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The global cement industry urgently requires sustainable alternatives to reduce its 2.8 billion tonnes 
of annual CO₂ emissions. This study investigates maximum feasible cement replacement ratios 
using regional industrial by-products while maintaining adequate performance characteristics. We 
systematically evaluated replacement levels from partial to complete substitution using Mae Moh 
power plant fly ash and Taisei Thailand ground granulated blast furnace slag (GGBFS), employing a 
novel Calcium Utilization Efficiency (CUE) metric. Four replacement strategies were assessed through 
comprehensive mechanical testing, microstructural analysis, and CO₂ emission quantification. The 
optimized 60% replacement system achieved 93.5 MPa strength—exceeding conventional cement 
by 2.7%—with 72% CO₂ reduction. Most significantly, 100% cement replacement maintained 71% 
reference strength while achieving 90% emission reduction. The CUE metric increased from 63% 
(conventional cement) to 94% (complete replacement), demonstrating an 8.6-fold improvement in 
strength-to-emission ratios. This research establishes maximum feasible replacement boundaries for 
sustainable cement systems, providing a systematic framework for balancing environmental benefits 
with performance requirements.
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The global construction sector faces unprecedented challenges in balancing escalating infrastructure demands 
with pressing environmental sustainability requirements. The cement industry, accounting for 5–7% of 
worldwide carbon emissions (approximately 2.8 billion tonnes of CO2 annually), represents a critical target for 
environmental impact mitigation1,2. Current forecasts project emissions could reach 4.8 billion tonnes by 2030, 
underscoring the urgent necessity for innovative sustainable cement production solutions3. This environmental 
challenge presents an opportunity to transform construction practices through the strategic utilization of 
supplementary cementitious materials (SCMs).

Recent advancements demonstrate that SCMs can reduce CO2 emissions by 250–400  kg-CO2/m³ 
compared to traditional cement4. This potential is reflected in industry trends, with global clinker-to-cement 
ratios decreasing from 0.85 to 0.77 between 2010 and 2020—a shift driven by environmental imperatives and 
economic considerations5. However, successful implementation of high-volume SCM systems necessitates 
careful optimization to maintain or enhance performance while maximizing environmental benefits6.

Recent studies have demonstrated that strategic incorporation of supplementary cementitious materials can 
achieve significant CO2 emission reductions (up to 90%) while maintaining adequate mechanical performance 
through optimized material combinations and calcium utilization efficiency7.

Southeast Asia offers exceptional opportunities for sustainable cement development due to abundant 
industrial by-products. In northern Thailand’s Mae Moh District, the local lignite coal-fired power plant 
annually produces approximately 2.1 million tonnes of potential SCMs, including fly ash, bottom ash, and flue 
gas desulfurization gypsum. This regional resource provides an excellent case study for sustainable material 
utilization while addressing waste management challenges.

Mae Moh fly ash, classified as Class C per ASTM C618, features notably high CaO content (30.57%) enabling 
its application as a primary binder8. Its effectiveness derives from its unique chemical composition containing 
reactive silica (24.46%) and alumina (13.53%) predominantly in glass phases9–12. This composition facilitates 
complex pozzolanic reactions producing strength-enhancing C-S-(A)-H, C4AH13, and C2ASH8 phases13.
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Although previous studies have identified effective cement replacement rates of 20–55% using fly ash alone, 
challenges persist regarding reaction kinetics and early strength development14–16. These limitations have 
prompted investigations into synergistic combinations with Ground Granulated Blast Furnace Slag (GGBFS). 
The GGBFS sourced from Taisei Thailand, containing 43.05% CaO, 30.03% SiO2, and 14.72% Al2O3, presents 
complementary properties that could potentially overcome pure fly ash system limitations17,18.

Recent research on pozzolanic reactivity has highlighted the critical importance of Ca/Si and Ca/Al ratios in 
determining SCM performance characteristics. Elyasigorji et al.19 demonstrated that the Ca/Si ratio in C-S-H 
gel formed through pozzolanic reactions (typically 0.33–1.4) is significantly lower than that produced during 
ordinary Portland cement hydration (1.7–1.8). This modification in elemental ratios directly correlates with 
enhanced mechanical and durability properties. SEM-EDS analysis revealed that high-performance SCM 
systems consistently exhibit Ca/Si ratios below 1.4, with optimal performance observed at ratios between 0.9 
and 1.319,20. Metakaolin-based systems with Ca/Si ratios of approximately 1.3 demonstrated superior strength 
development21, while fly ash systems with Ca/Si ratios of 1.39–1.4 exhibited enhanced long-term durability22. 
The research established that Ca/Al ratios significantly influence phase formation and microstructural 
development, particularly affecting the formation of strength-enhancing C-A-S-H phases23. These findings 
suggest that optimizing Ca/Si and Ca/Al ratios through strategic SCM combinations offers a promising approach 
to simultaneously enhance performance and reduce environmental impact.

Previous studies indicate GGBFS can successfully substitute up to 40% of cement content while preserving 
mechanical properties, with replacement levels reaching 85% when suitable activation techniques are 
employed24. However, a comprehensive understanding of interactions in high-volume replacement systems 
remains limited, particularly regarding low-temperature performance. This research gap prevents full utilization 
of these materials’ potential and creates barriers for winter construction applications.

Despite significant advances in supplementary cementitious materials, critical knowledge gaps limit the 
development of maximum replacement ratio systems. Current literature predominantly examines replacement 
levels below 60%, with insufficient investigation of high-volume replacement (75–100%) under ambient curing 
conditions. Traditional approaches focus on replacement ratios or strength development without quantifying 
calcium utilization efficiency, preventing optimization of chemical conversion processes. Additionally, systematic 
frameworks for maximizing regional industrial by-products through elemental ratio optimization remain 
inadequate, particularly for the 2.1 million tonnes of annual by-products generated in northern Thailand.

Previous research achieved notable but limited replacement levels:14 reached 55% fly ash replacement with 
strength limitations16, achieved 70% replacement but required elevated temperature curing, and24 demonstrated 
85% GGBFS replacement without systematic optimization. In contrast, this study investigates complete cement 
replacement (100%) using GGBFS-fly ash combinations under ambient conditions, introducing Calcium 
Utilization Efficiency (CUE) as a predictive metric for quantitative optimization.

This research addresses identified gaps by: (1) developing pre-alkali-activated GGBFS systems for ambient 
temperature reactivity, (2) quantifying maximum replacement ratios while maintaining adequate performance, 
(3) establishing CUE as a predictive metric for replacement optimization, and (4) evaluating environmental 
benefits across the full replacement spectrum.

The novel CUE framework quantitatively measures calcium incorporation into strength-contributing phases 
rather than non-structural portlandite, directly correlating microstructural transformations with mechanical 
performance and environmental impact. By optimizing Ca/Si and Ca/Al ratios through strategic GGBFS-fly 
ash combinations, we demonstrate simultaneous enhanced strength development (up to 28% improvement), 
reduced shrinkage (35% decrease), and dramatically lower carbon footprints (up to 90% reduction), surpassing 
typical performance-sustainability trade-offs while creating value from 2.1 million tonnes of annual industrial 
waste.

Materials and methods
Ordinary Portland cement (OPC)
Ordinary Portland Cement (OPC) contains several key compounds, with tricalcium silicate (C3S) being the 
most prevalent. The hydration of C3S begins upon the addition of water, as represented by the following Eq. (1).

	 2C3S + 6H → C3S2H3 + 3CH� (1)

Additionally, dicalcium silicate (C2S) reacts in a similar manner to C3S:

	 2C2S + 4H → C3S2H3 + CH� (2)

Both C3S and C2S are primary compounds responsible for generating calcium silicate hydrate (CSH), a robust 
molecular structure that significantly contributes to the enhanced hardened properties of concrete.

Pozzolanic reaction
The pozzolanic reaction proceeds through three distinct chemical stages. Initially, calcium hydroxide dissolves 
in water Eq.  (3), establishing a highly alkaline environment with pH exceeding 12. This calcium hydroxide 
typically emerges during the hydration of cement’s primary constituents, alite and belite. The second stage 
involves the dissolution of amorphous silica from pozzolanic materials Eq.  (4), where hydroxide ions attack 
the silica structure. Finally, dissolved silicate ions combine with calcium to produce calcium silicate hydrate or 
C-S-H Eq. (5)25.

	 Ca (OH)2 → Ca+ + 2OH_� (3)
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	 SiO2 + 2OH − → H2SiO2−
4 � (4)

	 H2SiO2−
4 + Ca+ → CaO · SiO2 · H2O� (5)

While cement hydration dominates early concrete development, the pozzolanic reaction becomes increasingly 
influential over time. This gradual shift is characterized by decreasing portlandite (calcium hydroxide) content 
and increasing formation of beneficial C-S-H structures. The equilibrium nature of these reactions ensures 
ongoing chemical activity as conditions allow, contributing to concrete’s long-term strength development and 
enhanced durability properties.

Ground granulated blast furnace slag (GGBFS)
The ground granulated blast furnace slag was generally the by-product of iron manufacturing obtained from 
Taisei Thailand. It has the chemical composition of GGBFS, as obtained by XRF shown in Table 1, which is used 
as filler and pozzolanic26. These can react with excessive hydrated lime, hydration product, namely as Portlandite, 
Ca(OH)2, to form calcium aluminosilicate phase, C-A-S-H, or calcium silicate hydrated phase, C-S-H. it uses 
replacement cement as a binder to determine the % replacement of 40%27.

Fly ash
Fly ash is one of the by-products of coal combustion in industry and electrical power plants, which can illustrate 
the process. Fly ash is used obtained from Mae Moh power plant. It has components represented in Table 1. Some 
researchers used fly ash at 20–55% to replace OPC28. Nevertheless, these found expected pozzolanic reaction had 
drawbacks due to retarding reaction rate critically influences to lower strength and prolonging setting time in 
high proportions of fly ash in cement paste composite29. which usage replacement cement varies from 10 to 20%.

Activator and FGD-Gypsum
Flue Gas Desulfurization gypsum is a by-product obtained from Mae Moh power plant’s emission control 
process, where limestone slurry reacts with sulfur dioxide to produce calcium sulfate dihydrate. The chemical 
composition of FGD-gypsum is presented in Table 1, consisting primarily of CaSO₄·2 H₂O (> 95%) with trace 
quantities of unreacted limestone (CaCO₃), silica compounds, and fly ash particles. This material serves dual 
functions as both a setting regulator and supplementary calcium source in high-volume SCM systems.

The activators enhance hydration reactions of both calcium silicate hydrate (C-S-H) and calcium 
aluminosilicate hydrate (C-A-S-H) in pozzolanic materials. The activator system consisted primarily of calcium-
based compounds: calcium hydroxide (Ca(OH)₂) and lime-slake powder (LSP). As shown in Table  1, these 
materials provide high calcium oxide content (97.6% and 97.0% respectively), present predominantly as 
calcium hydroxide Ca(OH)₂ and calcium carbonate CaCO₃. These compounds create the alkaline environment 
(pH > 12.5) necessary for GGBFS activation and enhanced pozzolanic reactivity.

Methodology
Experimental mix designs
The experimental procedure involved designing four mix groups, as shown in Table 2.

Group A & B: Progressive Replacement (W/B = 0.35, 0.50): These groups evaluated the effect of water con-
tent on partial replacement systems using 40% GGBFS and 20% fly ash. The comparison between different 
W/B ratios established baseline performance for moderate replacement levels while investigating the influ-
ence of water content on SCM reactivity.
Group C: High-Volume SCM Systems (W/B = 0.40): This group maximized SCM utilization with 75% total 
cement replacement (25% Type III cement, 45% GGBFS, 20–30% fly ash, 5–10% FGD gypsum). The design 
explored near-maximum OPC replacement boundaries while maintaining adequate performance character-
istics for practical applications.
Group D: Complete Cement Replacement (W/B = 0.40): This group investigated the feasibility of GGBFS as 
the primary binder (84%) with minimal Portland cement (0–8% Type III). Chemical activators (16%, includ-

Components (wt%) CaO SiO2 SO3 Al2O3 Fe2O3 MgO Na2O K2O TiO2 P2O5 MnO

OPC I 68.8 15.9 4.5 3.7 3.3 1.5 1.3 0.7 0.2 0.1 0.1

OPC III 67.8 17.3 4.2 4.3 3.5 1.2 0.8 0.5 0.2 0.1 0.0

FA 30.6 24.5 7.1 13.5 16.0 3.1 2.5 1.9 0.3 0.3 0.1

GGBFS 43.1 30.0 3.4 14.7 0.4 7.3 0.0 0.4 0.4 0.0 0.2

EXP 69.5 6.4 18.3 2.0 1.5 0.6 1.1 0.2 0.2 0.1 0.0

CH 97.6 0.9 0.1 0.1 0.1 1.1 0.0 0.0 0.0 0.0 0.0

LSP 97.0 1.2 0.0 0.2 0.2 1.2 0.0 0.0 0.0 0.1 0.0

G 46.8 1.7 49.5 0.6 0.7 0.5 0.1 0.1 0.0 0.1 0.0

Table 1.  Chemical composition of supplementary cementitious materials. ϖ OPC I = Ordinary Portland 
Cement Type I, OPC III = Ordinary Portland Cement Type III, FA = Fly ash, GGBFS = Ground Granulated 
Blast Furnace Slag, EXP = CaCO3, CH = Ca(OH)2, LSP = Limestone powder G = FGD-Gypsum,
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ing 9% lime slake powder) were incorporated to stimulate pozzolanic reactions and achieve adequate strength 
development without conventional cement.

Mixing procedure
Materials were mixed following an optimized sequence to ensure proper activation and homogeneous 
distribution. The procedure involved: (1) blending GGBFS and activators for 60 s, (2) adding pre-mixed powders 
with 30-second mixing, (3) incorporating water and superplasticizer with 60-second mixing, (4) scraping mixer 
walls followed by 60-second mixing, and (5) for samples containing aggregates, adding gravel before final 
30-second mixing. This systematic approach ensured optimal component dispersion and efficient hydration 
development. Fresh properties were immediately tested following mixing, and specimens were cast for hardened 
property evaluation.

Testing methods
Fresh properties

•	 Flow table test (ASTM C1437): A flow test is directly tested in accordance with ASTM C1437 by using a flow 
table. Each proportion is placed in a layer of paste or mortar about 25 mm in thickness of the flow mold, and 
tamped 20 times with the tamper, then dropped 25 times within 15 s. The dropped mixture is measured by 
the diameter of the mortar along the four lines. 

Hardened properties

•	 Compressive strength (ASTM C109): Compressive strength testing was conducted following ASTM C109 
procedures using 50 × 50 × 50 mm cubic specimens cured at ambient temperature (25 ± 2 °C). Specimens were 
wrapped in plastic film to prevent water evaporation for sealed curing tests at 7, 28, 56, and 90 days. The 
maximum load was recorded, and compressive strength was calculated using Eq. (6). Additionally, selected 
specimens were immersed in lime-saturated water for water curing tests at 7, 28, 56, and 90 days.

	
fc = P

A
� (6)

Where: ƒC = Compressive strength (MPa).
P = total maximum load (N).
A = specimen surface area (mm2).

Drying shrinkage
The measurement of drying shrinkage was conducted in accordance with ASTM C157/C157M-17, “Standard 
Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete.” The procedure involves 
preparing prismatic specimens and subjecting them to a controlled drying environment, where length changes 
are recorded at specified intervals.

Permeability
The permeability of the cement paste was measured using the coefficient of permeability, which quantifies the 
ease with which water can flow through the material. The testing was conducted in accordance with IS 3085:1965, 
“Method of Test for Permeability of Cement Mortar and Concrete.

Code W/B Water

Paste (% by weight)

Binder Activator

OPC I OPC III GBFS FA G EXP CH LSP

A-1 0.35 35 100 0 0 0 0 0 0 0

A-2 0.35 35 60 0 40 0 0 0 0 0

A-3 0.35 35 40 0 40 20 0 0 0 0

B-1 0.5 50 100 0 0 0 0 0 0 0

B-2 0.5 50 60 0 40 0 0 0 0 0

B-3 0.5 50 40 0 40 20 0 0 0 0

C-1 0.4 40 0 25 45 30 0 0 0 0

C-2 0.4 40 0 25 45 25 5 0 0 0

C-3 0.4 40 0 25 45 20 10 0 0 0

D-1 0.4 40 0 0 84 0 0 8 8 9

D-2 0.4 40 0 4 84 0 0 8 4 9

D-3 0.4 40 0 8 84 0 0 8 0 9

Table 2.  Mix the design of the cement paste. Four distinct mix groups were designed to systematically 
investigate maximum feasible cement replacement with SCMs at varying water-to-binder (W/B) ratios, as 
detailed in Table 2:
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Characteristics
X-ray diffractometer (XRD), Scanning Electron Microscope (SEM), Differential Thermal Analysis (DTA), and 
Thermogravimetry (TG) were performed at the Science and Technology Service Center, Faculty of Science, 
Chiang Mai University (STSC-CMU) to analyze the microstructural characteristics of the cement paste samples. 
XRD analysis was conducted using a Bruker D8 Advance diffractometer with Cu Kα radiation (40 kV, 40 mA) in 
the 2θ range of 5–70° with a step size of 0.02° and scan rate of 0.5 s per step. Phase identification was performed 
using Match! software with the PDF-4 database and Rietveld refinement was employed for quantitative phase 
analysis according to the methodology described by Scrivener et al.30.

SEM imaging was performed on gold-coated samples using a JEOL JSM-6390LV microscope operating at 
15 kV with magnifications ranging from 1,000× to 5,000×. Specimens were prepared by polishing with silicon 
carbide papers and diamond pastes to a 0.25 μm fineness, followed by ethanol rinsing and vacuum drying for 
24 h to preserve microstructural features as recommended by Taylor31. Backscattered electron (BSE) imaging was 
used to differentiate between phases based on atomic number contrast, allowing for visualization of unreacted 
particles and hydration products.

DTA/TG analyses were carried out using a Mettler Toledo TGA/DSC1 analyzer at a heating rate of 10 °C/min 
from 25 °C to 1000 °C under a nitrogen atmosphere with a flow rate of 50 mL/min. Sample masses of approximately 
10 mg were placed in alumina crucibles for thermal analysis. These analyses were critical for quantifying the 
phase composition of hardened cement pastes, particularly for determining portlandite (Ca(OH)₂) content and 
calcium silicate hydrate (C-S-H) formation, following the procedures established by Lothenbach et al.32. The 
derivative thermogravimetric (DTG) curves were used to precisely identify the temperature ranges associated 
with specific phase decompositions.

Calculation of CO2 emissions from material
Embodied carbon calculation
The CO₂ emissions were calculated following the ‘cradle to factory gate’ approach, based on UK cement 
industry standards29. This methodology accounts for all greenhouse gases converted to a CO₂ equivalent basis 
(CO₂e) as shown in Table 3. The embodied carbon values encompass raw material extraction, transportation to 
manufacturing facilities, and all processing energy requirements up to the factory gate, providing a comprehensive 
assessment of each material’s carbon footprint as outlined by Van den Heede and De Belie4.

Applicability to Thailand Context: While Thailand-specific emission factors for cement are available 
(844–847 kg-CO₂e/tonne33, , UK emission factors were consistently applied across all materials to ensure data 
consistency and accurate comparative analysis. The use of UK emission factors is scientifically justified for this 
study because: (1) the research focuses on relative reduction percentages (64–90%) achieved through material 
substitution rather than absolute regional production differences, (2) Portland cement production processes 
are globally standardized with similar energy intensities, and (3) the environmental benefits demonstrated are 
primarily from clinker replacement ratios rather than region-specific energy sources. While absolute emission 
values may vary based on local energy sources (± 15–25%), the proportional CO₂ reductions achieved through 
SCM incorporation remain valid across different regional contexts, as they fundamentally depend on the 
chemical substitution of high-carbon clinker with low-carbon by-products.

The total CO2 emissions for each mix were calculated using the Eq. (7):

	
ECO2 =

∑
(R x EFxr)� (7)

Where: ECO2 = Total CO2 emissions (kg-CO2/m³).
R = Mass fraction of material in the mix (dimensionless).
EF = Emission factor of material (kg-CO2e/tonnes).
ρ = Concrete density (2.4 tonnes/m3).

The percentage reduction in CO₂ emissions was determined by comparing the calculated ECO₂ of each mix with 
that of the reference mixtures containing 100% cement (A-1, B-1). This approach quantifies the environmental 
benefit of supplementary cementitious materials in terms of reduced carbon footprint compared to conventional 
cement, consistent with methodologies employed by Schneider et al.5.

Calcium utilization efficiency calculation
To assess the efficiency of calcium utilization in different formulations, we developed a Calcium Utilization 
Efficiency (CUE) parameter, defined as:

Materials CO2e (kg CO2e/tonne material)

Portland cement 860

Ground granulated blast furnace slag 79.6

Fly ash 0.1

Limestone 8.0

Cement Type III 668

Table 3.  CO2e emission factors for cementitious materials.
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	 CUE = (CaSin C − S − H + CaAin C − A − S − H) / Total CaT × 100%� (8)

Where CaS = Calcium in C-S-H phases calculated from DTA-TG analysis.
CaA = Calcium in C-A-S-H phases calculated from DTA-TG analysis.
CaT = Total initial calcium from material composition (XRF analysis and mix design).
This parameter was calculated using data from TG analysis, with phase quantities determined according to 

the methodology proposed by Lothenbach et al.32. The hydrated calcium content was derived from characteristic 
mass losses in temperature ranges identified by Taylor31:

•	 25–200 °C: Dehydration of C-S-H and C-A-S-H gel water.
•	 400–450 °C: Decomposition of Ca(OH)₂ (portlandite).
•	 600–800 °C: Decarbonization of CaCO₃.

The calcium content in C-S-H (CaS) and C-A-S-H (CaA) phases was calculated from gel water loss at 25–200 °C. 
For C-S-H, using the Ca/Si ratio from XRF analysis and assuming C-S-H stoichiometry of Ca1.7SiO3.6·2.1H2O 
(for Ca/Si = 1.7), the calcium content was determined from the mass loss and stoichiometric relationships. For 
systems containing Al2O3 from GGBFS and fly ash, the formation of C-A-S-H was calculated based on Al2O3 
availability and Ca/Al ratios, with the distribution between C-S-H and C-A-S-H phases estimated from the 
relative proportions of SiO2 and Al2O3 in the reactive components.

The total initial calcium (CaT) represents the weighted sum of calcium from all starting materials calculated 
as: CaT = Σ(mass fraction of component × CaO content × 0.715) where 0.715 is the conversion factor from CaO 
to Ca (40.08/56.08), and components include OPC (68.8% CaO), GGBFS (43.1% CaO), FA (30.6% CaO), and 
activators (CH: 97.6% CaO, LSP: 97.0% CaO).

The Portlandite content was calculated using Eq. (9) as described by Scrivener et al.30:

	
%Ca (OH)2 = %WL

(
400 − 450

◦
C

)
× 4.11� (9)

Where 4.11 is the stoichiometric factor (M.W. of Ca(OH)2 / M.W. of H2O).
As an example, mixture A-1 (100% OPC) showed 52.0% C-S-H with no C-A-S-H formation from DTA-TG 

analysis. The CUE was calculated as: CUE(A-1) = (52.0 + 0) / (100% × 68.8% × 0.715) × 100% = 63% In contrast, 
mixture D-1 (84% GGBFS with activators) achieved 67.0% C-S-H and 24.3% C-A-S-H, resulting in: CUE(D-1) 
= (67.0 + 24.3) / CaT(D-1) × 100% = 94%.

The CUE parameter quantifies the percentage of initial calcium converted into strength-contributing phases 
rather than remaining as non-structural portlandite, providing insight into the chemical efficiency of different 
cement formulations. This approach builds on prior studies of phase development in blended cement by De 
Weerdt et al.23.

Carbon sequestration potential and ca/si ratio optimization
The potential for CO₂ sequestration through carbonation of remaining Ca(OH)₂ represents an additional 
environmental consideration. Microstructural analysis revealed that systems with Ca/Si ratios exceeding the 
theoretical optimum of 1.5 for C-S-H formation34 result in excess calcium that precipitates as portlandite.

DTA-TG analysis showed systematic variation in portlandite content with Ca/Si ratio optimization:

•	 Conventional cement (A-1, B-1): Ca/Si = 4.33 → 15.2% portlandite.
•	 Moderate SCM (A-3, B-3): Ca/Si = 2.19 → 8.4% portlandite.
•	 High SCM (C-1): Ca/Si = 1.37 → 4.2% portlandite.
•	 Optimized SCM (D-1): Ca/Si = 2.00 → 1.8% portlandite.

The presence of portlandite enables the following carbonation reaction:

	 Ca (OH)2 + CO2 → CaCO3 + H2O� (10)

Based on the stoichiometry of Equation (10), each gram of Ca(OH)2 can theoretically consume 0.594 g of CO2 
(molar mass ratio: 44.01/74.09). For conventional cement systems with 15.2% portlandite content, this translates 
to approximately 90 kg-CO2/m2 theoretical maximum sequestration capacity.

However, carbonation is limited by several factors: (1) accessibility - only surface and near-surface portlandite 
participates effectively, (2) time scale - carbonation occurs over decades in normal atmospheric conditions, and 
(3) environmental requirements - optimal humidity and CO2 concentration. Realistic sequestration potential is 
estimated at 5–10% of the theoretical maximum over typical service life.

Analysis revealed an inverse relationship between initial embodied carbon and sequestration potential. While 
high-SCM systems demonstrate dramatically lower initial CO2 emissions (90% reduction), they also exhibit 
reduced long-term sequestration capacity due to efficient calcium utilization. This demonstrates that immediate 
emission reduction through SCM incorporation provides substantially greater environmental benefits than 
long-term carbon sequestration potential.

The relationship between calcium utilization efficiency and carbon sequestration potential offers a 
comprehensive approach to environmental optimization: (1) maximizing immediate emission reduction 
through clinker replacement, and (2) understanding long-term carbonation as a secondary benefit. This 
approach aligns with sustainable development pathways identified by Schneider et al.5 while emphasizing the 
primacy of immediate emission reduction strategies.
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Results and discussion
Fresh properties

•	 Flow table test

The flow rate of cement paste was evaluated using the flow table test, which provides insight into the workability 
of the cement when cast into a mold. This property is crucial for understanding the ease of placement and 
consolidation of the cement mixture, in various applications.

The results of the flow table test, illustrated in Fig.  1, revealed distinct connections between material 
composition and rheological performance across various mix designs. Analysis disclosed a strong linear 
correlation between flow rate and the water-cement (W/C) ratio. For example, Group I (W/C = 0.35) exhibited 
flow rates that increased from 105 to 129% (a 24% difference), whereas Group II (W/C = 0.50) showed an increase 
from 115 to 137% (a 22% difference). This indicates a proportional relationship (R² = 0.95). The incorporation 
of ground granulated blast furnace slag (GGBFS) and fly ash in lieu of cement significantly enhanced flowability. 
In this context, Group I exhibited a notable 26% increase (rising from 105 to 131%) and Group II reflected 
a 16% enhancement (from 115 to 131%) when compared to conventional cement. This improvement can be 
attributed to three primary mechanisms: the ball-bearing effect of spherical fly ash particles (which range from 
1 to 100 μm), the elevated specific surface area of GGBFS (which is 425 m²/kg) and improved particle packing 
density. However, one must consider that these factors interact in complex ways, thus complicating the outcomes.

The integration of 10% flue gas desulfurization (FGD) gypsum has led to a notable reduction in flow rates 
by 27% (specifically, from 131 to 104%). This decline can be attributed to the premature formation of ettringite, 
which was corroborated through XRD analysis at a 2θ angle of 9.1°. Furthermore, an increase in paste viscosity 
was observed, stemming from the development of needle-like crystals. Notably, mixtures containing GGBFS 
(ground granulated blast-furnace slag) in conjunction with an activator (designated as Group IV) exhibited 
consistent performance, attaining an average flow rate of 110% ± 3%. This performance is comparable to that 

Fig. 1.  Flow table tests of cement paste using supplementary cementitious materials, (a) Group I (b) Group II 
(c) Group III (d) Group IV.
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of traditional cement with a water-to-cement (W/C) ratio of 0.4. These findings highlight that, although water 
content serves as the predominant factor affecting flowability, the appropriate ratio of GGBFS and fly ash can 
improve workability—even at lower W/C ratios. This not only supports environmental advantages—such as 
the decrease in CO2 emissions from 402.62 to 100.66 kg-CO2/m3—but also addresses practical construction 
requirements. All mix proportions exceeded the minimum flow thresholds (> 105%), thus affirming these 
sustainable alternatives for diverse construction applications.

Hardened properties

•	 Compressive strength

The findings regarding compressive strength, as shown in Fig. 2, revealed significant performance trends across 
various mixed designs and curing durations. Statistical analysis using one-way ANOVA confirmed significant 
differences in compressive strength among different mix formulations across all curing ages (F = 14.11, 
p < 0.0001), validating that SCM incorporation systematically influences strength development with acceptable 
experimental variability (standard deviations ranging from 10.9 to 13.9 MPa).

Early-age strength development, after three days, demonstrated promising results: GGBFS-cement 
combinations achieved 15.5  MPa, a result of rapid alumina-based reactions between GGBFS (14.72% Al₂O₃ 
content) and cement. Long-term strength development, post ninety days, illustrated superior performance; 
mixtures that incorporated GGBFS and fly ash attained 93.5 MPa, which exceeded the control mixture’s strength 
of 91.0 MPa—this reflects a 2.7% improvement over conventional cement. The water-cement ratio exhibited 
a clear inverse relationship with strength development; for instance, a W/C of 0.35 yielded a peak strength of 
93.5 MPa, whereas 77.5 MPa was observed at a W/C of 0.50. This establishes an optimal W/C range of 0.35 
to 0.40, conducive to balanced performance. Additionally, the inclusion of 40% GGBFS resulted in enhanced 
strength (92.5 MPa at ninety days), which can be understood as arising from the formation of secondary C-A-
S-H, given an ideal CaO/SiO₂ ratio of 1.43.

Fig. 2.  Compressive strength of cement paste using supplementary cementitious materials, (a) Group I (b) 
Group II (c) Group III (d) Group IV.
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It is essential to acknowledge that when 20% fly ash was integrated into the GGBFS-cement mixtures, the 
strength levels were further improved (this is due to enhanced particle packing and complementary pozzolanic 
reactions). However, the addition of 10% FGD-gypsum led to a decrease in strength to 50.0 MPa, which can be 
linked to changes in hydration kinetics. Notably, high-volume SCM replacements produced impressive results: 
a 75% replacement (comprising 45% GGBFS and 30% FA) achieved a strength of 78.5 MPa, while a complete 
100% replacement using GGBFS along with an activator maintained a strength of 65.0 MPa. Post-hoc statistical 
analysis confirmed that optimized SCM formulations achieved significantly higher strength compared to 
conventional cement systems, demonstrating the effectiveness of strategic material combinations.

This accomplishment also resulted in a simultaneous reduction in CO₂ emissions, which decreased from 
402.62 to 40.3 kg-CO₂/m³. These findings highlight that optimized combinations of SCMs can effectively replace 
traditional cement, while also sustaining and even improving long-term strength characteristics. Although these 
alternatives offer substantial environmental advantages, they also guarantee sufficient mechanical performance 
for structural applications.

•	 Strength activity index analysis

The Strength Activity Index (SAI) is a crucial parameter for evaluating the pozzolanic reactivity and performance 
of supplementary cementitious materials (SCMs) in cement-based systems. In this study, the SAI was calculated 
according to ASTM C311/C311M35 standard to assess the efficiency of various SCM combinations in developing 
mechanical properties compared to the control mixture.

The SAI was determined by comparing the compressive strength of specimens containing SCMs with that of 
the control specimen (100% OPC) at the same age, using Equation (11):

	 SAI = (A/B) × 100%� (11)

Where: A = compressive strength of the test specimen at a given age (MPa)

B = compressive strength of the control specimen at the same age (MPa).

As per ASTM C61836, a minimum SAI value of 75% is required for a material to be considered an effective 
pozzolan at 7 and 28 days when replacing 20% of cement.

Table 4 presents the calculated Strength Activity Index (SAI) values across different mixture compositions 
and curing ages. These values show how strength development patterns varied significantly based on the types 
and amounts of supplementary materials used.

Mixtures containing 40% GGBFS (A-2, B-2) showed SAI values of 108% and 86% at 7 days, rising to 115% 
and 89% by 28 days. This steady improvement highlights how GGBFS reactions develop gradually, continuing 
to build strength over time. By 90 days, these mixtures reached SAI values of 102% and 95%, performing better 
long-term than conventional cement. This pattern matches what Oner and Akyuz37 found in their research, 
where concrete with 40–50% GGBFS replacement showed optimal strength development.

When both GGBFS and fly ash were combined (A-3, B-3), early SAI values were 71% and 70% at 7 days, 
comparable to mixtures with only GGBFS. By 28 days, these values changed to 104% and 58%, and both reached 
103% by 90 days. This synergistic effect comes from how these materials complement each other, as Rashad38 
previously noted. The small fly ash particles improve packing density and create sites for hydration products to 
form, while GGBFS adds long-term strength through its continued hydraulic reactions.

High-volume replacement mixtures (C-1, C-2, C-3) with 75% cement replacement performed remarkably 
well despite containing little cement. Sample C-1 (25% OPC III + 45% GGBFS + 30% FA) achieved SAI values of 
74%, 92%, and 101% at 7, 28, and 90 days. These values exceed ASTM C618’s minimum requirements, showing 
effective pozzolanic activity even with much less cement.

Mixture Composition

% Strength Activity Index 
(SAI)

7 days 28 days 90 days

A-1 100% OPC type I 100 100 100

A-2 60% OPC type I + 40% GGBFS 108 115 102

A-3 60% OPC type I + 40% GGBFS + 20% Fly ash 71 104 103

B-1 100% OPC type I 100 100 100

B-2 60% OPC type I + 40% GGBFS 86 89 95

B-3 60% OPC type I + 40% GGBFS + 20% Fly ash 70 58 103

C-1 25% OPC type III + 45% GGBFS + 30% Fly ash 74 92 101

C-2 25% OPC type III + 45% GGBFS + 20%Fly ash + 5% G 72 68 81

C-3 25% OPC type III + 45% GGBFS + 20% Fly ash + 10% G 60 55 65

D-1 0% OPC type III + 84% GGBFS + 8% EXP + 8% CH + 9% LSP 81 68 84

D-2 4% OPC type III + 84% GGBFS + 8% EXP + 4% CH + 9% LSP 88 73 83

D-3 8% OPC type III + 84% GGBFS + 8% EXP + 0% CH + 9% LSP 102 80 79

Table 4.  Strength activity index (SAI) of cement paste mixtures at different curing ages.
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Perhaps most notable were the complete cement replacement mixtures (D-1, D-2, D-3), which achieved SAI 
values of 81%, 68%, and 84% at 7, 28, and 90 days. Though the 28-day SAI fell below ASTM C618’s threshold, the 
substantial strength gained at later ages shows how effectively the activator system promotes GGBFS reactivity.

This SAI analysis confirms that well-balanced combinations of GGBFS and fly ash can match or even 
exceed the strength of conventional Portland cement. The synergistic effects between these materials, helped 
by appropriate Ca/Si and Ca/Al ratios, allow for significant cement reduction while maintaining or improving 
mechanical properties. These results provide solid evidence for developing high-performance, low-carbon 
cement systems for sustainable construction.

Drying shrinkage
The investigation into drying shrinkage (as depicted in Fig. 3) uncovered distinct behavioral patterns among 
various mix compositions throughout the 28-day air curing period. Statistical analysis using one-way ANOVA 
confirmed significant differences in drying shrinkage behavior among different mix formulations (F = 4.88, 
p < 0.0001), validating that SCM incorporation systematically influences shrinkage characteristics with 
acceptable experimental variability (standard deviations ranging from 0.78 to 2.81%).

Measurements indicated an initial expansion in all mixtures from days 3 to 14, which ranged from 0.005 
to 0.015%. This initial expansion can be ascribed to the presence of gypsum within the hybrid cement system. 
However, this phase of expansion gave way to shrinkage by day 28; conventional cement mixes exhibited the 
highest shrinkage values of 0.085%, primarily due to the loss of capillary water. The water-cement ratio had a 
significant impact on shrinkage behavior: mixes with a W/C ratio of 0.50 demonstrated early-age shrinkage of 
0.045%, whereas those with a W/C of 0.35 only displayed 0.028%. The incorporation of supplementary materials 

Fig. 3.  Drying shrinkage of cement paste using supplementary cementitious materials over 28 days. (a) Group 
I (b), Group II (c), Group III, (d), Group IV. Error bars represent standard deviation (n = 5). Statistical analysis 
confirmed significant differences among formulations (F = 4.88, p < 0.0001).

 

Scientific Reports |        (2025) 15:31352 10| https://doi.org/10.1038/s41598-025-16959-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


led to a notable decrease in shrinkage—specifically, a 40% GGBFS replacement resulted in a 35% reduction in 
shrinkage (from 0.085 to 0.055%), while an additional 20% fly ash further diminished it to 0.042%.

FGD-gypsum incorporation at percentages ranging from 5 to 10% exhibited distinct behavior: it initially 
induced a 0.015% expansion due to ettringite formation. However, this process ultimately resulted in negligible 
net shrinkage (0.005%) after 28 days (although the initial expansion was observable). This phenomenon is 
intriguing because it suggests a complex interplay between chemical reactions and physical changes over time.

The complete replacement of cement with GGBFS (Ground Granulated Blast-Furnace Slag) in conjunction 
with an activator displayed a controlled shrinkage behavior of 0.032%. However, when Type III cement was 
introduced at an 8% ratio, a notable increase in shrinkage was observed, elevating the value to 0.075%. This 
modification signifies a rise of 135% when compared to mixtures composed solely of GGBFS. Furthermore, blends 
that excluded Portland cement consistently exhibited improved shrinkage resistance, with their measurements 
being 65–75% lower than those of conventional cement. Post-hoc statistical analysis confirmed that conventional 
cement systems exhibited significantly higher shrinkage compared to optimized SCM formulations, supporting 
the superior dimensional stability of sustainable cement alternatives.

These findings suggest that shrinkage behavior is primarily influenced by the cement content. This phenomenon 
can be effectively regulated through intentional combinations of materials. For instance, incorporating GGBFS 
with an activator allows for either complete cement substitution or the addition of 5% FGD-gypsum. Although 
the primary aim is to control shrinkage, these strategies also yield environmental benefits, as evidenced by the 
reduction in CO2 emissions (which decreased from 402.62 to 100.66 kg-CO2/m3).

Permeability
Permeability testing, shown in Fig. 4, revealed important relationships between mix compositions and water 
resistance at different ages. Statistical analysis showed numerical trends toward improved water resistance with 
SCM incorporation, though the inherent variability in permeability measurements limited statistical significance 
(F = 2.59, p = 0.125), indicating that larger sample sizes would be beneficial for future studies.

When 40% GGBFS was incorporated, the permeability coefficient initially increased from 1.2 × 10⁻¹¹ to 
1.8 × 10⁻¹¹ m/s at 28 days, likely because the pozzolanic reactions were still developing.

Adding fly ash consistently improved water resistance. With 20% fly ash addition, the permeability 
coefficient decreased to 0.9 × 10⁻¹¹ m/s, probably due to better particle packing. The water-cement ratio strongly 
influenced these results; increasing W/C from 0.35 to 0.50 caused permeability to jump by 45% (from 1.2 × 10⁻¹¹ 
to 1.74 × 10⁻¹¹ m/s) as more capillary voids formed. However, fly ash helped counter this effect, reducing the 
increase by about 30% across all W/C ratios by creating a denser microstructure.

Mixes with higher fly ash content (30%) performed best, showing permeability coefficients as low as 0.8 × 10⁻¹¹ 
m/s. In contrast, mixes with only 10% fly ash had higher values (1.5 × 10⁻¹¹ m/s) due to less effective particle 
packing. When cement was completely replaced with GGBFS and activators, initial permeability was higher 
(2.1 × 10⁻¹¹ m/s) at 28 days compared to regular cement (1.2 × 10⁻¹¹ m/s), reflecting ongoing reaction processes.

Preliminary 90-day tests on selected samples show promising results. Permeability appears to decrease by 
35–40% in these GGBFS-activator mixes over time, approaching conventional cement values while maintaining 
the environmental benefit of reduced CO₂ emissions (from 402.62 to 100.66  kg-CO₂/m³).While statistical 
significance was not achieved due to measurement variability typical of permeability testing, the observed 
numerical improvements align with theoretical expectations of enhanced microstructural density through 
pozzolanic reactions.

These findings suggest that permeability in supplementary cementitious systems improves significantly over 
time, and long-term durability may exceed what 28-day measurements indicate. This makes these materials 
suitable for construction applications where water resistance matters.

Characteristics

•	 Scanning electron microscope (SEM).

SEM analysis (Fig. 5) revealed that all mix formulations exhibited similar hydration product morphologies, with 
the primary distinction being the relative proportions of these phases. This demonstrates that SCM incorporation 
influences calcium distribution while maintaining consistent hydration and pozzolanic reaction mechanisms.

Three primary microstructural features were consistently observed across all formulations: compact C-S-H 
gel matrix, hexagonal portlandite crystals (2–5  μm), and needle-like ettringite phases in SCM-containing 
systems. These phases result from conventional cement hydration (C2S +H2O → C-S-H + Ca(OH)₂) and 
secondary pozzolanic reactions where SCMs consume liberated calcium hydroxide to form additional binding 
phases (Ca(OH)2+ SiO2 + H2O → C-S-H).

Significant quantitative differences in phase proportions were validated through complementary techniques. 
While EDS analysis was not performed in this study, accurate quantification of Ca(OH)₂ content and precise phase 
identification required complementary analytical techniques due to the morphological similarity of hydration 
products observed in SEM. The chemical composition and elemental distribution were comprehensively 
characterized through XRF analysis of starting materials and XRD/DTA-TG analysis of hydrated samples, 
providing more precise quantitative data for Ca(OH)₂ determination than visual SEM observation alone. 
Conventional systems (A-1, B-1) showed abundant Portlandite crystals corresponding to 15.2% content (DTA-
TG) and strong XRD peaks, reflecting the high Ca/Si ratio of 4.33. Moderate SCM systems (A-3, B-3) exhibited 
reduced Portlandite density with 8.4% content and optimized Ca/Si ratio of 2.19, indicating enhanced pozzolanic 
activity. High SCM systems (C-1) displayed sparse portlandite (4.2% content) with increased ettringite formation 
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and a near-optimal Ca/Si ratio of 1.37. Optimized systems (D-1) showed predominantly fibrillar C-S-H networks 
with minimal crystalline phases, achieving only 1.8% portlandite content and Ca/Si ratio of 2.00.

The systematic reduction in Portlandite crystals directly correlates with XRD quantification, thermal analysis 
data, and calculated CUE values increasing from 63 to 94%. This morphological consistency with quantitative 
variation demonstrates that SCM incorporation redirects calcium utilization from portlandite formation toward 
beneficial C-S-H and C-A-S-H phases through enhanced pozzolanic reactions. The microstructural evidence 
supports the calcium utilization efficiency concept and correlates directly with mechanical performance 
improvements, confirming the effectiveness of strategic SCM incorporation in optimizing both microstructural 
characteristics and engineering properties through systematic calcium redistribution.

•	 X-ray diffractometer (XRD)

The results of the XRD analysis, presented in Fig. 6, showed that as replacement levels increased, C3S and C2S 
peaks decreased markedly (by 40–45%), while new peaks appeared for strength-contributing phases like C-S-H 
(at 2θ = 29.3°) and C-A-S-H (at 2θ = 30.1° and 31.2°).

Control samples contained the highest amount of portlandite (15.2%) yet showed slightly lower strength than 
the optimized mixes. This confirms that unused portlandite doesn’t contribute as much to strength as C-S-H 
phases do. Adding fly ash to the mixtures consistently reduced Portlandite peaks (by about 35–45%), showing 
that pozzolanic reactions occurred faster in these mixes.

Perhaps the most interesting was that Group IV systems (with complete cement replacement) still maintained 
substantial strength (65.0  MPa) through mainly C-A-S-H formation, despite having very little portlandite 
(less than 2%). This demonstrates that alternative strength-building mechanisms can be effective while also 
significantly reducing CO₂ emissions. These alternative binding systems perform impressively well considering 
their much smaller environmental footprint.

Fig. 4.  Permeability of cement paste using supplementary cementitious materials, (a) Group I (b) Group II (c) 
Group III (d) Group IV.
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•	 Differential thermal analysis (DTA) and thermogravimetric analysis (TGA).

Thermal analysis (Figs.  7 and 8) validated reaction mechanisms through a systematic examination of phase 
transitions and decomposition patterns. Control samples exhibited pronounced portlandite peaks at 450  °C, 
while SCM-containing samples showed progressive reduction in portlandite intensity—45% and 65% decreases 
in Groups I and II, and 85–90% reduction in high-replacement formulations (Groups III and IV).

TG analysis identified three distinct mass loss regions: C-S-H gel water (25–200 °C, showing approximately 
0.5–0.8% loss), calcium hydroxide decomposition (400–450 °C, with 1.2–1.5% loss), and carbonate decomposition 
(600–800 °C, showing 1.8–2.2% loss).

The systematic reduction in calcium hydroxide content—decreasing from 15.2% in conventional cement to 
merely 1.8% in optimized mixes—directly correlated with improved mechanical performance and increased 
C-S-H content (rising from 52 to 68%). This correlation confirms efficient progression of pozzolanic reactions, 
converting calcium hydroxide into strength-contributing C-S-H phases.

These microstructural transformations explain the 2.7% strength improvement observed in optimized mixes, 
along with the 35% reduction in permeability. These performance enhancements occurred while simultaneously 
reducing CO₂ emissions by up to 75%, representing a significant advancement from an environmental 
perspective.

Fig. 5.  The result of Scanning Electron Microscope (SEM) of sample tests after 28 days (a) Group I = A-3 (b) 
Group II = B-3 (c) Group III = C-1 (d) Group IV = D-1.
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Reaction mechanisms and calcium utilization efficiency
Elemental ratios and phase development
Analysis of Ca/Si and Ca/Al ratios across all formulations (Table  5) revealed their critical influence on 
microstructural development and mechanical properties. Conventional cement formulations (A-1, B-1) showed 
high Ca/Si ratios (4.33) that exceeded the theoretical optimum for C-S-H formation (1.5), leading to substantial 
portlandite formation (15.2%) and limited C-S-H development (52.0%).

Adding supplementary cementitious materials progressively improved these ratios. Incorporating 40% 
GGBFS (formulations A-2, B-2) lowered Ca/Si to 2.71 and Ca/Al to 7.24, reducing portlandite content to 10.6% 
while beginning C-A-S-H formation (9.2%). Adding 20% fly ash (formulations A-3, B-3) further enhanced this 
effect (Ca/Si = 2.19, Ca/Al = 5.06), boosting C-S-H (59.0%) and C-A-S-H (16.5%) content.

High-volume replacement mixtures (C-1) reached near-optimal Ca/Si ratios (1.37), producing maximum 
C-S-H (63.5%) and C-A-S-H (21.2%) with minimal portlandite (4.2%). The most remarkable change happened 
in the GGBFS-activated system (D-1), which achieved an optimal Ca/Si ratio (2.00) despite having no cement, 
resulting in the highest combined C-S-H and C-A-S-H content (91.3%) with minimal portlandite (1.8%).

The contour analysis (Fig.  9) showed optimal strength development at Ca/Si ratios between 1.8 and 2.2 
and Ca/Al ratios between 3.5 and 7.0. Performance dropped when both ratios fell below critical levels (Ca/
Si < 1.5, Ca/Al < 3.0), indicating that minimum calcium levels are necessary for proper binder formation. These 
results provide a quantitative basis for optimizing elemental ratios in sustainable cement systems to enhance 
performance while reducing environmental impact.

Fig. 6.  The result of X-ray diffractometer (XRD) of hardened properties cement paste after 28 days (a) 
Group I (b) Group II (c) Group III (d) Group IV, P = Portlandite: Ca(OH)2, A - C3S = Calcium Silicate: 
Ca3SiO5, CC = Calcite: CaCO3, G = Gypsum: CaSO4 ·2H2O, E = Ettringite: Ca6Al2(SO4)3(OH)12 ·26H2O, 
M = Monosulfoaluminate: Ca4Al2(SO4)(OH)12∙6H2O, Gb = Gibbsite: Al(OH)3.
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Calcium utilization efficiency (CUE)
To quantify the effectiveness of calcium conversion in different formulations and provide a fundamental 
assessment tool for sustainable cement systems, a novel Calcium Utilization Efficiency (CUE) parameter was 
developed. This metric addresses a critical gap in traditional cement evaluation by directly measuring chemical 
efficiency rather than relying solely on replacement ratios or strength development, offering a direct correlation 
between microstructural transformation and performance optimization.

The Calcium Utilization Efficiency represents the percentage of initial calcium that has been successfully 
converted into beneficial hydration products rather than remaining as non-structural phases:

	 CUE = (Ca in C - S - H + CainC - A - S - H)/TotalInitialCa × 100%� (12)

Where the numerator represents calcium incorporated into strength-contributing phases (C-S-H and C-A-
S-H) as determined from DTA-TG analysis, and the denominator represents the total initial calcium from all 
starting materials based on XRF analysis and mix design proportions. Higher CUE values indicate more efficient 
utilization of available calcium for structural development, while lower values suggest excess calcium remains as 
portlandite, contributing minimally to mechanical properties.

The CUE analysis revealed systematic improvements with increasing SCM content, demonstrating the 
effectiveness of strategic material substitution. Conventional systems (A-1, B-1) exhibited relatively low 
efficiency of 62–63%, indicating that approximately 37% of available calcium was precipitated as non-structural 
portlandite rather than being utilized for strength development. This inefficiency reflects the inherent limitation 
of cement-only systems, where excess calcium cannot be effectively converted into beneficial phases.

Fig. 7.  The results of Differential Thermal Analysis (DTA) of hardened properties cement paste 28 days (a) 
Group I (b) Group II (c) Group III (d) Group IV.
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Mixture Ca/Si Ca/Al

% Reactivity by calculation of DTA-TG SAI
28 daysCSH Ca(OH)2 CASH CaCO3 AFm/AFt

A-1 4.33 18.80 52.0 15.2 - 5.0 12.5 100

A-2 2.71 7.24 55.5 10.6 9.2 4.6 10.8 115

A-3 2.19 5.06 59.0 8.4 16.5 4.1 7.2 104

B-1 4.33 18.80 50.5 14.8 - 5.2 12.8 100

B-2 2.71 7.24 54.2 10.3 8.7 4.8 11.2 89

B-3 2.19 5.06 57.8 8.0 15.8 4.3 7.5 58

C-1 1.37 2.67 63.5 4.2 21.2 3.8 7.3 92

C-2 1.38 2.70 61.8 5.1 20.4 3.7 9.0 68

C-3 1.38 2.73 60.0 6.0 19.5 3.5 11.0 55

D-1 2.00 4.12 67.0 1.8 24.3 4.1 2.8 68

D-2 1.89 3.89 66.2 2.3 23.5 4.2 3.8 73

D-3 1.78 3.66 65.5 2.8 22.8 4.3 4.6 80

Table 5.  Ca/Si and ca/al ratios in relation to reaction Products.

 

Fig. 8.  The results of Thermogravimetry (TG) of hardened properties cement paste after 28 days (a) Group I 
(b) Group II (c) Group III (d) Group IV.
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Progressive SCM incorporation demonstrated remarkable efficiency improvements: moderate replacement 
systems (A-3, B-3) achieved 80–82% efficiency, representing a 30% improvement over conventional cement, 
while high-volume replacement systems (C-1) reached 89% efficiency. The most significant advancement was 
observed in complete replacement systems (D-1), which attained maximum efficiency of 94%, representing a 
31% improvement over conventional cement and demonstrating near-complete utilization of available calcium 
for structural purposes.

The strong correlation between CUE values and mechanical performance validates this parameter as a 
predictive tool for cement system optimization. Systems with optimized CUE values consistently demonstrated 
superior long-term strength development, establishing a direct relationship between calcium distribution 
efficiency and mechanical performance. The progression from 63 to 94% CUE directly corresponds to the 
systematic reduction in portlandite content (from 15.2 to 1.8%) and the increase in beneficial C-S-H and C-A-
S-H phases, confirming the effectiveness of calcium redistribution through strategic SCM incorporation.

The CUE metric provides quantitative guidance for sustainable cement design, where systems achieving 
CUE > 85% consistently demonstrate both superior mechanical performance and reduced environmental impact. 
This threshold establishes a practical criterion for high-performance sustainable cement systems, enabling 
engineers to optimize both chemical efficiency and environmental benefits simultaneously. The CUE concept 
thus bridges the gap between fundamental chemical understanding and practical engineering application in 
sustainable construction materials.

Environmental impact assessment
CO2 emissions and performance relationship

The relationship between CO₂ emissions and hydration mechanisms was examined across all formulations 
(Fig. 10; Table 6). Conventional cement systems (A-1, B-1) exhibited the highest emissions (402.62 kg-
CO₂/m³) alongside substantial Ca(OH)₂ formation (15.2%), confirming inefficient calcium utilization 
through reactions (a,b).

Strategic GGBFS incorporation (40%, A-2, B-2) reduced emissions to 145.0 kg-CO2/m2 (64% reduction), while 
initiating pozzolanic reactions that decreased portlandite to 10.6%. Complementary pozzolanic reactions further 
reduced emissions to 113.1 kg-CO₂/m³ (72% reduction) through additional fly ash (20%, A-3, B-3):

	 Ca (OH)2 + SiO2 (reactive) + H2O → C − S − H� (13)

	 Ca (OH)2 + Al2O3 (reactive) + SiO2 (reactive) + H2O → C − A − S − H� (14)

Complete cement replacement (D-1) achieved the most significant environmental benefit—90% emission 
reduction (40.3  kg-CO2/m2)—while maintaining 71% of reference strength (65.0  MPa). This formulation 
demonstrated exceptionally efficient calcium utilization, achieving a strength-to-emission ratio of 0.95 MPa/
(kg-CO₂/m³), representing an 8.6-fold improvement over conventional systems.

Fig. 9.  Compressive strength variation with calcium elemental ratios.
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Dual environmental optimization strategy
Comprehensive analysis identified two complementary mechanisms for environmental impact reduction:

•	 Material Substitution: Industrial by-products, specifically ground granulated blast-furnace slag (GGBFS: 
79.6 kg-CO₂e/tonne) and fly ash (0.1 kg-CO₂e/tonne), directly replaced carbon-intensive clinker (860 kg-
CO₂e/tonne).

•	 Chemical Efficiency: Pozzolanic reactions enhanced calcium utilization, redirecting calcium ions from 
non-structural portlandite to strength-contributing C-S-H and C-A-S-H phases. This improvement reduced 
portlandite content from 15.2 to 1.8% and increased Calcium Utilization Efficiency (CUE) from 63 to 94%.

We developed a scientifically validated framework for next-generation construction materials that simultaneously 
enhances performance characteristics while dramatically reducing environmental impact. This approach offers 
particular significance for regions with abundant industrial by-products, demonstrating the potential for 
sustainable material innovation.

Global context and significance of calcium utilization efficiency
The performance enhancements and environmental benefits demonstrated in this research extend beyond 
regional applications to address global sustainability challenges in the construction sector. Our investigation 
provides a comprehensive framework for optimizing cementitious systems through calcium utilization.

Advanced reaction mechanisms
We conducted a multiscale analysis to investigate microstructural evolution and its impact on performance 
across different supplementary cementitious material (SCM) compositions. Conventional cement systems (A-1, 

Mixture CUE (%) Ca(OH2) Content (%) CO2 Emissions(kg-CO2/m3) CO2 Reduction (%) 90-Days Strength (MPa) Strength /Emission ratio (MPa/(kg-CO2/m3))

A-1 63 15.2 402.62 0 91 0.11

A-2 76 10.6 145.0 64 92.5 0.31

A-3 82 8.4 113.1 72 93.5 0.48

B-1 62 14.8 402.62 0 77.5 0.09

B-2 75 10.3 145.0 64 74.0 0.27

B-3 80 8.0 125.4 69 80.0 0.37

C-1 89 4.2 285.9 29 78.5 0.14

C-2 86 5.1 287.6 29 63.0 0.13

C-3 83 6.0 289.2 28 50.0 0.11

D-1 94 1.8 40.3 90 65.00 0.95

D-2 92 2.3 56.4 86 64.0 0.67

D-3 90 2.8 68.4 83 61.0 0.54

Table 6.  Correlation between calcium utilization efficiency, hydration products, CO₂ emissions, and 
performance metrics.

 

Fig. 10.  Relative Compressive strength and % CO2 emission.
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B-1) with Ca/Si ratios of 4.33 demonstrated inefficient calcium distribution, with 37% of calcium precipitating 
as non-structural portlandite rather than contributing to strength development.

Strategic GGBFS incorporation (40%, A-2, B-2) reduced Ca/Si and Ca/Al ratios to 2.71 and 7.24, respectively. 
This modification initiated the formation of more extensively polymerized calcium-silicate-hydrate (C-S-H) 
structures and calcium-aluminum-silicate-hydrate (C-A-S-H) phases, with a 9.2% increase observed.

Fly ash addition (A-3, B-3) achieved further optimization, resulting in near-ideal elemental ratios (Ca/
Si = 2.19, Ca/Al = 5.06). We observed enhanced mechanical performance and microstructural density. These 
transformations align with established research indicating that high-performance pozzolanic systems typically 
operate within Ca/Si ratios of 1.8–2.2, representing an optimal balance between calcium availability and silicate 
polymerization.

Calcium utilization efficiency: a new performance metric
The Calcium Utilization Efficiency (CUE) parameter introduced in this research provides a quantitative metric 
for evaluating sustainable cementitious systems. The progression from 63% efficiency in conventional cement 
to 94% in GGBFS-activated systems represents a significant advancement over previous literature values 
(75–85% for other high-volume SCM systems). This improved calcium utilization directly correlates with 
environmental benefits, as evidenced through the exceptional strength-to-emission ratio achieved in optimized 
formulations (0.95 MPa/(kg-CO₂/m³) compared to 0.11 MPa/(kg-CO₂/m³) for conventional cement). This 8.6-
fold improvement establishes a new benchmark for sustainable cementitious materials design through elemental 
ratio optimization.

Practical implementation and global applications
Our findings address the urgent decarbonization targets identified in recent climate assessments (IPCC 2022) 
while maintaining high mechanical performance. Our demonstration of 90% CO₂ emission reduction under 
ambient curing conditions offers practical advantages over alternative approaches:

•	 Our formulations achieve comparable emission reductions (90%) under standard conditions, unlike alka-
li-activated materials that require elevated temperature curing.

•	 Our approach significantly outperforms limestone calcined clay cement systems (30–40% CO₂ reduction) 
while superior strength-to-emission ratios are maintained.

•	 The methodology can be adapted for regions with similar industries by product availability, particularly rele-
vant for rapidly developing economies, where cement demand is projected to increase 30–45% by 2030.

The mechanistic understanding we developed—linking elemental ratios, phase development, and performance—
provides a fundamental framework for future optimization of sustainable cementitious systems globally. This 
approach directly addresses construction industry concerns regarding the balance between environmental 
benefits and mechanical performance, offering a scientifically validated pathway toward next-generation 
construction materials.

Conclusions
This research demonstrates that strategic incorporation of regional industrial by-products can transform 
conventional cement systems, yield exceptional performance enhancements, while dramatically reducing 
environmental impact. Through systematic investigation of Mae Moh power plant fly ash and Taisei Thailand 
GGBFS, substantial benefits across multiple performance parameters have been achieved.

Systematic laboratory testing revealed that optimized SCM combinations enhanced rheological properties 
by 26% compared to conventional cement while maintaining superior strength development. The combination 
of 40% GGBFS with 20% fly ash achieved 93.5 MPa compressive strength at 90 days—exceeding conventional 
cement’s 91.0  MPa—while simultaneously reducing drying shrinkage by 35% and maintaining comparable 
permeability characteristics. These results address critical durability concerns in cement-based materials while 
demonstrating enhanced performance capabilities.

The environmental benefits represent the most compelling aspect of this research. Substituting 40% cement 
with GGBFS reduced carbon emissions by 64% (from 402.62 to 145.0 kg-CO₂/m³), while the combination of 
40% GGBFS with 20% fly ash further decreased emissions by 72% (to 113.1  kg-CO₂/m³). Most remarkably, 
complete cement replacement using GGBFS with suitable activators achieved 90% CO₂ emission reduction 
(to 40.3 kg-CO₂/m³) while maintaining high mechanical performance (65.0 MPa at 90 days), establishing new 
benchmarks for sustainable construction materials.

Microstructural analysis identified the mechanisms underlying these improvements: enhanced formation of 
C-S-H and C-A-S-H phases through efficient pozzolanic reactions and refinement of the cementitious matrix. 
The systematic reduction in Portlandite content from 15.2 to 1.8% confirmed more effective calcium utilization. 
The development of the Calcium Utilization Efficiency (CUE) parameter represents a fundamental advancement 
in cement evaluation, demonstrating remarkable improvement from 63% in conventional systems to 94% in 
optimized formulations. This metric provides a direct correlation between chemical efficiency and mechanical 
performance, offering predictive capabilities for sustainable cement design.

This approach provides a framework for utilizing approximately 2.1 million tonnes of industrial by-products 
produced annually in northern Thailand, simultaneously addressing waste management challenges while 
creating economically viable alternatives for the construction industry. The research offers particular value 
for regions with abundant industrial by-products and establishes a replicable model for sustainable material 
innovation globally.
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Practical implementation requires attention to several critical factors: development of standardized quality 
control protocols ensuring consistent material properties across varying by-product sources, modification of 
existing production facilities to accommodate multiple supplementary materials with proper activation and 
updating of regulatory frameworks and construction standards to incorporate these innovative systems.

Future research should focus on four critical areas: long-term durability assessment under varied environmental 
conditions (particularly carbonation, chloride penetration, and sulfate resistance), development of simplified yet 
robust quality control methodologies for large-scale production, investigation of more economical activator 
systems, and optimization of mix designs for specific applications with varying performance requirements.

This research fundamentally challenges conventional cement industry paradigms by proving that 
environmental sustainability and performance excellence are not mutually exclusive. The findings provide a 
scientifically validated framework for dramatically reducing the environmental footprint of cement production 
while enhancing performance, representing a significant advancement toward environmentally responsible 
construction materials that maintain or exceed conventional performance standards. Through collaboration 
between researchers, industry stakeholders, and regulatory bodies, these sustainable cement systems can 
accelerate global alignment with sustainability targets for the construction sector, contributing to urgent 
decarbonization goals while meeting growing infrastructure demands.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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