attack. 

Researchers have used quantitative correlations between substitution ratios and performance 

indices, showing linear trends where optimized mixtures balance mechanical strength and emission 

reduction (Fang et al., 2016). Silica fume and metakaolin, when used in smaller proportions, further 

refine pore structures and accelerate secondary hydration, increasing compressive strength beyond 

that of conventional mixes after prolonged curing periods. Statistical evaluations using experimental 

datasets reveal that durability gains are strongly associated with the reactivity index of these 

additives and their capacity to bind calcium hydroxide, forming stable calcium silicate hydrates. 

Comparative analyses across studies have established that blends incorporating multiple 

cementitious substitutes yield cumulative benefits in both carbon efficiency and mechanical 

stability. These empirical findings confirm that the integration of industrial waste materials into cement 

systems not only reduces environmental impact but also aligns with circular economy principles by 

revalorizing byproducts that would otherwise contribute to waste streams (Robertson, 2016). The 

quantification of carbon intensity reductions through such material substitution has thus become an 

essential criterion in low-carbon construction science, forming the empirical foundation for green 

infrastructure policies and standards worldwide. 
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Figure 4: Carbon Capture and Utilization Framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The development of geopolymer and alkali-activated systems represents a pivotal advancement in 

low-carbon material science, offering alternatives to traditional cement with markedly lower 

greenhouse gas emissions (Wen et al., 2020). These binders, synthesized from aluminosilicate sources 

such as fly ash, metakaolin, and slag, are activated using alkaline solutions to form amorphous to 

semi-crystalline three-dimensional networks that exhibit high mechanical strength and exceptional 

chemical durability. Quantitative studies have documented compressive strength values for 

geopolymer concretes ranging from 40 to 90 MPa, with corresponding reductions in CO₂ emissions 

by up to 80% compared to Portland cement systems. The mechanical performance of these 

materials is influenced by parameters including activator concentration, curing temperature, and 

the Si/Al molar ratio, which collectively determine polymerization kinetics and final microstructure 

(Rementeria et al., 2017). Empirical data also highlight the superior thermal stability of geopolymer 

composites, with minimal strength loss observed after exposure to elevated temperatures. Alkali-

activated slag systems demonstrate enhanced early strength development and reduced 

permeability due to the formation of dense calcium–alumino–silicate hydrate (C-A-S-H) gels. 

Comparative analyses show that, when optimized, geopolymer concretes can surpass conventional 

systems in compressive and tensile performance, while exhibiting higher resistance to chemical 

attack and freeze–thaw degradation. Statistical modeling approaches have quantified correlations 

between formulation parameters and strength outcomes, revealing predictive relationships that 

facilitate mix optimization for diverse environmental conditions. In addition to performance metrics, 

life cycle assessments consistently confirm the environmental superiority of these systems, with total 

embodied energy and CO₂ emissions reduced by more than half relative to conventional 

cementitious materials (Wu et al., 2018). The empirical convergence of mechanical robustness, 

chemical resilience, and carbon reduction has established geopolymer and alkali-activated 

materials as verifiable low-carbon alternatives, supported by reproducible experimental evidence 

across multiple geographic and industrial contexts. 

The incorporation of recycled aggregates and industrial byproducts into construction materials forms 

another quantifiable pathway toward low-carbon development (Giesekam et al., 2016). Empirical 

characterization of recycled aggregates derived from demolition waste, ceramics, and industrial 

slags reveals that while their density and water absorption differ from natural aggregates, optimized 
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processing can yield structural performance comparable to virgin materials. Experimental analyses 

have measured reductions in embodied energy and waste generation by integrating up to 50% 

recycled aggregate content in concrete mixtures without compromising compressive strength 

beyond acceptable engineering tolerances (Hildebrandt et al., 2017). The mechanical degradation 

observed in recycled aggregate concrete is primarily attributed to residual mortar and microcracks; 

however, pre-treatment and surface coating methods have been shown to improve interfacial 

bonding and strength retention. Quantitative relationships established through regression analyses 

link aggregate replacement ratios to performance outcomes, allowing for the identification of 

optimal substitution levels that minimize carbon footprint while ensuring structural integrity. Industrial 

byproducts such as steel slag, copper tailings, and phosphogypsum have been extensively 

characterized for their pozzolanic and filler properties, enhancing packing density and durability. 

Experimental results demonstrate that the combination of recycled aggregates with supplementary 

binders like fly ash or slag can mitigate strength loss, producing composites with improved long-term 

stability. Life cycle data confirm substantial reductions in waste-to-landfill volumes and associated 

emissions, reinforcing the sustainability of such recycling approaches (Chen et al., 2018). The 

quantitative integration of mechanical, thermal, and environmental data across numerous studies 

provides a robust evidence base for the structural feasibility and environmental viability of recycled 

materials. By establishing measurable links between aggregate quality, binder synergy, and emission 

profiles, this research stream validates recycled materials as crucial components in achieving 

measurable reductions in embodied carbon for modern infrastructure systems. 

Bio-based and polymer-modified composites have emerged as high-potential candidates in the 

quantitative landscape of low-carbon construction materials. Derived from renewable sources such 

as bamboo, flax, jute, hemp, and lignocellulosic waste, bio-based fibers provide reinforcement 

within cementitious and polymer matrices, improving tensile strength, impact resistance, and crack 

control while reducing environmental burden (Liu et al., 2017). Quantitative characterization of these 

composites reveals elastic modulus values and flexural strength improvements that rival synthetic 

fiber systems, with lower embodied energy and biodegradability advantages. The fiber–matrix 

interaction plays a decisive role in determining the mechanical efficiency of these materials; studies 

employing microscopy and mechanical testing have demonstrated that fiber surface modification 

significantly enhances adhesion and load transfer efficiency. Polymer modification through materials 

such as styrene–butadiene latex, epoxy, and recycled polyethylene terephthalate (PET) further 

enhances matrix flexibility, durability, and energy absorption capacity (Bonsu, 2020). Empirical testing 

confirms that hybrid composites incorporating natural fibers with polymer binders can achieve up to 

25% improvements in fracture toughness and fatigue resistance. Moreover, the inclusion of recycled 

polymer content contributes to circular material flows, reducing dependency on virgin resources 

and lowering life cycle emissions. Quantitative modeling of biodegradation kinetics and mechanical 

retention over time has shown that these composites maintain satisfactory structural performance 

even under cyclic loading and moisture exposure (Cho et al., 2016). Analytical comparisons across 

numerous studies indicate that bio-based composites not only achieve substantial carbon savings 

but also exhibit favorable mechanical-to-weight ratios, making them suitable for lightweight and 

prefabricated construction applications. The reproducible correlation between mechanical 

enhancement and carbon reduction positions bio-based and polymer-modified composites as 

empirically validated contributors to sustainable construction, combining material innovation with 

verifiable environmental performance metrics that align with global low-carbon objectives (Yi et al., 

2019). 

Durability and Performance Modeling 

Durability in sustainable construction materials is fundamentally governed by the microstructural 

characteristics that control permeability, strength retention, and chemical stability. Quantitative 

microstructural analysis has become a central approach in understanding the mechanisms of 

degradation and long-term performance prediction (Beushausen et al., 2019). Using advanced 

techniques such as scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), and X-

ray diffraction, researchers have identified that the pore structure, hydration phase evolution, and 

interfacial transition zones (ITZ) determine the transport properties and durability of cementitious and 

alternative binders. The quantification of pore size distribution provides essential insight into how 

materials resist penetration by water, chloride ions, and other aggressive agents. SEM images have 

revealed that materials incorporating supplementary cementitious materials such as fly ash or slag 
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develop a denser matrix with fewer capillary pores, directly enhancing resistance to chemical 

attack. Statistical modeling of porosity indices and compressive strength data demonstrates an 

inverse correlation, confirming that reduced porosity contributes to higher strength and lower 

permeability (Alexander & Beushausen, 2019). Microstructural refinement also minimizes microcrack 

propagation, which is critical for maintaining long-term integrity under load and environmental stress. 

Quantitative imaging analyses further show that the morphology of hydration products, particularly 

calcium silicate hydrates, dictates mechanical stability and chemical durability. Sustainable binders, 

including geopolymers and alkali-activated systems, exhibit unique gel structures that resist leaching 

and carbonation more effectively than ordinary Portland cement. The measurement of pore 

connectivity, tortuosity, and microcrack density allows for predictive assessment of durability 

potential under various environmental conditions. These findings confirm that microstructural 

characterization serves as a quantitative foundation for linking material composition to degradation 

behavior, ensuring that sustainability in construction is validated not only through reduced emissions 

but through scientifically verifiable structural resilience (Lee et al., 2015). 

 

Figure 5: Signal-Based Engineering Simulation Framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ability of sustainable materials to withstand environmental stress and aging processes is a critical 

determinant of infrastructure longevity (Han et al., 2015). Quantitative investigations into freeze–thaw 

resistance, ultraviolet (UV) aging, and thermal fatigue have revealed that microstructural stability 

plays a decisive role in maintaining mechanical integrity over time. Empirical testing under cyclic 

temperature and moisture variations shows that materials with low porosity and refined interfacial 

bonding experience reduced scaling and microcracking. Freeze–thaw resistance is closely linked to 

pore structure; materials containing smaller and discontinuous pores retain higher residual strength 

after repeated cycles. UV aging tests conducted on bio-based and polymer-modified composites 

have demonstrated minor reductions in tensile strength due to surface oxidation, but such effects 

can be mitigated through polymer stabilization and fiber treatments. Thermal cycling experiments 

quantify fatigue degradation in terms of residual modulus and crack propagation rate, providing 

direct correlations between temperature variation amplitude and structural degradation (Taner, 

2018). Multivariate statistical analyses have been employed to assess how combinations of exposure 

factors—such as humidity, salinity, and temperature—interact to influence residual strength and 

elasticity. These models enable comprehensive evaluation of environmental resilience by integrating 

physical and chemical deterioration mechanisms. In cementitious systems, sulfate attack and 

chloride ingress are further accelerated under fluctuating thermal conditions, underscoring the need 

for combined environmental testing. Quantitative datasets derived from these experiments provide 

reliable parameters for predictive models that assess how materials evolve over extended service 
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periods. The synthesis of such results confirms that sustainable materials can achieve comparable or 

superior aging resistance relative to traditional composites when properly characterized and 

optimized (Jahnke et al., 2016). Quantification of degradation kinetics and environmental durability 

thus becomes an essential measure of sustainability, ensuring that low-carbon materials deliver 

lasting performance under diverse operational conditions. 

Life Cycle Assessment (LCA) and Carbon Accounting 

Life Cycle Assessment (LCA) provides a systematic, empirical methodology for quantifying the 

environmental impacts of construction materials throughout their entire lifespan, from resource 

extraction to end-of-life disposal (Kennelly et al., 2019). Within the framework established by ISO 

14040 and ISO 14044 standards, LCA is structured into four phases: goal and scope definition, life 

cycle inventory (LCI) analysis, life cycle impact assessment (LCIA), and interpretation. In the context 

of low-carbon construction, these methodologies enable precise quantification of embodied 

energy, greenhouse gas (GHG) emissions, and associated resource consumption. The LCI 

component serves as the analytical core, compiling data on raw material extraction, energy input, 

transportation, manufacturing processes, use-phase performance, and waste management. This 

quantification allows researchers to translate environmental burdens into measurable impact 

indicators such as global warming potential (GWP), cumulative energy demand, and resource 

depletion (Goglio et al., 2015). Empirical assessments using ISO-based frameworks have 

demonstrated that substituting conventional cement with supplementary materials such as fly ash or 

slag can reduce embodied energy by over 40% and CO₂ emissions by more than half per functional 

unit. LCA methodologies also account for secondary benefits, including improved durability and 

reduced maintenance needs, which further decrease life cycle impacts. The adoption of 

standardized LCA frameworks ensures methodological consistency across studies, allowing for cross-

comparison of data and validation of sustainability claims. Moreover, data transparency is 

enhanced through Environmental Product Declarations (EPDs), which communicate verified LCA 

outcomes for specific materials (Liu et al., 2019). By converting complex environmental interactions 

into numerical indicators, LCA provides the empirical foundation for carbon accounting in 

construction materials, enabling both industry and policymakers to quantify and manage 

environmental performance with scientific precision. 

 

Figure 6: Life Cycle Assessment Process Framework 

 

Sensitivity analysis identifies the most influential parameters—typically energy mix, transportation 

distance, and clinker content—as key determinants of overall GHG impact. These quantitative 

https://ajisresearch.com/index.php/ajis/about
https://doi.org/10.63125/wq1wdr64


American Journal of Interdisciplinary Studies 

Volume 02, Issue 01 (2021) 

Page No:  01 – 34 

eISSN: 3067-5146 

Doi: 10.63125/wq1wdr64 

13 

 

insights allow optimization at multiple stages of the production chain. The use of large-scale 

databases such as the European Life Cycle Database (ELCD) and the Inventory of Carbon and 

Energy (ICE) provides further statistical validity to comparative evaluations. By applying probabilistic 

approaches, researchers ensure that environmental benefits of sustainable materials are 

substantiated by statistically significant data rather than single-point estimates (Pichancourt et al., 

2018). Such data-driven assessments strengthen the empirical basis for carbon accounting, 

transforming sustainability evaluation into a quantifiable and reproducible process applicable across 

diverse construction contexts. 

Integrating material durability into LCA models represents a significant advancement in achieving 

comprehensive environmental evaluations. Traditional LCAs often emphasized the production and 

disposal phases, but contemporary studies incorporate service life, maintenance intervals, and 

structural longevity as quantitative variables that directly affect total carbon emissions (Liptow et al., 

2018). By adjusting life cycle impact metrics using predicted service life data, researchers can more 

accurately estimate cumulative environmental performance over time. For instance, materials with 

enhanced durability—such as alkali-activated binders, geopolymer concretes, and fiber-reinforced 

composites—require fewer repair cycles and replacements, leading to reduced cumulative 

emissions. Quantitative frameworks that link mechanical durability parameters, such as chloride 

diffusion coefficients and carbonation depth, to life cycle indicators demonstrate that each 

additional year of service life can decrease the material’s annualized GWP by a measurable 

percentage (McManus & Taylor, 2015). Empirical modeling also shows that high-durability materials 

achieve greater carbon efficiency when evaluated over a full design lifespan rather than on a per-

unit production basis. The inclusion of durability-based weighting factors allows for balanced 

comparisons between materials that differ in longevity but serve equivalent structural functions. 

Statistical integration of durability and environmental data provides a dynamic understanding of 

performance, revealing that materials with superior resistance to degradation can offset higher initial 

energy inputs through extended service periods (Albers et al., 2020). This quantitative coupling of 

structural performance with LCA outcomes bridges the gap between mechanical testing and 

environmental accounting. As a result, durability-adjusted LCA models serve as more realistic 

predictors of long-term sustainability, offering an evidence-based approach to selecting materials 

that minimize total life cycle emissions while ensuring infrastructure resilience. 

Carbon accounting in construction materials extends the principles of LCA into measurable 

frameworks for environmental monitoring, verification, and policy implementation (Garcia et al., 

2020). Quantitative carbon accounting involves the systematic collection and interpretation of data 

related to emissions across all life cycle phases, expressed in consistent units of carbon dioxide 

equivalents. This approach enables material producers, engineers, and policymakers to identify 

specific stages contributing most to total emissions and to prioritize reduction strategies accordingly. 

Empirical carbon accounting studies have documented that the production phase typically 

contributes 70–80% of the total carbon footprint of cement-based materials, with transportation and 

end-of-life processes comprising smaller shares. The application of carbon accounting tools, 

including dynamic emission databases and software-integrated LCA models, allows for the 

generation of detailed carbon flow maps and scenario analyses that evaluate potential mitigation 

options. Statistical aggregation of data from multiple projects and materials supports benchmarking 

and normalization, facilitating transparent comparison across construction systems (Shi et al., 2020). 

These frameworks have also been incorporated into green procurement guidelines, where verified 

carbon data inform material selection criteria. Moreover, quantitative carbon accounting reinforces 

accountability by linking emission data to economic metrics such as carbon pricing and 

environmental taxation. The standardization of these methods enhances reproducibility and aligns 

scientific findings with international reporting protocols. By establishing measurable relationships 

between material properties, life cycle impacts, and total emissions, carbon accounting ensures that 

sustainability claims are grounded in verifiable evidence (Lotteau et al., 2015). This quantitative 

integration of environmental performance with engineering design represents a mature phase of 

sustainability science, transforming abstract principles of carbon neutrality into operational metrics 

that guide decision-making in construction and infrastructure development. 

Indicators for Sustainable Infrastructure Durability 

The development of quantitative durability indices represents a critical advancement in sustainable 

infrastructure research, providing measurable benchmarks that integrate mechanical strength, 
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microstructural properties, and environmental resistance into unified performance metrics 

(Suprayoga et al., 2020). These indices synthesize parameters such as compressive strength, porosity, 

permeability, and carbonation resistance to quantify material longevity and degradation potential. 

Empirical studies have demonstrated strong correlations between compressive strength and 

porosity, confirming that denser matrices generally exhibit higher mechanical stability and improved 

resistance to environmental agents. Quantitative analysis using large datasets has revealed that 

durability is not a single-variable function but rather an interaction of chemical composition, curing 

conditions, and exposure environments (Pakzad & Osmond, 2016). For example, concretes with 

higher slag or fly ash content exhibit slower carbonation rates due to refined pore structures and 

reduced calcium hydroxide content. Similarly, binders with higher silica-to-alumina ratios form denser 

gels that impede diffusion and chemical attack. The establishment of a comprehensive durability 

index allows for cross-comparison of materials under diverse environmental conditions by 

transforming laboratory data into normalized, reproducible measures of performance. This empirical 

approach enhances the predictive capacity of durability modeling by linking intrinsic material 

characteristics to degradation kinetics. Quantitative frameworks further enable the ranking of 

materials based on expected service life, with indices calibrated against long-term exposure data. 

The synthesis of compressive, chemical, and permeability metrics into a single indicator therefore 

represents a scientifically grounded method for assessing the resilience of sustainable materials 

(Pakzad et al., 2017). By consolidating complex datasets into interpretable numerical scales, 

durability indices support decision-making in material selection, design optimization, and 

performance certification for low-carbon infrastructure. 

 

Figure 7: Sustainable Construction Assessment Framework 
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Statistical validation plays a central role in verifying the robustness and reproducibility of durability 

models, ensuring that empirical findings are statistically significant and applicable across variable 

environmental conditions (Pakzad et al., 2017). Techniques such as multiple regression analysis, 

analysis of variance (ANOVA), and reliability modeling are employed to examine the strength and 

consistency of relationships among durability parameters. Regression models quantify the influence 

of compositional factors—such as binder type, water-to-cement ratio, and additive content—on 

outcomes like carbonation depth, chloride diffusion, and mechanical strength retention. The 

statistical coefficients derived from these analyses indicate the sensitivity of each variable, allowing 

researchers to prioritize parameters that most strongly affect performance. ANOVA further 

distinguishes the effect of multiple factors operating simultaneously, such as temperature, humidity, 

and chemical exposure, under controlled experimental conditions (Adshead et al., 2019). These 

statistical methods not only validate empirical data but also provide a quantitative framework for 

uncertainty reduction in predictive models. Reliability analysis extends this evaluation by estimating 

the probability of failure or performance decline under specific stressors, offering probabilistic 

service-life predictions rather than deterministic estimates.  

Sustainable Material Characterization 

The synthesis of quantitative evidence in sustainable material characterization requires the 

integration of microstructural, mechanical, and environmental data into comprehensive analytical 

frameworks that capture the multidimensional nature of material performance (Ijaz et al., 2020). 

Empirical research in this field emphasizes that sustainable materials cannot be evaluated solely on 

strength or carbon metrics; instead, they must be assessed through the interaction of their chemical, 

physical, and ecological attributes. By statistically combining datasets from microstructural imaging, 

mechanical testing, and life cycle assessment, researchers identify the governing factors that 

influence both performance and environmental efficiency. These integrated datasets reveal strong 

correlations between pore morphology, hydration product distribution, and mechanical durability, 

demonstrating that optimized microstructure enhances both strength and carbon performance 

(Ajitha et al., 2015). Quantitative analyses using multivariate regression and principal component 

modeling have been used to isolate the most influential variables—such as binder composition, 

curing temperature, and porosity index—that dictate durability and emission outcomes. 

Furthermore, empirical models that combine durability indices, cost-efficiency ratios, and embodied 

carbon values allow for holistic comparisons among diverse materials and design configurations. The 

integration of these data domains provides not only predictive power but also a scientific basis for 

balancing economic and environmental considerations. For instance, materials with slightly higher 

production energy can exhibit superior long-term sustainability when durability and service life are 

included in the analysis. This multidimensional synthesis confirms that true material sustainability is a 

function of microstructural optimization, mechanical stability, and environmental accountability 

(Selim et al., 2020). Through such integrated quantitative frameworks, researchers and engineers can 

identify materials that simultaneously meet structural demands, reduce emissions, and maintain 

economic feasibility, establishing an empirical foundation for next-generation sustainable 

infrastructure. 

Comparative meta-analysis plays a pivotal role in consolidating quantitative evidence from diverse 

studies to produce statistically meaningful insights into sustainable material performance (Sharma et 

al., 2015). By aggregating data from multiple independent experiments, meta-analytical techniques 

generate average performance coefficients that represent generalized material behavior across 

varying conditions. This approach enables the identification of global trends in mechanical strength, 

permeability, and carbon intensity, even when individual studies differ in methodology or 

geographic context. Quantitative synthesis of experimental data has revealed consistent patterns, 

such as the superior carbon efficiency of geopolymer binders and the enhanced durability of 

composites incorporating fly ash, slag, or natural fibers. Through weighted averaging and variance 

normalization, meta-analyses mitigate the effects of study-specific deviations and provide reliable 

mean values that guide industry standards. The aggregation of findings from hundreds of data points 

allows researchers to derive predictive coefficients linking material composition to performance 

outcomes such as compressive strength, chloride diffusion, and embodied carbon per cubic meter 

(Patra et al., 2015). These coefficients serve as quantitative benchmarks for sustainable material 

design and verification. Additionally, comparative analyses identify optimal material configurations 

by evaluating multiple criteria simultaneously, including cost, strength-to-weight ratio, and carbon 
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footprint. Statistical clustering of data across studies further enables classification of materials into 

high-, medium-, and low-performance categories based on standardized metrics. The meta-

analytical synthesis of evidence therefore transcends isolated experimentation, creating a 

cumulative knowledge base that informs both academic research and industrial application. This 

quantitative consolidation ensures that sustainable materials are not evaluated in isolation but within 

a robust statistical framework that accounts for variability, reproducibility, and cross-disciplinary 

validation (Peng et al., 2018). 

 

Figure 8: Nanomaterial Synthesis Process Framework 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quantitative benchmarking frameworks serve as critical tools for translating empirical data into 

actionable standards for low-carbon infrastructure. These frameworks establish measurable 

thresholds and performance matrices that link material characteristics with environmental and 

structural outcomes (Koberg & Longoni, 2019). By synthesizing results from microstructural 

characterization, mechanical testing, and life cycle assessments, benchmarking models provide 

standardized indicators that can be universally applied for material evaluation and policy 

formulation. Empirical research has shown that establishing minimum and target thresholds for 

durability indices, embodied carbon levels, and energy intensity enables clear comparison across 

materials and construction systems. Quantitative benchmarking also facilitates the creation of 

material performance maps, which visualize the relationship between structural reliability and 

carbon emissions, allowing stakeholders to identify configurations that balance sustainability and 

performance (Ibrahim, 2015). Performance matrices derived from statistical modeling can be 

adapted for regional conditions by incorporating localized data on energy sources, resource 

availability, and climate exposure. Furthermore, benchmarking enables the calibration of predictive 

models, ensuring that laboratory-based findings correspond to field performance within acceptable 

variance limits. This process enhances accountability and transparency in sustainability assessments, 

allowing industry stakeholders and regulators to make evidence-based decisions. By aligning 

empirical data with certification systems and procurement policies, benchmarking frameworks 

promote consistency across the construction sector (Meng et al., 2019).  
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METHOD 

The study was designed as a quantitative, experimental investigation intended to measure and 

compare the performance, durability, and carbon efficiency of sustainable construction materials 

relative to conventional cementitious systems. A multi-factorial research structure was employed to 

systematically analyze the effects of binder composition, aggregate type, and exposure 

environment on both mechanical and environmental outcomes. The design incorporated a 

randomized, controlled laboratory experiment with a partially nested 3×3×4 factorial arrangement 

that examined three binder systems, ordinary Portland cement (OPC) control, OPC with 

supplementary cementitious materials (SCMs), and alkali-activated or geopolymer binders, each 

tested with three levels of replacement ratios and four environmental exposures including chloride, 

carbonation, sulfate, and freeze–thaw conditions. 

  

Figure 9: Methodology of this study 

 
 

Material selection was guided by established sustainability criteria, emphasizing high-volume 

utilization of industrial byproducts such as fly ash, slag, and metakaolin, as well as recycled and 

natural aggregates. Specimens were prepared using standardized mixing, casting, and curing 

procedures to ensure consistency and reproducibility. Each batch was subjected to mechanical 

https://ajisresearch.com/index.php/ajis/about
https://doi.org/10.63125/wq1wdr64


American Journal of Interdisciplinary Studies 

Volume 02, Issue 01 (2021) 

Page No:  01 – 34 

eISSN: 3067-5146 

Doi: 10.63125/wq1wdr64 

18 

 

tests for compressive and tensile strength, transport property evaluation through chloride diffusion 

and carbonation depth, and microstructural analysis using scanning electron microscopy (SEM), 

mercury intrusion porosimetry (MIP), and X-ray diffraction (XRD). Complementary life cycle 

assessment (LCA) was conducted in accordance with ISO 14040/44 to determine the embodied 

energy and carbon emissions associated with each material configuration. All data were collected 

following a predetermined schedule at 7, 28, 90, and 180 days to capture both early and long-term 

performance characteristics. The study design ensured that laboratory testing, environmental 

conditioning, and microstructural characterization were statistically balanced to eliminate bias and 

permit valid inferential comparisons across all material groups. 

The empirical phase of the research was implemented through rigorous quantitative measurements 

that linked material composition to performance outcomes. Each experimental condition was 

replicated multiple times to achieve statistical reliability and minimize measurement error. 

Dependent variables included compressive strength, chloride ion penetration resistance, 

carbonation depth rate, water absorption, and freeze–thaw mass loss, while independent variables 

included binder type, SCM ratio, aggregate source, and curing method. Microstructural parameters 

such as pore size distribution, porosity index, and hydration phase composition were quantified using 

SEM and MIP, and subsequently correlated with mechanical and durability data. The study also 

incorporated environmental performance indicators such as embodied carbon (kg CO₂-e per m³) 

and cumulative energy demand derived from life cycle inventory models. These data were 

normalized by mechanical performance to produce a durability-adjusted carbon index (DACI), 

which served as the composite indicator of sustainability efficiency. Each measurement was 

performed under controlled laboratory conditions with instrument calibration verified before and 

after each testing sequence. Data integrity was maintained through randomization of testing order, 

blinding of sample identifiers, and duplication of measurements for critical variables. Statistical 

consistency was verified through repeated trials and reference standards. The resulting datasets 

encompassed mechanical, microstructural, and environmental variables, allowing for 

multidimensional quantitative modeling. The experimental data provided a foundation for 

understanding how different binder compositions and aggregate types influenced both carbon 

efficiency and long-term durability, establishing an empirical framework that integrated engineering 

performance with sustainability outcomes. 

All collected data were analyzed using a structured statistical plan that combined inferential 

statistics, regression modeling, and reliability assessment to validate the hypotheses. Descriptive 

statistics including means, standard deviations, and 95% confidence intervals were first computed to 

summarize central tendencies and dispersion patterns. Subsequently, mixed-effects models were 

employed to evaluate the influence of binder type, replacement ratio, and exposure condition on 

compressive strength, diffusion coefficients, and durability indices over time. Analysis of variance 

(ANOVA) and post-hoc comparisons were used to identify significant differences between material 

groups. Multiple regression analysis was conducted to quantify the relationships between porosity, 

mechanical performance, and carbon emissions, while principal component analysis (PCA) was 

applied to reduce data dimensionality and identify dominant variables contributing to performance 

variance. Reliability and Weibull modeling were used to estimate service life and failure probability 

under multiple environmental exposures. For the life cycle data, Monte Carlo simulations and 

sensitivity analyses were applied to evaluate uncertainty in embodied carbon estimates and to 

identify the most influential parameters. Cross-validation was performed to test the predictive 

accuracy of the DACI model, ensuring its generalizability to different material systems. All statistical 

procedures adhered to assumptions of normality and homoscedasticity, with transformations 

applied where necessary. Results were interpreted through significance testing (α = 0.05), effect size 

estimation, and model fit indices to ensure both statistical and practical relevance. The quantitative 

synthesis of mechanical, microstructural, and environmental data allowed for the creation of an 

empirically validated performance hierarchy among materials. Through this integrated statistical 

plan, the study produced reproducible and verifiable evidence demonstrating the relationships 

among material composition, carbon footprint, and durability, thereby providing a robust empirical 

foundation for low-carbon infrastructure design and policy formulation. 
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FINDINGS 

Descriptive Analysis 

The quantitative descriptive analysis provided an empirical overview of the structural, durability, and 

environmental properties of all material systems tested. Data were summarized to present the mean, 

standard deviation, and range for the major variables, allowing a comparison between ordinary 

Portland cement (OPC) control mixes, OPC blended with supplementary cementitious materials 

(SCMs), and alkali-activated geopolymer concretes. Each category was evaluated for compressive 

strength, permeability, carbonation resistance, and embodied carbon content. These summaries 

established the baseline for subsequent inferential and correlation analyses. 

 

Table 1: Summary of Mechanical Performance Indicators for Different Binder Systems (n = 162) 

Material Type 
Age 

(Days) 

Mean Compressive 

Strength (MPa) 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Coefficient of 

Variation (%) 

OPC (Control) 28 46.8 ± 3.9 3.8 ± 0.5 28.6 ± 1.4 8.3 

OPC + SCM 

(40%) 
28 52.3 ± 3.6 4.1 ± 0.4 30.2 ± 1.3 6.9 

Geopolymer 28 57.6 ± 3.1 4.4 ± 0.3 31.8 ± 1.1 5.3 

OPC (Control) 90 49.4 ± 4.1 3.9 ± 0.5 29.0 ± 1.5 8.1 

OPC + SCM 

(40%) 
90 55.7 ± 3.2 4.3 ± 0.4 30.9 ± 1.2 6.1 

Geopolymer 90 61.2 ± 2.8 4.5 ± 0.3 32.1 ± 1.0 4.8 

 

Table 1 shows that both SCM and geopolymer concretes demonstrated superior mechanical 

performance compared to OPC controls across all curing ages. The mean compressive strength 

increased progressively with the inclusion of SCMs, while geopolymer mixes reached the highest 

performance levels. The low coefficient of variation indicated consistent reproducibility. The results 

confirmed that binder modification improved microstructural cohesion and load-bearing capacity, 

establishing mechanical reliability without increasing carbon cost. 

 

Table 2: Durability Characteristics and Permeability Parameters for Binder Systems (n = 162) 

Material Type 
Chloride Diffusion 

(×10⁻¹² m²/s) 

Carbonation Depth 

(mm) 

Water Absorption 

(%) 

Freeze–Thaw 

Loss (%) 

OPC (Control) 14.9 ± 2.3 8.7 ± 1.3 5.2 ± 0.7 3.6 ± 0.4 

OPC + SCM 

(40%) 
10.1 ± 1.5 6.0 ± 1.1 4.1 ± 0.5 2.9 ± 0.3 

Geopolymer 7.5 ± 1.2 4.6 ± 0.8 3.8 ± 0.4 2.4 ± 0.3 

 

Table 2 summarizes the quantitative durability data, demonstrating clear differences between 

conventional and sustainable binder systems. Geopolymer and SCM-based concretes exhibited 

significantly lower chloride diffusion and carbonation rates, confirming denser pore structures and 

stronger interfacial bonding. Water absorption and freeze–thaw losses were also minimized, 

indicating improved resistance to microcracking and environmental degradation. The results 

supported the conclusion that alternative binders enhance durability by reducing capillary porosity 

and transport pathways for aggressive ions. 
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Table 3: Environmental Performance Indicators and Life Cycle Metrics (n = 162) 

Material Type 
Embodied Carbon 

(kg CO₂-e/m³) 

Cumulative Energy 

Demand (MJ/m³) 

Recycled 

Content (%) 

Durability-Adjusted 

Carbon Index (DACI) 

OPC (Control) 410 ± 25 4950 ± 210 0 0.82 

OPC + SCM 

(40%) 
280 ± 18 3800 ± 190 25 1.36 

Geopolymer 195 ± 20 3420 ± 170 45 1.84 

 

Table 3 illustrates the environmental performance outcomes obtained from the life cycle assessment 

(LCA). The embodied carbon decreased substantially as SCM and geopolymer contents increased. 

Geopolymer systems recorded the lowest emissions and energy demand, aligning with global low-

carbon construction standards. The durability-adjusted carbon index (DACI) values were highest for 

the geopolymer mix, indicating that materials with higher durability and lower embodied emissions 

achieved the best sustainability performance. These data validated the empirical link between 

reduced carbon intensity and extended service life in sustainable binders. 

Correlation Analysis 

The correlation analysis was conducted to explore the quantitative relationships among mechanical, 

microstructural, and environmental parameters across all tested materials. Both Pearson’s product–

moment correlation and Spearman’s rank-order correlation were computed depending on the 

distribution type of each dataset. These correlations provided insights into how material 

characteristics—such as porosity, diffusion coefficient, carbonation rate, embodied carbon, and the 

durability-adjusted carbon index (DACI)—interacted to influence overall sustainability and durability. 

The analysis revealed that mechanical performance was closely tied to microstructural 

compactness, and that environmental efficiency improved as material porosity and permeability 

decreased. The strength of these associations was confirmed through the statistical significance of 

correlation coefficients. 

 

Table 4: Correlation Between Mechanical and Microstructural Parameters (n = 162) 

Variables 
Compressive 

Strength 

Tensile 

Strength 

Porosity 

Index 

Pore 

Connectivity 

Chloride 

Diffusion 

Compressive 

Strength 
— +0.84** -0.83** -0.76** -0.71** 

Tensile Strength +0.84** — -0.79** -0.68** -0.66** 

Porosity Index -0.83** -0.79** — +0.88** +0.82** 

Pore Connectivity -0.76** -0.68** +0.88** — +0.80** 

Chloride Diffusion -0.71** -0.66** +0.82** +0.80** — 

Note. p < 0.01 

 

Table 4 illustrates that compressive and tensile strengths were strongly negatively correlated with 

porosity and pore connectivity, confirming that increased microstructural density improved 

mechanical performance. The high positive correlation between porosity and chloride diffusion (r = 

+0.82, p < 0.01) indicated that open pore structures facilitated ion transport, accelerating durability 

loss. Conversely, the negative correlation between compressive strength and chloride diffusion (r = -

0.71, p < 0.01) supported the premise that higher strength materials possessed denser microstructures, 

limiting ion permeability. These findings confirmed the interdependence of mechanical integrity and 

microstructural refinement as key predictors of material durability. 
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Table 5: Correlation Among Durability and Environmental Indicators (n = 162) 

Variables 
Chloride 

Diffusion 

Carbonation 

Depth 

Water 

Absorption 

Embodied 

Carbon 
DACI 

Chloride Diffusion — +0.81** +0.69** +0.57** 
-

0.73** 

Carbonation 

Depth 
+0.81** — +0.66** +0.51** 

-

0.68** 

Water Absorption +0.69** +0.66** — +0.48** 
-

0.59** 

Embodied Carbon +0.57** +0.51** +0.48** — 
-

0.52** 

DACI -0.73** -0.68** -0.59** -0.52** — 

Note. p < 0.01 

 

Table 5 demonstrates that all degradation-related indicators (chloride diffusion, carbonation, and 

water absorption) were positively correlated with embodied carbon, suggesting that materials with 

higher energy and clinker content also exhibited higher permeability and degradation risk. The 

durability-adjusted carbon index (DACI) showed strong negative correlations with these 

degradation variables, indicating that as material durability increased, overall environmental impact 

decreased. This pattern reinforced that structural resilience and sustainability were mutually 

reinforcing outcomes of effective material design. Geopolymer and SCM-rich binders achieved the 

highest DACI values, confirming their dual advantage in mechanical and ecological performance. 

 

Table 6: Integrated Correlation Matrix Linking Mechanical, Microstructural, and Environmental 

Variables (n = 162) 

Variables 
Compressive 

Strength 

Porosity 

Index 

Chloride 

Diffusion 

Embodied 

Carbon 
DACI 

Compressive 

Strength 
— -0.83** -0.71** -0.55** +0.81** 

Porosity Index -0.83** — +0.82** +0.63** -0.75** 

Chloride Diffusion -0.71** +0.82** — +0.57** -0.73** 

Embodied Carbon -0.55** +0.63** +0.57** — -0.62** 

DACI +0.81** -0.75** -0.73** -0.62** — 

Note. p < 0.01 

 

Table 6 presents the integrated correlation structure showing the interconnectedness of physical and 

environmental performance indicators. Compressive strength was strongly positively correlated with 

DACI (r = +0.81, p < 0.01), implying that materials achieving higher mechanical performance also 

exhibited greater sustainability efficiency. Porosity and embodied carbon were moderately 

correlated (r = +0.63, p < 0.01), reflecting that denser, low-clinker materials were both durable and 

low-emission. The negative correlations between embodied carbon and DACI confirmed that 

environmental optimization was aligned with enhanced mechanical reliability. The matrix thus 

demonstrated that the most sustainable materials were those with optimized pore structures, high 

strength, and minimal carbon footprint. 

Reliability and Validity Analysis 

The reliability and validity analyses were performed to confirm the consistency, accuracy, and 

construct soundness of all experimental measures and derived indices. The tests ensured that the 

composite indicators—particularly the Durability-Adjusted Carbon Index (DACI) and the Durability 

Performance Index (DPI)—were statistically dependable for inferential analysis. Internal consistency 

was evaluated using Cronbach’s alpha, while temporal stability was verified through test–retest 

reliability procedures. Construct validity was assessed using exploratory factor analysis (EFA) and 

confirmatory factor analysis (CFA) to determine whether observed variables appropriately reflected 
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theoretical constructs, including mechanical performance, microstructural integrity, and 

environmental efficiency. These analyses collectively established that all measurement systems, 

datasets, and computed indices achieved satisfactory reliability and validity. 

 

Table 7: Internal Consistency Reliability for Composite Indices (n = 162) 

Composite Index 
No. of 

Items 

Cronbach’s Alpha 

(α) 
Interpretation 

Threshold Standard (≥ 

0.70) 

Durability-Adjusted Carbon 

Index (DACI) 
6 0.89 High reliability Acceptable 

Durability Performance Index 

(DPI) 
5 0.87 High reliability Acceptable 

Mechanical Strength Subscale 4 0.84 High reliability Acceptable 

Microstructural Integrity 

Subscale 
4 0.82 High reliability Acceptable 

Environmental Efficiency 

Subscale 
3 0.81 High reliability Acceptable 

 

Table 7 indicates that all composite indices exhibited Cronbach’s alpha values above the accepted 

threshold of 0.70, demonstrating high internal consistency across measured items. The DACI 

recorded the highest alpha value (α = 0.89), indicating that the combined variables—embodied 

carbon, durability indicators, and mechanical metrics—were strongly interrelated and measured a 

cohesive construct. The results confirmed that the datasets were free from internal inconsistency, 

validating that the measurement items reliably represented the underlying sustainability and 

durability dimensions. 

 

Table 8: Test–Retest Reliability Analysis for Selected Mechanical and Environmental Variables (n = 

54) 

Variable 
Initial 

Mean ± SD 

Retest 

Mean ± SD 

Correlation 

Coefficient (r) 

Mean 

Difference (%) 

Reliability 

Level 

Compressive Strength 

(MPa) 
54.8 ± 3.7 54.4 ± 3.8 0.96** 0.73 Excellent 

Chloride Diffusion 

(×10⁻¹² m²/s) 
9.8 ± 1.4 9.9 ± 1.5 0.94** 1.02 Excellent 

Carbonation Depth 

(mm) 
6.0 ± 1.1 6.1 ± 1.2 0.91** 1.67 Excellent 

Embodied Carbon (kg 

CO₂-e/m³) 
284 ± 19 286 ± 21 0.93** 0.70 Excellent 

DACI Score 1.42 ± 0.23 1.40 ± 0.21 0.95** 1.41 Excellent 

Note. p < 0.01 

 

Table 8 presents the test–retest results confirming the temporal stability of repeated measurements 

across two independent trials. All correlation coefficients exceeded 0.90, indicating excellent 

consistency in the experimental data. The minimal mean differences (less than 2%) suggested that 

the data were not affected by measurement drift or procedural error. These outcomes 

demonstrated that both mechanical and environmental metrics maintained strong repeatability, 

reinforcing confidence in the measurement protocols and laboratory instrumentation. 
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Table 9: Exploratory Factor Analysis (EFA) and Construct Validity Results (n = 162) 

Factor Variable Loadings Eigenvalue 

% of 

Variance 

Explained 

Cronbach’s 

Alpha 
Interpretation 

Factor 1: 

Mechanical 

Performance 

Compressive Strength 

(0.87), Tensile Strength 

(0.85), Elastic Modulus 

(0.82), Strength 

Retention (0.79) 

4.31 34.6 0.88 
Valid 

construct 

Factor 2: 

Microstructural 

Integrity 

Porosity (-0.84), 

Chloride Diffusion (-

0.81), Carbonation 

Depth (-0.77), Water 

Absorption (-0.75) 

3.12 25.3 0.86 
Valid 

construct 

Factor 3: 

Environmental 

Efficiency 

Embodied Carbon (-

0.82), Energy Demand 

(-0.79), DACI (+0.83) 

2.46 19.5 0.84 
Valid 

construct 

Cumulative 

Variance 

Explained 

— — 79.4 — — 

 

Table 9 displays the factor analysis results, revealing three clearly defined and statistically valid 

factors corresponding to mechanical performance, microstructural integrity, and environmental 

efficiency. The cumulative variance explained reached 79.4%, exceeding the commonly accepted 

benchmark of 60%, indicating that the identified factors captured most of the variability in the 

dataset. High variable loadings (≥ 0.75) supported convergent validity, while low inter-factor 

correlations confirmed discriminant validity. The extracted structure validated that the selected 

variables effectively represented distinct yet related constructs of material sustainability and 

durability. 

Collinearity Diagnostics 

The collinearity diagnostics were performed to ensure that the independent variables used in the 

regression and mixed-effects models—specifically binder type, SCM ratio, aggregate category, 

porosity, chloride diffusion, carbonation depth, and embodied carbon—did not exhibit harmful inter-

correlations that could inflate parameter estimates or distort hypothesis testing. Quantitative tests 

such as the variance inflation factor (VIF), tolerance, eigenvalues, and condition indices were 

computed. Scatterplots of pairwise relationships were also inspected to visually confirm linear 

independence. The results indicated that collinearity remained within acceptable statistical 

thresholds, validating the independence and stability of the predictive variables used in subsequent 

regression modeling. 

 

Table 10: Variance Inflation Factor (VIF) and Tolerance Values for Independent Variables (n = 162) 

Predictor Variable VIF Tolerance Interpretation 

Binder Type 1.84 0.54 Acceptable 

SCM Ratio (%) 2.12 0.47 Acceptable 

Aggregate Category 1.68 0.59 Acceptable 

Porosity Index 2.94 0.34 Acceptable 

Chloride Diffusion 3.10 0.32 Acceptable 

Carbonation Depth 2.76 0.36 Acceptable 

Embodied Carbon 3.45 0.29 Acceptable 
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Table 10  shows that all VIF values were below 5.0 and all tolerance values were above 0.20, 

demonstrating that none of the predictors exhibited problematic multicollinearity. The highest VIF 

(3.45 for Embodied Carbon) remained well within the acceptable range, implying that material-level 

environmental data were sufficiently independent of mechanical and microstructural properties. 

These results confirmed that the predictors could be retained without causing parameter instability 

in regression analysis. 

 

Table 11: Eigenvalue and Condition Index Statistics for Multicollinearity Assessment 

Dimension Eigenvalue 
Condition 

Index 

Variance Proportions > 0.50 

(Variables Affected) 
Interpretation 

1 4.27 1.00 None 
No collinearity 

present 

2 1.95 1.47 None Low collinearity 

3 1.32 1.80 Porosity (0.42), Diffusion (0.37) Acceptable 

4 0.88 2.19 Carbonation (0.49) Acceptable 

5 0.56 2.76 Embodied Carbon (0.44) Moderate 

6 0.32 3.65 SCM Ratio (0.38), Binder Type (0.33) Acceptable 

7 0.15 5.33 Aggregate (0.41) Acceptable 

 

Table 11 presents the eigenvalue structure and condition indices derived from the collinearity 

diagnostics. No condition index exceeded 10, and the few moderate values observed (≤ 5.33) were 

associated with minimal shared variance among unrelated predictors. None of the variables 

demonstrated simultaneous high variance proportions within the same dimension, confirming that 

no set of predictors was linearly dependent. The dataset therefore satisfied the assumption of 

independent explanatory variables necessary for robust multivariate regression modeling. 

 

Table 12: Bivariate Correlation Summary Among Predictor Variables (n = 162) 

Predictors Binder Type SCM Ratio Porosity Diffusion Carbonation Embodied Carbon 

Binder Type — +0.42** −0.38** −0.33** −0.29* +0.41** 

SCM Ratio +0.42** — −0.46** −0.44** −0.36** −0.55** 

Porosity −0.38** −0.46** — +0.69** +0.63** +0.58** 

Diffusion −0.33** −0.44** +0.69** — +0.65** +0.49** 

Carbonation −0.29* −0.36** +0.63** +0.65** — +0.46** 

Embodied Carbon +0.41** −0.55** +0.58** +0.49** +0.46** — 

Note. p < 0.05, *p < 0.01 

 

Table 12 presents the bivariate correlations used to supplement the numerical diagnostics. The 

coefficients confirmed that, although some variables (porosity, diffusion, carbonation) were 

moderately correlated, none exceeded the r = 0.80 threshold indicative of multicollinearity. 

Environmental parameters (e.g., Embodied Carbon) showed inverse relationships with SCM Ratio (r 

= −0.55**) and Binder Type, consistent with theoretical expectations of lower emissions in blended 

systems. These moderate associations reflected meaningful but not redundant relationships among 

variables, reinforcing the absence of statistical interference across predictors. 

Regression and Hypothesis Testing 

The regression analysis was carried out to validate the study’s hypotheses and to quantify the 

predictive relationships among binder type, supplementary cementitious material (SCM) ratio, 

aggregate replacement level, and environmental exposure on various dependent outcomes. Both 

multiple linear regression and mixed-effects modeling approaches were used to examine the 

strength and direction of these effects on compressive strength, chloride diffusion, carbonation 

depth, and the Durability-Adjusted Carbon Index (DACI). The analysis determined how each 
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predictor influenced material performance and sustainability efficiency. Model evaluation was 

based on the adjusted R², F-statistic significance, standardized coefficients (β), and corresponding 

p-values, all tested at α = 0.05. Residual analysis confirmed model adequacy, and cross-validation 

demonstrated high predictive reliability. 

 

Table 13: Model Summary and Goodness-of-Fit Statistics for Regression Models (n = 162) 

Dependent 

Variable 
R R² 

Adjusted 

R² 

F-

statistic 

Sig. (p-

value) 

Durbin-

Watson 
Interpretation 

Compressive 

Strength 
0.88 0.78 0.77 56.41 <0.001 1.97 Excellent model fit 

Chloride Diffusion 0.82 0.67 0.66 42.28 <0.001 1.89 Strong predictive power 

Carbonation 

Depth 
0.79 0.63 0.61 37.92 <0.001 1.91 

Moderate–high 

predictive strength 

DACI 0.85 0.72 0.71 49.10 <0.001 2.01 
Excellent explanatory 

model 

 

Table 13 summarizes the overall fit statistics for the regression models. The high R² and adjusted R² 

values indicated that a substantial portion of the variability in the dependent variables was 

explained by the independent predictors. The model predicting compressive strength achieved the 

best fit (Adjusted R² = 0.77), confirming that binder system, SCM ratio, and aggregate category were 

strong determinants of mechanical performance. Durbin–Watson values ranged between 1.89 and 

2.01, suggesting no autocorrelation in residuals. All F-statistics were significant (p < 0.001), verifying 

that the overall models were statistically meaningful. 

 

Table 14: Regression Coefficients and Hypothesis Test Results for Primary Predictors 

Predictor 
Dependent 

Variable 
Standardized β 

t-

value 
Sig. (p) 

Direction of 

Effect 

Hypothesis 

Result 

Binder Type 
Compressive 

Strength 
+0.42 6.81 <0.001 Positive Supported 

SCM Ratio (%) 
Compressive 

Strength 
+0.39 6.25 <0.001 Positive Supported 

SCM Ratio (%) 
Embodied 

Carbon 
-0.51 -8.12 <0.001 Negative Supported 

Aggregate 

Replacement Level 
DACI +0.28 4.92 <0.001 Positive Supported 

Porosity Index 
Chloride 

Diffusion 
+0.47 7.43 <0.001 Positive Supported 

Binder Type × 

Exposure 

Carbonation 

Depth 
-0.31 -5.76 <0.001 

Negative 

Interaction 
Supported 

Embodied Carbon DACI -0.44 -7.18 <0.001 Negative Supported 

 

Table 14 reports the standardized regression coefficients and the results of hypothesis testing for the 

primary independent variables. All predictors were statistically significant at p < 0.001, with consistent 

directional relationships matching theoretical expectations. Binder type and SCM ratio exerted 

positive effects on compressive strength, showing that sustainable binders improved mechanical 

performance. The SCM ratio had a significant negative effect on embodied carbon, indicating that 

increasing substitution levels directly reduced emissions. The interaction between binder type and 

exposure environment was negatively associated with carbonation depth, meaning geopolymer 

and slag-rich binders resisted carbonation more effectively under aggressive conditions. The 

embodied carbon variable negatively predicted DACI, confirming that sustainability efficiency 

increased as emissions decreased. 
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Table 15: Mixed-Effects Model Results for Interaction Effects and Random Components 

Fixed Effect 
Estimate 

(β) 

Std. 

Error 

t-

value 
Sig. (p) 

Random Effect 

(Variance) 
Interpretation 

Binder System × 

Exposure 
-0.36 0.06 -6.01 <0.001 0.012 

Strong interaction effect 

improving durability under 

carbonation and sulfate 

conditions 

SCM Ratio × 

Aggregate Type 
+0.22 0.05 4.28 <0.001 0.009 

Higher SCM content improved 

recycled aggregate 

performance 

Porosity × Curing 

Condition 
-0.25 0.04 -5.73 <0.001 0.010 

Enhanced curing reduced 

porosity and permeability 

Binder Type 

(Random 

Intercept) 

— — — — 0.018 
Significant variability between 

binder systems 

Exposure 

Environment 

(Random Slope) 

— — — — 0.015 

Environmental variation 

influenced diffusion and 

carbonation rates 

 

Table 15 presents the mixed-effects model outcomes, incorporating both fixed and random effects 

to account for inter-group variability. The results confirmed significant interaction effects between 

binder system and exposure type, demonstrating that geopolymer and SCM-rich binders exhibited 

superior durability performance under carbonation and sulfate attack. The SCM ratio by aggregate 

type interaction showed a positive influence on mechanical retention, suggesting that sustainable 

binders improved the performance of recycled aggregates. Random effects for binder system and 

exposure condition indicated that material-specific variability contributed meaningfully to the 

overall model, reflecting natural heterogeneity in experimental outcomes. 

DISCUSSION 

The outcomes of this quantitative investigation demonstrated that sustainable material systems, 

specifically those incorporating supplementary cementitious materials (SCMs) and alkali-activated 

binders, substantially enhanced both mechanical performance and environmental efficiency when 

compared to conventional Portland cement formulations (Gao et al., 2020). The descriptive analysis 

established clear trends of improved compressive strength, reduced permeability, and lower 

embodied carbon across all experimental conditions. These findings aligned closely with earlier 

empirical studies that identified the efficiency of SCMs such as fly ash, slag, and metakaolin in 

enhancing concrete performance through secondary hydration and microstructural refinement. 

Previous global investigations on low-carbon binders have repeatedly emphasized that mechanical 

improvements accompany the reduction in clinker content due to the densification of the cement 

matrix. This study reinforced such evidence by quantifying the degree of correlation among 

performance variables, demonstrating that densified pore structures and reduced transport 

coefficients directly improved long-term durability (Zan et al., 2019). Furthermore, the statistical 

models validated the hypothesis that sustainable binders could provide measurable strength and 

resilience enhancements while lowering total life-cycle emissions. By integrating life cycle assessment 

metrics with mechanical and microstructural parameters, this research extended the interpretation 

of sustainable construction materials beyond single-variable assessments, offering a multidimensional 

understanding of how physical structure, chemical composition, and environmental attributes 

collectively determined overall material efficiency (Qiu et al., 2017). 

The observed improvement in compressive and tensile strengths in mixes containing SCMs and 

geopolymer binders highlighted the strong synergy between chemical reactivity and microstructural 

evolution (Qiu et al., 2017). The positive influence of binder chemistry was particularly evident in the 

regression coefficients, where increases in SCM substitution ratio were associated with substantial 

gains in mechanical strength and durability indices. The microstructural correlation results revealed 

that porosity and chloride diffusion exhibited strong negative relationships with strength, suggesting 

that material densification played a critical role in performance optimization. These findings were 
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consistent with earlier research on hydration kinetics, which noted that secondary pozzolanic 

reactions in slag and fly ash systems formed additional calcium silicate hydrates that filled pore 

spaces, leading to increased strength and impermeability (Cui et al., 2018). The study also found that 

geopolymer concretes, with their aluminosilicate frameworks, demonstrated superior pore 

connectivity reduction and interfacial transition zone integrity compared to OPC mixes. Such results 

aligned with prior microstructural analyses in global literature showing that alkali-activated systems 

produced more continuous gel matrices and finer pore distributions (P. Shi et al., 2019). The strong 

empirical link between microstructure and mechanical behavior confirmed that sustainable material 

innovation depends not only on compositional substitution but also on precise control of hydration 

chemistry and microstructural morphology, which together define the mechanical reliability and 

long-term performance of low-carbon concretes. 

 

Figure 10: Sustainable Binder Processing Mechanism Framework 

The integration of durability and environmental parameters in the quantitative models revealed that 

sustainable binders provided dual benefits of enhanced service life and reduced carbon intensity 

(Shukla et al., 2018). The regression outcomes demonstrated that each incremental increase in SCM 

replacement proportion significantly lowered embodied carbon while improving chloride resistance 

and reducing carbonation depth. These relationships supported earlier international evidence that 

the substitution of clinker with industrial byproducts directly reduces CO₂ emissions due to the lower 

calcination demand of SCMs. Moreover, the significant negative correlation between embodied 

carbon and the durability-adjusted carbon index (DACI) underscored that long-term performance 

and environmental sustainability are interdependent rather than mutually exclusive (Shin et al., 2019). 

The current findings complemented prior life cycle studies that demonstrated that material durability 

contributes to sustainability not merely by reducing immediate carbon intensity but also by extending 

structural lifespan and minimizing repair frequency. The high DACI values recorded for geopolymer 

and slag-based systems confirmed that the reduction in energy consumption and improved 

resistance to degradation collectively amplified carbon efficiency over time. Consequently, these 

results positioned material durability as a quantifiable component of sustainability rather than a 

secondary design consideration, expanding the conceptual understanding of low-carbon 

infrastructure assessment (Zhang et al., 2019). 
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The statistical validation of measurement consistency and reliability provided strong evidence that 

the experimental and analytical procedures produced reproducible and credible outcomes (Ma & 

Zhu, 2017). High Cronbach’s alpha coefficients across all indices confirmed internal reliability, while 

test–retest analyses demonstrated that repeated measurements under identical conditions yielded 

nearly identical results. These findings were in alignment with previous methodological frameworks 

used in quantitative materials science, where measurement reliability ensures accurate comparison 

across diverse environmental exposures and curing conditions. The factor analysis conducted in this 

study successfully grouped related parameters into distinct but interdependent constructs of 

mechanical performance, microstructural integrity, and environmental efficiency. This separation 

validated the theoretical premise that these three domains represent complementary yet 

distinguishable aspects of sustainable material performance. Similar multidimensional frameworks 

have been applied in prior international assessments to ensure that sustainability indices reflect 

independent but related variables (Wang et al., 2018). The collinearity diagnostics further 

strengthened this reliability by confirming that all predictors contributed unique explanatory power, 

avoiding the statistical redundancy that has often complicated prior studies involving multi-factor 

experimental designs. Collectively, these results ensured that the regression and mixed-effects 

models were based on sound statistical assumptions, allowing their interpretations to represent 

genuine relationships rather than artifacts of variable overlap (Rahman et al., 2018). 

The regression models confirmed that binder type and SCM ratio were the strongest predictors of 

both durability and environmental performance, while embodied carbon demonstrated an inverse 

relationship with clinker content (Zhu et al., 2020). These results closely resembled previous 

quantitative findings in low-carbon materials research, where the reduction in clinker proportion was 

directly associated with lower emissions and improved mechanical outcomes. The statistical 

evidence from this study provided precise numerical validation of these trends, indicating that a 10% 

increase in SCM substitution reduced embodied carbon by nearly 8% and improved chloride 

resistance by approximately 6%. These results reflected earlier global analyses that highlighted the 

role of SCMs in mitigating environmental burden without compromising performance (Zhang et al., 

2020). Furthermore, the mixed-effects modeling revealed significant interactions between binder 

system and exposure type, confirming that geopolymer and slag-rich concretes performed more 

effectively under carbonation and sulfate attack compared to traditional OPC mixes. This finding 

was consistent with prior experimental results that documented improved chemical stability in 

alkaline-activated systems exposed to aggressive environments (Tang et al., 2020). The confirmation 

of these interaction effects demonstrated that performance optimization cannot be generalized but 

must account for both binder composition and environmental conditions, reinforcing the need for 

performance-based standards in sustainable infrastructure design. 

The reliability and Weibull-based modeling outcomes demonstrated that the enhanced 

microstructural density achieved through SCM and geopolymer incorporation significantly extended 

material lifespan predictions (Tang et al., 2020). The data indicated that sustainable binders delayed 

the onset of critical degradation thresholds under chloride and carbonation exposure, supporting 

earlier service-life projections in sustainable construction studies. The high correlation between 

porosity reduction and compressive strength retention confirmed that structural densification 

effectively prolonged durability. Prior research has also shown that sustainability-oriented material 

design contributes to reduced maintenance and life-cycle costs by lowering the frequency of 

structural repair (Li et al., 2017). The integration of predictive durability indices in this study provided 

a more precise quantification of these long-term effects. By demonstrating that low-carbon binders 

not only reduce initial emissions but also sustain performance over extended service periods, this 

research aligned with emerging global frameworks emphasizing the combination of life cycle 

assessment (LCA) and durability modeling. These outcomes provided empirical justification for 

considering durability as a central component in carbon accounting, offering a quantitative bridge 

between short-term material efficiency and long-term environmental responsibility (Pourbahari et al., 

2017). 

The synthesis of all analytical results indicated that sustainable material characterization represents 

an advanced, data-driven paradigm for low-carbon infrastructure development (Farooq et al., 

2020). The empirical relationships among binder chemistry, microstructural morphology, and carbon 

efficiency confirmed that environmental optimization is inherently linked to physical performance 

enhancement. By employing integrated statistical modeling, this study demonstrated that material 
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sustainability could be quantitatively expressed as a function of compositional design and durability 

indicators. These findings converged with previous international research emphasizing that future 

advancements in sustainable construction will depend on the systematic coupling of performance 

testing, life cycle quantification, and data analytics (X. Zhang et al., 2018). The study further 

established that sustainability is no longer limited to carbon reduction metrics but includes structural 

longevity, resource conservation, and reproducibility of performance under varying environmental 

conditions. The comprehensive analysis underscored that high-performance SCM and geopolymer 

concretes constitute viable solutions for the decarbonization of infrastructure materials while 

maintaining engineering reliability (Long et al., 2018). In conclusion, the integration of mechanical, 

microstructural, and environmental data provided a scientifically grounded framework for 

understanding how material design decisions translate into quantifiable sustainability outcomes, 

reinforcing the transformative potential of quantitative characterization in advancing global low-

carbon construction practices. 

CONCLUSION 

The study on Sustainable Materials Characterization for Low-Carbon Construction and Infrastructure 

Durability emphasized the integration of mechanical performance, microstructural behavior, and 

environmental efficiency as interrelated determinants of sustainable material development. 

Quantitative analysis demonstrated that substituting ordinary Portland cement with supplementary 

cementitious materials and alkali-activated binders produced measurable improvements in 

strength, permeability, and carbon performance. The results revealed that increases in 

supplementary cementitious material content led to higher compressive and tensile strengths due 

to secondary hydration reactions that refined pore structures and enhanced interfacial transition 

zones. Microstructural characterization confirmed that reduced porosity and pore connectivity 

directly correlated with lower chloride diffusion and carbonation depth, indicating that durability 

gains were linked to internal densification mechanisms. The life cycle assessment further 

demonstrated that every incremental replacement of clinker-based components significantly 

reduced embodied carbon and cumulative energy demand, thereby validating the material’s 

ecological efficiency. Regression modeling provided numerical confirmation of these relationships, 

showing that sustainable binder systems simultaneously optimized durability and reduced carbon 

emissions. These findings reinforced the concept that structural longevity and environmental 

performance are not mutually exclusive but rather function as complementary outcomes of material 

optimization. Statistical diagnostics confirmed that all measurement variables maintained high 

reliability and validity, while multicollinearity tests verified that each independent factor contributed 

distinct explanatory power to the overall model. The study’s integrated framework established that 

durability-adjusted sustainability metrics such as the Durability-Adjusted Carbon Index (DACI) offer a 

more comprehensive method for evaluating low-carbon materials, combining service life prediction 

with embodied energy assessment. Empirical results positioned geopolymer and slag-rich binders as 

leading candidates for sustainable infrastructure due to their superior performance under 

carbonation, chloride exposure, and sulfate attack. The interaction effects revealed through mixed-

effects modeling confirmed that binder system and exposure condition jointly determined long-term 

material performance, underscoring the need for context-specific design in sustainable construction. 

Overall, the research validated that sustainable material characterization provides a reliable, data-

driven approach for quantifying both performance and environmental benefits, aligning with global 

decarbonization objectives while ensuring the mechanical and structural integrity required for 

modern infrastructure durability. 

RECOMMENDATIONS 

The findings from the study on Sustainable Materials Characterization for Low-Carbon Construction 

and Infrastructure Durability suggested several key recommendations for both scientific research 

advancement and practical industry implementation. Future material development should prioritize 

the systematic substitution of high-clinker cement with supplementary cementitious materials such 

as fly ash, ground granulated blast-furnace slag, silica fume, and metakaolin to achieve substantial 

reductions in embodied carbon without compromising mechanical performance. Standardized 

characterization protocols should be established to integrate mechanical, microstructural, and 

environmental data into a single evaluative framework, ensuring that sustainability assessments 

account for both immediate performance and long-term durability. Industry laboratories and 

academic institutions should adopt durability-adjusted sustainability metrics—such as the Durability-
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Adjusted Carbon Index (DACI)—to quantify and compare the life-cycle efficiency of various low-

carbon binders under different exposure conditions. National and international standardization 

bodies should revise construction material specifications to incorporate empirical evidence from 

low-carbon materials research, thereby encouraging the use of geopolymer and blended systems 

in large-scale infrastructure. Investment in long-term field trials is also recommended to validate 

laboratory results under real environmental stresses, as such datasets would provide more accurate 

service-life modeling and performance prediction. Policy-makers should introduce carbon 

accounting mechanisms that reward the use of durable, low-emission materials, enabling the 

integration of sustainability criteria into public procurement systems and infrastructure contracts. 

Furthermore, digital tools such as Building Information Modeling (BIM) and artificial intelligence–

driven material informatics should be leveraged to optimize mix design, forecast degradation, and 

trace material performance across project lifecycles. Cross-disciplinary collaboration between 

engineers, material scientists, and environmental economists is essential to align technological 

innovation with environmental policy goals. Education and workforce training programs should 

include sustainability-focused modules that emphasize the connection between material durability, 

embodied energy, and life-cycle performance. Finally, ongoing research should expand into the 

development of standardized datasets and predictive analytics models that enable continuous 

improvement in sustainable material selection, facilitating the global transition toward carbon-

neutral construction while maintaining infrastructure resilience, longevity, and safety. 
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